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ABSTRACT 

Neuromodulation by dopamine D1-class receptor subtypes (D1R and D5R) act via G-protein 

coupled receptors (GPCRs) and controls essential cognitive and motor functions. The dysfunction 

of D1R and D5R have been implicated in multiple neurological and psychiatric disorders. D1R 

and D5R are localized in the postsynaptic density (PSD) of dendritic spines within neurons, where 

they modulate intracellular signaling pathways and interact with scaffolding partners. Included 

among the many proteins highly enriched in the PSD are the scaffolding proteins; synapse-

associated protein 102 (SAP102) and postsynaptic density 95 protein (PSD95). SAP102 and 

PSD95 belong to the membrane-associated guanylate kinase (MAGUK) family and regulate 

glutamate receptors, channel protein localization, and organize numerous signaling protein 

complexes required for synaptic development and plasticity. Despite the important role of 

dopaminergic and glutamatergic crosstalk, little is known about how PSD proteins regulate 

signaling and trafficking properties of dopaminergic receptors. Here, we specifically investigate 

the binary interaction of SAP102 and PSD95 with D1R and D5R, and the role these MAGUKs 

have in the regulation of signaling and trafficking of these D1-class receptor subtypes. Our results 

showed D1R•SAP102 and D1R•PSD95 complexes in vivo and in vitro, and these interactions 

differentially regulate agonist-mediated signaling, phosphorylation, and trafficking of D1R. In 

addition, we showed PSD95, but not SAP102, interacts with D5R in vivo and in vitro, and the 

D5R•PSD95 complex modulates agonist-mediated signaling and trafficking of D5R. Together, 

these results demonstrate an important role for SAP102 and PSD95 in regulating D1-class receptor 

in subtype-specific manner. Interestingly, we found that β-arrestin1 (βArr1) and β-arrestin2 

(βArr2), versatile adaptor proteins that regulate desensitization and trafficking of GPCRs, 

including D1R, interact with SAP102 and PSD95 in vivo and in vitro. Additionally, we found that 

SAP102 and PSD95 positively mediate βArr2 recruitment to D1R, but not with βArr1, suggesting 

a potential ternary complex of D1R•MAGUK•βArr2. Future studies might exploit the 

pharmacological potential of D1R•SAP102, D1R•PSD95, and D5R•PSD95 complexes in the 

design of novel therapeutic approaches to mitigate abnormal dopaminergic D1-class function as 

seen in Parkinson’s Disease.     
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THESIS FORMAT  

This thesis is written in a monograph format. Chapter One is a general introduction describing the 

theoretical background of the work presented herein. Chapter Two is a detailed methodological 

explanation of experimental approaches utilized in this thesis. Chapter Three is descriptive of the 

thesis results, consisting of three distinct manuscripts, titled as following: manuscript I: Synapse 

Associated Protein 102 (SAP102) and Postsynaptic Density 95 (PSD95) Differentially Modulate 

Dopamine D1 Receptor, manuscript II: Postsynaptic Density 95 (PSD95) Modulates Dopamine 

D5 Receptor, and manuscript III: Synapse-Associated Protein 102 (SAP102) and Postsynaptic 

Density 95 (PSD95) Facilitate β-arrestin2 (βArr2) Signaling of Dopamine D1 Receptor. Chapter 

Four is a discussion of the overall findings of this Ph.D. thesis. 
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CHAPTER ONE: INTRODUCTION 
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1. The Dopaminergic System 

Dopamine (DA) is a catecholaminergic neurotransmitter expressed in a variety of organisms, from 

simple invertebrates to the more complex networks of the mammalian central nervous system 

(CNS). DA modulates fundamental physiological functions from motor control to mood regulation 

through the binding and activation of its DA receptors. Dysfunction in DA activity or its receptors 

underly various pathological disorders, such as Parkinson’s disease (PD) and schizophrenia. 

Research on the dopaminergic system remains highly dynamic and extremely important in the 

shaping of our understanding of the complexity of DA in health and disease, which bridges basic 

with clinical neuroscience. 

1.1. History of Synapses 

The brain is the most complex organ, and a hallmark of this complexity lies within its vast number 

of synapses. Synapses are fundamental structures linking neurons together and are highly complex 

at the molecular level, with more than 1,000 genes encoding postsynaptic proteins that reside 

within them (Bayés et al, 2011). In the late 1800’s, Camillo Golgi described the mechanistic 

function of intracellular organelles (the Golgi apparatus) and developed a staining method utilizing 

silver nitrate to visualize cellular compartments (de Castro, 2019). This method, adopted by 

Santiago Ramón Cajal, led to groundbreaking studies on nervous system structure and function. 

Cajal provided the basis for our current knowledge that the nervous system is composed of 

independent entities called neurons, which are connected to each other over gaps termed synapses 

(de Castro, 2019). Cajal’s classic drawing of the nervous system highlights the cytoarchitecture 

and connectivity of neurons. Cajal noted that the dendrites of Purkinje neurons were covered with 

small protrusions, called espinas “spines” that are essential for synaptic transmission (Yuste, 

2015). Cajal hypothesized that synaptic transmission is fundamental in the processing and transfer 

of information throughout the nervous system (de Castro, 2019). In 1906, the Nobel Prize in 

Physiology or Medicine was awarded jointly to Camillo Golgi and Santiago Ramón y Cajal in 

recognition of their work on the structure of the nervous system. 

1.1.1. Retrospective View of Synaptic Transmission 

Information processing within neurons depends on the connectivity pattern of synapses. Henry 

Dale and Otto Loewi demonstrated chemical synaptic transmission in the peripheral nervous 



3 

 

system (Todman, 2008a). During the 1930’s-40’s, the theory that both chemical and electrical 

synapses exist, also known as soups and sparks debate, was heavily questioned. John Eccles, an 

electrophysiologist, believed that the transmission at synapses was too fast to be a chemical 

process, instead considering it to be strictly electrical, resisting many aspects of chemical 

transmission proposed by Henry Dale and others (Todman, 2008b). In retrospect, it can be 

appreciated that this scientific philosophy defined the problems of synaptic transmission and 

produced landmark discoveries. Eccles ultimately identified that excitatory and inhibitory 

postsynaptic potentials are initiated by the release of chemical neurotransmitters in the synaptic 

cleft (Brock et al, 1952). The crucial experiment conducted by Eccles in 1951 supporting this 

notion concluded that the level of inhibition (hyperpolarization) recorded within intracellular 

microelectrodes could not be induced electrically, but chemically (Todman, 2008b). The Nobel 

Prize in Physiology or Medicine was awarded jointly to Henry Dale and Otto Loewi in 1936 for 

their discoveries relating to chemical transmission of nerve impulses. John Eccles, along with 

Allen Hodgkin and Andrew Huxley, were awarded the 1963 Nobel Prize for Physiology or 

Medicine for their discoveries concerning the ionic mechanisms involved in excitation and 

inhibition within the peripheral and central portions of the nerve cell membrane.  

1.2. Dopamine History 

In the 1950s, the emergence of research on biogenic amines, including catecholamines (DA, 

norepinephrine (NE) “noradrenaline”, and epinephrine “adrenaline”), histamine, and serotonin 

revealed the biological significance of these amines and the enzymatic activity of their synthesis. 

DA was first identified by George Barger and James Ewens in 1910, but it was Henry Dale who 

described its biological activity and coined its name (Barger and Ewine, 1910; Barger and Dale, 

1910). Dale suggested the name “dopamine” (3,4-dihydroxyphenylethylamine; 3-

hydroxytyramine) and described it as a weak sympathomimetic epinephrine-like substance (Barger 

and Dale, 1910; Hornykiewicz 2002). The next major DA observation did not occur until three 

decades later when Peter Holtz discovered the aromatic L-amino acid decarboxylase (AADC) 

enzyme in 1938 which represents the turning point in catecholamine biosynthesis research (Holtz 

et al, 1938; Hornykiewicz, 2002). Then in 1939, Hermann Blaschko assigned DA as an 

intermediary in the synthesis of NE and epinephrine. Since then, many reports observed the 

occurrence of DA to be comparable to epinephrine in many peripheral tissues, but without having 
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regulatory effects (Blaschko, 1957; Björklund and Dunnett, 2006a). “What is the physiological 

significance of DA?” a hypothesis proposed by Blaschko in 1957, to which he concluded “This 

suggests the possibility that DA has some regulating functions of its own which are not yet known” 

(Blaschko, 1957). Shortly thereafter, Kathleen Montagu reported the sensational observation of 

DA occurrence in the brain by itself, and at levels significantly higher than NE and epinephrine 

(Montagu 1957). This followed by series of seminal discoveries that uncovered the complexity of 

DA neurochemical system. In the following subsections, I briefly highlight the significant 

observations contributed by some of the prominent DA scientists. 

1.2.1. Arvid Carlsson (1923-2018) 

In 1950s, Arvid Carlsson defined the dopaminergic neurotransmission and its physiological 

function. Carlsson elegantly discovered that DA is a bona fide neurotransmitter, independent of its 

role as a mere precursor in the synthesis of NE and epinephrine (Carlsson et al, 1958). In a 

landmark experiment, Carlsson demonstrated treatment of animals with the antipsychotic drug, 

reserpine, caused monoamine depletion, which rendered them in an akinetic state (Carlsson et al, 

1957; Carlsson et al, 1958). Intriguingly, when Carlsson injected the DA precursor, L-3,4-

dihydroxyphenylalanine (L-DOPA) to reserpine-treated animals, it was efficient to recover the DA 

levels in the brain, but not epinephrine, and furthermore, normalized the akinetic behavior 

(Carlsson et al, 1957; Carlsson et al, 1958; Carlsson, 1959; Carlsson, 2002). The following year, 

observations by Carlsson’s students Åke Bertler and Evald Rosengren and others documented that 

DA is highly concentrated in the putamen and caudate of dorsal striatum, a structure containing 

non-NE neurons, thus providing further support that DA is a putative, independent 

neurotransmitter that might have central role in the control of motor function (Bertler and 

Rosengren, 1959; Sano et al, 1959). Carlsson was also instrumental in developing the “dopamine 

theory of schizophrenia” based on his observation of the antipsychotic effects of haloperidol and 

chlorpromazine to reduce dopaminergic activity (Carlsson and Lindqvist, 1963). Carlsson’s 

pioneering research prevails the importance of dopaminergic system to modulate multiple 

physiological and pathophysiological conditions.  

1.2.2. Oleh Hornykiewicz (1926-2020) 

In 1960s, Oleh Hornykiewicz discovered the pivotal role of dopamine in motor behavior. 

Hornykiewicz examined the distribution of DA in human postmortem brains, which surprisingly 
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showed that the DA concentration was markedly and consistently reduced in the caudate and 

putamen of striatum in patients with PD (Ehringer and Hornykiewicz, 1960; Hornykiewicz 2002). 

Soon afterwards, Hornykiewicz initiated the first trials of L-DOPA therapy in PD patients and 

concluded that L-DOPA was highly effective in alleviating motor symptoms, a treatment 

nowadays still clinically efficacious (Birkmayer and Hornykiewicz, 1961; Hornykiewicz 2002). 

The excitement and enthusiasm of the outcome of this first trial of L-DOPA by Hornykiewicz can 

be inferred by his written description: “The effect of a single i.v. administration of L-dopa was, in 

short, a complete abolition or substantial relief of akinesia. Bed-ridden patients who were unable 

to sit up; patients who could not stand up when seated; and patients who when standing could not 

start walking, performed after L-dopa all these activities with ease. They walked around with 

normal associated movements and they even could run and jump. The voiceless, aphonic speech, 

blurred by pallilalia and unclear articulation, became forceful and clear as in a normal person. 

For short periods of time, the patients were able to perform motor activities which could not be 

prompted to any comparable degree by any other known drug.” (Birkmayer and Hornykiewicz, 

1961; Hornykiewicz, 2002). Hornykiewicz’s fundamental discoveries of striatal DA deficiency in 

PD patients and the amelioration of patients' symptoms by L-DOPA therapy represent milestone 

events not only in the DA research, but also in the history of medicine.  

1.2.3. Paul Greengard (1925-2019) 

In 1970s-80s, Paul Greengard elucidated the molecular basis of signaling mechanisms involved in 

slow synaptic transmission. Greengard found that DA, among other neurotransmitters, stimulates 

membrane-bound adenylyl cyclase (AC), then transduces cellular responses to elevate the second 

messenger adenosine 3’,5’-cyclic monophosphate (cAMP), which in turn activates protein kinase 

A (PKA) (Miyamoto et al, 1968; Kebabian and Greengard, 1971; Kebabian et al, 1972; Greengard 

2001a, b). Greengard also showed that PKA activation causes phosphorylation of substrate 

proteins, which serve as downstream effectors for physiological functions such as neuronal 

excitability, synaptic transmission, plasticity, and gene expression (Greengard 2001a, b). 

Greengard explained the underlying mechanisms of synaptic transmission by which slow-acting 

neurotransmitter, such as DA, modulates the efficacy of fast synaptic transmission, presynaptically 

and postsynaptically (Greengard 2001a, b). Greengard also discovered the central regulatory 

protein DA and cAMP regulated phosphoprotein M.W. 32KDa (DARPP-32), which was initially 
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identified as a major integrator for DA-activated AC in striatum (Walaas et al, 1983; Greengard 

2001a, b). Greengard demonstrated that, among various regulatory functions, DARPP-32 

phosphorylation/dephosphorylation is regulated by dopaminergic and glutamatergic signaling in 

an opposite fashion, thereby dictating the action of downstream physiological effectors (Walaas et 

al, 1983; Halpain et al, 1990; Greengard 2001a, b). Greengard’s research on neuronal 

communication and postsynaptic signaling were central in our current understating on the DA 

basis of physiological and pathophysiological functions. 

1.2.4. Marc Caron (1946-2022) 

Between 1980s and 2010s, Marc Caron identified the regulatory mechanisms of DA receptors from 

structure to function. Caron demonstrated the pharmacological affinity and selectivity of numerous 

ligands that bound to DA receptors. He purified and genetically cloned several DA receptors: D1 

receptor (D1R) and D5 receptor (D5R) (De Lean et al, 1982; Amlaiky and Caron, 1986; Amlaiky 

et al, 1987; Senogles et al, 1988; Dearry et al, 1990; Tiberi et al, 1991; Tiberi and Caron, 1994). 

Caron also characterized and cloned DA transporter (DAT) and clarified its physiological function 

in normal and abnormal DA homeostasis relevant to neuropsychiatric diseases (Giros et al, 1991a; 

Giros et al, 1992; Giros et al, 1996). Caron contributed greatly to the field of G-protein coupled 

receptor (GPCR), with his long-term collaborator, Robert Lefkowitz, by discovering the 

mechanistic function of G-proteins, G-protein coupled receptor kinases (GRKs), β-arrestins 

(βArrs), and dynamin, as major mediators in the phosphorylation, desensitization, and trafficking 

of GPCRs, including DA receptors (Fergusson, et al, 1996a; Tiberi, et al, 1996; Zhang et al,1996; 

Zhang et al, 1999; Oakley et al, 2000; Kim et al, 2001). Caron illustrated the important role of β-

arrestin2 (βArr2) in mediating DA responsiveness. The Caron’s lab showed that βArr2 acts as the 

biochemical connection between D2R, protein kinase B (Akt), and protein phosphatase 2A 

(PP2A). This lithium-sensitive biochemical connection mediates some of DA related behaviors 

(e.g. locomotor activity) and may be of relevance in the treatment of neuropsychiatric disorders 

such as schizophrenia and mood disorders (Beaulieu et al, 2004; Beaulieu et al, 2005; Beaulieu et 

al., 2008). Caron also demonstrated that βArr2 has clinical analgesic implication, and the biased 

signalling for D2R/βArr2 complex reduces the adverse effects of antipsychotic drugs (Bohn et al, 

1999; Bohn et al, 2000; Masri et al, 2008; Urs et al, 2011; Peterson et al, 2014). Caron’s 

contributions have shaped in particular our understanding of the neuropsychopharmacology of DA 
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receptors, neurobiology of DA transporter, and in the biology of other GPCRs, by revealing their 

implications in normal physiology and diseases. 

1.2.5. 2000 Nobel Prize in Physiology or Medicine   

The landmark discoveries led by Arvid Carlsson and Paul Greengard awarded them the 2000 

Nobel Prize in Physiology or Medicine. They clarified the role of DA and its receptor in the brain 

and developed comprehensive understanding into the regulation of dopaminergic signaling 

system. Research by other respected scientists as well such as Hyman Niznik, Philip Seeman, 

Oliver Civelli, Jean-Charles Schwartz, and others had a significant impact on the understanding of 

physiological and pathophysiological function of dopaminergic systems, which advanced the DA 

research and transformed the treatments of dopaminergic related diseases. 

1.3. Dopamine Neuronal Homeostasis 

Since the catecholamines cannot cross blood brain barrier (BBB), DA derivative amino acid 

tyrosine and L-DOPA trigger their biosynthesis in the presynaptic dopaminergic terminal, via 

different sequential enzymatic modulations (Carlsson, 1959; Hornykiewicz, 1966; Kopin, 1968; 

Axelrod and Weinshilboum, 1972; Elsworth and Roth, 1997). Pharmacological intervention of the 

DA processes in particular (synthesis, storage, release, reuptake, and degradation) and its receptors 

have been extensively examined to characterize the physiological functions of dopaminergic 

neurotransmission. Fig. 1.1. summarizes the metabolic pathways of DA biosynthesis and 

biodegradation.  

1.3.1. Dopamine Synthesis 

DA synthesis starts with tyrosine, a derivative of phenylalanine. Tyrosine hydroxylase (TH) 

catalyzes the conversion of tyrosine to L-DOPA, which is then decarboxylated to DA by the action 

of AADC (Blaschko, 1957; Hess et al, 1961; Nagatsu, et al, 1965a, b; Hornykiewicz 1966; Kopin, 

1968; Elsworth and Roth, 1997; Verhiej and Cools, 2008). Cytosolic DA is transported into 

synaptic vesicles by vesicular monoamine transporter 2 (VMAT2) (Blaschko, 1957; Lovenberg, 

et al, 1962; Kopin, 1968; Christenson et al, 1972; Kelly 1993; Elsworth and Roth, 1997; Verhiej 

and Cools, 2008). In non-dopaminergic neurons, DA can be modified into NE and epinephrine by 

DA β-hydroxylase (DβH) and phenylethanolamine N-methyltransferase (PNMT), respectively 
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Fig. 1.1. Schematic Summary of DA Biosynthesis and Degradation. 

Tyrosine produced from phenylalanine through the action of phenylalanine hydroxylase, followed by the 

hydroxylation of tyrosine by TH to generate L-DOPA. L-DOPA is converted to DA by AADC. DβH hydroxylates 

DA to form NE, which is converted to epinephrine by PNMT. DA is primarily metabolized by COMT and MAO. 

COMT converts DA to 3-MT, which is subsequently converted to 3-methoxy-4-hydroxyacetaldehyde by MAO, then 

HVA by the action of ALDH. In the other pathway, MAO converts DA to DOPAL, which is then converted by ALDH 

to DOPAC. DOPAC is then degraded to HVA by the COMT. TH: tyrosine hydroxylase; AADC: aromatic amino acid 

decarboxylase; L-DOPA: L-3,4-dihydroxyphenylalanine; DA: dopamine; DβH: dopamine beta hydroxylase; NE: 

norepinephrine; PNMT: phenylethanolamine-N-methyltransferase; COMT: catechol-O-methyltransferase; 3-MT: 3-

methoxytyramine; MAO: monoamine oxidase; DOPAL: 3,4-dihydroxyphenylacetaldehyde; ALDH: aldehyde 

dehydrogenase: DOPAC: 3,4-dihydroxyphenylacetic acid; HVA: homovanillic acid. Created with BioRender.com.  
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(Blaschko, 1957; Levin et al, 1960; Kirshner, 1962; Hornykiewicz, 1966; Kopin, 1968). During 

catecholamine synthesis, α-methyl-p-tyrosine (αMPT) and carbidopa can block the rate-limiting 

enzyme TH and L-DOPA decarboxylase, respectively (Nagatsu et al, 1965b; Sjoerdsma et al, 

1965; Ewing et al, 1983; Butcher et al, 1988; Leviel et al, 1989; Verhiej and Cools, 2008). The 

vesicular storage of bioamines, including DA, are blocked by antipsychotic compounds; reserpine 

(long-lasting, irreversible) and tetrabenazine (transient and reversible) (Carlsson et al, 1957; 

Carlsson et al, 1958; Krishner 1962; Kirshner et al, 1963; Butcher et al, 1988; Leviel et al, 1989; 

Verhiej and Cools, 2008). 

1.3.2. Dopamine Release  

DA is released mainly by exocytosis, and upon an action potential (AP), a change in membrane 

protein conformation allows influx of calcium ions (Ca2+) into the neuronal terminal, which is 

responsible for the fusion of DA vesicles onto the presynaptic membrane and then release of 

vesicle’s contents to synaptic cleft (McLennan, 1965; Katz and Miledi, 1967; Besson et al, 1969; 

Katz and Miledi, 1970; Javoy and Glowinski, 1971; Moore and Von Voigtlander 1971; Bunny et 

al, 1973; Raiteri et al, 1979; Ewing et al, 1983; McMillen 1983; Butcher et al, 1988; Leviel et al, 

1989; Wolf and Roth, 1990; Kelly, 1993; Verhiej and Cools, 2008). DA release via exocytosis is 

dependent on the neuronal firing of presynaptic terminals, and is also released independently of 

Ca2+ by reverse transport; a process by which amphetamine inhibits the storage of DA in vesicles, 

thus enhancing the cytoplasmic release of DA via DAT (Moore and Von Voigtlander 1971; Raiteri 

et al, 1979; McMillen, 1983; Butcher et al, 1988; Leviel et al, 1989; Shimada et al, 1991; Kilty et 

al, 1991; Usdin et al, 1991; Giros et al, 1991a; Giros et al, 1992; Giros and Caron, 1993; Elsworth 

and Roth, 1997). The diffused DA across the synaptic cleft activates DA receptors localized either 

at postsynaptic membrane to propagate signaling pathways, or presynaptic autoreceptors via 

negative feedback to inhibit neurotransmitter release (Kehr et al, 1972; Wolf and Roth, 1990; Giros 

and Caron, 1993; Elsworth and Roth, 1997; Verhiej and Cools, 2008).  

1.3.3. Dopamine Reuptake and Degradation  

The postsynaptic effects of DA on DA receptors are regulated presynaptically by DAT and 

postsynaptically by catechol-O-methyltransferase (COMT). Extracellular DA in the synaptic cleft 

is cleared and transported back (reuptake) into presynaptic neurons by DAT, where it undergoes 

the same regulatory process of recycling DA into vesicles or metabolizing DA into 3,4-



10 

 

dihydroxyphenylacetic acid (DOPAC) by intraneuronal monoamine oxidase (MAO) (McMillen, 

1983; Leviel et al, 1989; Shimada et al, 1991; Kilty et al, 1991; Usdin et al, 1991; Giros et al, 

1991a; Giros et al, 1992; Giros and Caron, 1993; Elsworth and Roth, 1997). NE transporter (NET) 

also regulates the reuptake of extracellular DA, but with much lower affinities than DAT, and/or 

in regions where DAT densities are restricted such as prefrontal cortex (PFC) (Morón et al, 2002; 

Costa and Schoenbaum 2022). Excess of DA on postsynaptic neurons is initially metabolized to 

3-methoxytyramine (3-MT) by COMT, and further degraded to homovanillic acid (HVA) by 

extracellular MAO (McMillen, 1983; Elsworth and Roth, 1997). Both amphetamine and cocaine, 

which are psychostimulant drugs that promote DA activity, and nomifensine inhibit the synaptic 

reuptake of DA by DAT (McMillen, 1983; Butcher et al, 1988; Shimada et al, 1991; Kilty et al, 

1991; Usdin et al, 1991; Giros et al, 1991a; Sulzer et al, 1993; Giros and Caron, 1993; Verhiej and 

Cools, 2008). The activity of MAO can be inhibited by rasagiline and deprenyl (selegiline), while 

COMT function is blocked by tolcapone and entacapone (Butcher et al, 1988). Fig. 1.2. depicts 

the sequential enzymatic steps in DA biosynthesis, and pharmacological intervention at the 

dopaminergic synapse.  

1.4. Presynaptic Regulation of Dopamine Neurotransmission 

The presynaptic control of DA neurotransmission is mediated by many components, including DA 

autoreceptors, DAT, VMAT2, and TH on dopaminergic neurons (Glowinski et al, 1988; Schmitz 

et al, 2003; Zhang and Sulzer, 2012; Costa and Schoenbaum, 2022). As described above, 

extracellular DA level results from a dynamic equilibrium between release and reuptake of 

dopaminergic terminals to modulate numerous physiological functions. Dysfunctions of 

presynaptic neurotransmission are implicated in a broad range of behaviors and disorders, such as 

PD, and schizophrenia (Glowinski et al, 1988; Schmitz et al, 2003; Zhang and Sulzer, 2012; Costa 

and Schoenbaum, 2022). The following subsections highlight the importance of DA autoreceptors, 

DAT, VMAT2, and TH in regulating presynaptic transmission.  

1.4.1. Presynaptic Regulation of Dopamine Autoreceptors 

DA neurons exhibit self-inhibitory activity that is controlled by presynaptic DA autoreceptors of 

D2-class receptors, localized at the axon terminals and somatodendritic compartments (Roth, 

1984; Glowinski et al, 1988; Wolf and Roth, 1990; Feuerstein, 2008; Zhang and Sulzer, 2012; 
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Fig. 1.2. Dopamine Biosynthesis in the Presynaptic Neuron.  

DA synthesis in the presynaptic neurons starts with tyrosine. Tyrosine is converted to L-DOPA by TH and then AADC 

converts L-DOPA to DA. The key steps in the synthesis and degradation of DA. Once DA is produced, it is stored 

into vesicles by VMAT2. Upon an action potential (AP), DA is released into the synaptic cleft where it can bind to 

postsynaptic DA receptor or presynaptic autoreceptors. Excess DA can be reuptaken by DAT or metabolized by MAO 

and COMT. Drugs inhibiting associated activities of DA synthesis, release, reuptake, and degradation are in red. TH: 

tyrosine hydroxylase; AADC: aromatic amino acid decarboxylase; L-DOPA: L-3,4-dihydroxyphenylalanine; DA: 

dopamine; VMAT2: vesicular monoamine transporter 2; DAT: dopamine transporter; COMT: catechol-O-

methyltransferase; 3-MT: 3-methoxytyramine; MAO: monoamine oxidase; DOPAC: 3,4-dihydroxyphenylacetic acid; 

HVA: homovanillic acid. Created with BioRender.com. 
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Costa and Schoenbaum, 2022). DA, in the synapse, binds and activates the presynaptic 

autoreceptors at axonal terminals to negatively regulate the feedback inhibition that result in a 

reduction of further DA synthesis and release (Roth, 1984; Glowinski et al, 1988; Wolf and Roth, 

1990; Giros and Caron, 1993; Feuerstein, 2008). The main mechanism of DA autoreceptors is to 

maintain the optimal level of DA in the synapse, and prevent excessive DA release (Roth, 1984; 

Glowinski et al, 1988; Giros and Caron, 1993). Carlsson and others provided the first evidence for 

the existence of presynaptic autoreceptors, at which released DA can act to exert feedback 

inhibition of DA synthesis (Farnebo and Hamberger, 1971; Kehr et al, 1972; Glowinski et al, 1988; 

Wolf and Roth, 1990; Giros and Caron, 1993). DA can also be released from somatodendritic sites 

to exert its inhibitory effect through autoreceptors, which regulate dopaminergic and non-

dopaminergic neurons (Björklund and Lindvall, 1975; Geffen et al, 1976; Cheramy et al, 1981). 

The dendrites have the capacity to synthesize, store, and release DA, but differ from the axon 

terminals as they contain very few vesicles and no transporter (Cheramy et al, 1981). In addition, 

activation of DA autoreceptors modulate the activity of DAT, VMAT2, and TH, which will be 

discussed in the following subsections (Glowinski et al, 1988; Giros and Caron, 1993; Schmitz et 

al, 2003; Zhang and Sulzer, 2012). 

DA autoreceptors belong to D2-class receptors (D2 receptor “D2R”, D3 receptor “D3R”, D4 

receptor “D4R”), and their activity is predominantly carried out by D2R, with a putative 

contribution of D3R (Meller et al, 1993; Lejeune and Millan, 1995; Kreiss et al, 1995; Gainetdinov 

et al, 1996; Tepper et al, 1997; Joseph et al, 2002; Schmitz et al, 2003; Zhang and Sulzer, 2012). 

D2R are expressed at the axon terminals and along the somatodendritic part of midbrain 

dopaminergic neurons (Schmitz et al, 2003; Zhang and Sulzer, 2012). Of two isoforms generated 

by alternative splicing of D2R; D2R-short (D2S) dominating the presynaptic expression, and D2R-

long (D2L) primarily present postsynaptically (Khan et al, 1998; Usiello et al, 2000; Centonze et 

al, 2002; Schmitz et al, 2003; Lindgren et al, 2003; Zhang and Sulzer, 2012). DA autoreceptors 

can be anatomically and pharmacologically distinguished from postsynaptic receptors on the 

modulation of DA neurotransmission (Wolf and Roth, 1990; Goldstein et al, 1990; Khan et al, 

1998; Usiello et al, 2000; Centonze et al, 2002; Schmitz et al, 2003; Zhang and Sulzer, 2012). 

Moreover, D2R-deficent mice exhibited no detectable autoreceptors response to D2R agonist in 

firing rate, DA release, or DA synthesis (L'hirondel et al, 1998; Dickinson et al, 1999; Schmitz et 

al, 2002; Schmitz et al, 2003; Bello et al, 2011; Zhang and Sulzer, 2012). However, presynaptic 
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response to D2R agonist was preserved in D2L-deficient mice, indicating that D2S mediates 

presynaptic autoreceptor activity (Usiello et al, 2000; Centonze et al, 2002). These findings support 

that DA autoreceptors provide the midbrain DA neuron with a complex feedback system at the 

soma and axon ending that is important for physiological behavioral functions (Feuerstein, 2008; 

Zhang and Sulzer, 2012).  

1.4.2. Presynaptic Regulation of Dopamine Transporter  

The DAT activity plays a major role in the regulation of DA neurotransmission by the reuptake of 

DA to presynaptic dopaminergic neurons (Giros and Caron, 1993; Miller et al, 1999; Gainetdinov 

et al, 2002; Schmitz et al, 2003). DAT is a biogenic amine transporter of SLC6A3 of solute carriers, 

with twelve putative transmembrane domains at the presynaptic plasma membrane (Shimada et al, 

1991; Kilty et al, 1991; Usdin et al, 1991; Giros et al, 1991a; Giros and Caron, 1993; Pramod et 

al, 2013). DA autoreceptors and DAT collectively regulate the level of DA in the synapse and 

contribute to the termination of dopamine signaling (Giros and Caron, 1993; Cass and Gerhardt, 

1994; Rothblat and Schneider, 1997; Dickinson et al, 1999; Schmitz et al, 2003; Zhang and Sulzer, 

2012). Activation of DA autoreceptors reduces DAT function, leading to decrease in DA reuptake 

and increase DA contents in the synapse (Cass and Gerhardt, 1994; Rothblat and Schneider, 1997; 

Schmitz et al, 2003; Zhang and Sulzer, 2012). D2R-mutant mice were found to have decreased 

striatal DAT function, but not its binding expression, suggesting that D2R modulates clearance 

activity of the striatal DAT (Dickinson et al, 1999). DAT is also sensitive to psychostimulant 

drugs, which significantly induce extracellular DA concentration in the synapse (Shimada et al, 

1991; Kilty et al, 1991; Usdin et al, 1991; Giros et al, 1991a; Giros and Caron, 1993; Giros et al, 

1996; Jones et al, 1998; Rocha et al, 1998; Benoit-Marand et al, 2000). Genetic alteration of DAT 

in mice results in disrupted clearance of DA, elevation of extracellular DA concentration, 

spontaneous hyperlocomotion, and decrease in neurotransmitter and receptor level (Giros et al, 

1996; Jones et al, 1998; Rocha et al, 1998; Benoit-Marand et al, 2000). Psychostimulants, however, 

have no effect on locomotor activity or DA release and reuptake in these deficient mice (Giros et 

al, 1996; Jones et al, 1998; Rocha et al, 1998; Benoit-Marand et al, 2000). These observations 

demonstrate the significant role of DAT in regulating DA neurotransmission, and its dysregulation 

is implicated in several dopaminergic diseases (Giros et al, 1996; Benoit-Marand et al, 2000; 

Gainetdinov et al, 2002).  
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1.4.3. Presynaptic Regulation of Vesicular Monoamine Transporter 2  

The activity of VMAT2 on presynaptic neurons is an essential function to maintain physiological 

monoaminergic neurotransmission, by packaging respective monoamines from cytoplasm into 

secretory vesicles (Schmitz et al, 2003). In dopaminergic neurons, VMAT2 provides intracellular 

protection from neurotoxins by maintaining low cytosolic level of DA required for normal function 

(Miller et al, 1999; Schmitz et al, 2003). VMAT2 is a reserpine-sensitive transporter with twelve 

domains, known as SLC18A2 (Erickson et al, 1992; Pramod et al, 2013). Activation of DA 

autoreceptors decreases the activity of VMAT2, thereby decreasing the packaging of DA into 

vesicles (Miller et al, 1999; Brown et al, 2001; Brown et al, 2002; Schmitz et al, 2003). This 

feedback mechanism prevents excessive DA release by retaining optimal DA level in the synapse 

(Miller et al, 1999; Schmitz et al, 2003). D2-autoreceptors labeling is expressed in most dendrites 

that contain VMAT2 storage vesicles, thus D2R regulate the dendritic VMAT2 expression and 

allow DA release from somatodendritic sites (Pickel et al, 2002; Schmitz et al, 2003). VMAT2 is 

sensitive to amphetamine, thus it inhibits the storage of DA in vesicles, and enhances the 

cytoplasmic release of DA via DAT (Miller et al, 1999). The genetic deletion of VMAT2 reveals 

its obligatory role in maintaining monoaminergic neurotransmission (Fon et al, 1997; Wang et al, 

1997). The homozygous mice of VMAT2 deficient were lethal, manifesting severely impaired 

monoamine storage and vesicular release, whereas the heterozygous mice exhibit reduced 

vesicular filling and release (Fon et al, 1997; Wang et al, 1997; Patel et al, 2003). VMAT2+/- mice 

show diminished extracellular DA levels but enhanced sensitivity to DA receptors (Wang et al, 

1997). Overall, VMAT2 is crucial in monoaminergic neurotransmission, and involved in various 

physiological and pathological processes. 

1.4.4. Presynaptic Regulation of Tyrosine Hydroxylase  

The TH is a rate-limited enzyme involved in the biosynthesis of catecholamine neurotransmitters, 

and it regulates the presynaptic catecholaminergic neurotransmission (Blaschko, 1957; Masserano 

and Weiner, 1983; Wolf and Roth, 1990; Schmitz et al, 2003). TH is responsible for the initial step 

in DA synthesis, which converts tyrosine into L-DOPA, a precursor for DA (Blaschko, 1957; 

Masserano and Weiner, 1983; Wolf and Roth, 1990; Schmitz et al, 2003). Feedback inhibition of 

presynaptic neuron mediated by activation of DA autoreceptors inhibit TH, thereby decrease the 

DA synthesis (el Mestikawy et al, 1986; el Mestikawy and Hamon, 1986; Onali and Olianas, 1989; 
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Wolf and Roth, 1990; Goldstein et al, 1990; Schmitz et al, 2003). TH is also regulated by 

transcriptional factors and posttranslational modifications, which thus influence TH activity and 

the synthesis of catecholamine neurotransmitters (Masserano and Weiner, 1983; el Mestikawy and 

Hamon, 1986; Onali and Olianas, 1989; Goldstein et al, 1990; Schmitz et al, 2003). Moreover, 

DA-deficient mice (DD mice; selective deletion of TH gene in DA neurons) are severely 

hypoactive, adipsic, and aphagic, and required systemic administration of L-DOPA for survival, 

implying that DA is essential for movement and feeding (Zhou and Palmiter, 1995; Szczypka et 

al, 1999; Paladini et al, 2003). In addition, the behavioral phenotype of acute administration of TH 

inhibitor, αMPT, to DAT-KO mice/rats caused severe depletion of DA (DA-deficient DAT-KO: 

DDD models) and demonstrate severe akinesia, rigidity, and tremor (Sotnikova et al, 2006; 

Sukhanov et al, 2022). Due to loss of inward transport in DDD mice, the concentration of DA in 

striatal terminals becomes extremely sensitive to pharmacologic inhibition of DA synthesis by TH 

inhibitor (Sotnikova et al, 2006). Administration of high concentration of L-DOPA or in 

combination with carbidopa restored the motor functions of DDD models (Sotnikova et al, 2006; 

Sukhanov et al, 2022). The presynaptic regulation of TH is important for comprehending the 

control of monoamines, and dysregulation of TH activity and expression can have significant 

implications for various neurological and psychiatric disorders (Schmitz et al, 2003). 

Moreover, TH expression is a hallmark for catecholaminergic neurons and involved in various 

function, including neural plasticity, motor control, reward, and cognition (Björklund and Dunnett, 

2007b). TH-positive catecholaminergic neurons co-localized with AADC and VMAT2 (Björklund 

and Dunnett, 2007b). However, a subpopulation of TH-positive neurons express AADC, but not 

VMAT2 in striatum and cerebral cortex (Ikemoto et al, 1999; Ershov et al, 2002; Ershov et al, 

2005; Weihe et al, 2006). Another subset of TH-positive neurons expressing neither AADC nor 

VMAT2 were identified in hypothalamus, cerebral cortex, and spinal cord (Weihe et al, 2006). A 

smaller population of dopaminergic neurons does not express TH but utilizes AADC to convert L-

DOPA in arcuate nucleus of hypothalamus (Ershov et al, 2002; Ershov et al, 2005). The diversity 

of dopaminergic neuron subtypes highlights the complexity of the dopaminergic system and its 

functional roles in various regions of the brain (Björklund and Dunnett, 2007b). 

 

 



16 

 

1.4.5. Presynaptic Regulation of Heteroreceptors on Dopaminergic Neurons  

The dynamic interaction between DA and other neurotransmitters in the synapse are widely 

investigated and have several important physiological and pathological processes (Björklund and 

Lindvall, 1975; Cheramy et al, 1981; Roth, 1984; Glowinski et al, 1988; Feuerstein, 2008; Zhang 

and Sulzer, 2012; Trudeau et al, 2014; Trudeau and El Mestikawy, 2018; Costa and Schoenbaum 

2022). DA autoreceptors modulate the exocytotic release of other neurotransmitters, e.g., NE, 

glutamate, γ-amino butyric acid (GABA), serotonin (5-HT), and acetylcholine (ACh) (Björklund 

and Lindvall, 1975; Cheramy et al, 1981; Roth, 1984; Glowinski et al, 1988; Feuerstein, 2008; 

Zhang and Sulzer, 2012; Trudeau et al, 2014; Mamaligas and Ford, 2016; Trudeau and El 

Mestikawy, 2018; Cai and Ford, 2018; Costa and Schoenbaum 2022). Presynaptic receptors also 

occur as heteroreceptors on non-dopaminergic axon terminals (Feuerstein, 2008; Zhang and 

Sulzer, 2012). The crosstalk between DA•glutamate and DA•GABA are most abundant among 

other neurotransmitters, and have significant behavioral functions, including synaptic plasticity, 

neural circuits, neurodegenerative disease, and psychiatric disorders (Feuerstein, 2008; Zhang and 

Sulzer, 2012; Trudeau et al, 2014; Trudeau and El Mestikawy, 2018). DA presynaptically inhibits 

the release of glutamate and GABA in striatum through D2-auroreceptors and postsynaptic D2R 

(Delgado et al, 2000; Pisani et al, 2000; Momiyama and Koga, 2001; Gainetdinov et al, 2001; 

Guzmán et al, 2003; Bamford et al, 2004; Ibañez-Sandoval et al, 2006; Hernández et al, 2006; 

Feuerstein, 2008). The significant of these DA release and DA autoreceptors into multiple 

presynaptic regulatory mechanisms maintain normal physiological functions to control DA 

neurotransmission and signaling (Feuerstein, 2008; Zhang and Sulzer, 2012; Trudeau et al, 2014; 

Trudeau and El Mestikawy, 2018). 

A subpopulation of midbrain dopaminergic neurons are highly heterogenous at axonal ending 

(Feuerstein, 2008; Zhang and Sulzer, 2012; Trudeau et al, 2014; Trudeau and El Mestikawy, 2018). 

These neurons express vesicular glutamate transporter 2 (VGLUT2) or vesicular GABA 

transporter (VGAT), in addition to VMAT2, which allow them to co-release DA and other 

transmitters; glutamate and GABA, respectively (Giorguieff et al, 1977; Sulzer et al, 1998; 

Chéramy et al, 1998; Chuhma et al, 2004; Dal Bo et al, 2004; Mendez et al, 2008; Hnasko et al, 

2010; Tritsch et al, 2012; Fortin et al, 2012; Trudeau et al, 2014; Thibault et al, 2016; Trudeau and 

El Mestikawy, 2018; Kouwenhoven et al, 2020; Liu et al, 2022). The release of glutamate and 
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GABA indirectly play a prominent role in dopaminergic neurons to regulate postsynaptic DA 

signaling and to modulate presynaptic regulation of DA release (Giorguieff et al, 1977; Chéramy 

et al, 1998; Trudeau et al, 2014; Trudeau and El Mestikawy, 2018; Costa and Schoenbaum 2022). 

Moreover, in DAT-deficient mice, the expression of vesicular glutamate transporter 1 (VGLUT1) 

is enhanced, and the activation of N-methyl-D-aspartate receptor (NMDAR) regulates the 

glutamatergic transmission and inhibits psychostimulant-mediated hyperactivity (Gainetdinov et 

al, 2001; Targa et al, 2023). This supports the concept of a reciprocal DA•glutamate functional 

interaction in modulating glutamatergic transmission (Gainetdinov et al, 2001). Furthermore, DA 

released from somatodendritic compartments regulate the presynaptic release of GABA from 

GABAergic neurons. GABA is also released directly from dopaminergic and GABAergic neurons 

independently from VGAT, which requires activity of VMAT2 (Tritsch et al, 2012). Interestingly, 

expression of VGLUT2 and vesicular glutamate transporter 3 (VGLUT3) modulates presynaptic 

and postsynaptic dopaminergic neurons, which suggests DA neurotransmission is influenced by 

glutamatergic neurons (Hnasko et al, 2010; Trudeau and El Mestikawy, 2018; Ibrahim et al, 2022). 

Moreover, genetic deletion of NET displayed behavioral alterations in response to antidepressants 

and psychostimulants (Xu et al, 2000). NET deficient mice also exhibited a reduction in striatal 

presynaptic DA and its metabolites, but enhanced sensitivity to postsynaptic D2R and D3R 

agonists (Xu et al, 2000). Collectively, these findings expand the repertoire of synaptic 

mechanisms that is crucial for unraveling the complexities of the intricate interplay between these 

neurotransmitter systems and suggest the existence of numerous microcircuits involved in the 

regulation of DA transmission (Trudeau and El Mestikawy, 2018). 

1.5. Dopamine Receptors 

Once DA is synthesized and released in the synapse, it exerts its actions on a neuronal cell through 

one of five cognate genetically distinct subtype receptors, of which have been classified to either 

D1-class receptors (D1R and D5R, also previously known as D1A and D1B, respectively), or D2-

class receptors (D2R, D3R, D4R). This classification originally proposed by Kebabian and Calne, 

in 1979, is based on biochemical observation that distinguishes D1R from D2R modulation on G-

proteins coupling AC (Kebabian and Calne, 1979). Earlier discoveries recognized that DA 

activates two distinct physiological populations at the postsynaptic neuron, stimulatory and 

inhibitory, and thus were named as excitatory DA receptors (DAe “stimulatory”) and inhibitory 
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DA receptors (DAi) (Cools and Van Rossum, 1976; Cools and Van Rossum, 1980). Shortly 

thereafter, DAe and DAi receptors were renamed as D1R and D2R, respectively (Garau et al, 1978; 

Titeler, et al, 1978; Kebabian and Calne, 1979; Giros and Caron, 1993; Neve et al, 2004; Beaulieu 

and Gainetdinov, 2011). 

Biochemical characterization of DA receptors began with the discovery of DA-stimulated AC 

(Kebabian and Greengard, 1971). In a series of experiments in the 1970s, Kebabian and Greengard 

noted that incubation of caudate nucleus homogenates of striatum with DA activates AC and 

increases the level of cAMP formation (Kebabian et al, 1972). This was the first evidence of 

stimulatory DA receptor-mediated cAMP increase in the brain, which was followed by reports 

showing DA-sensitive AC in different brain regions (Clement-Cormier et al, 1974; Clement-

Cormier et al, 1975; Mishra et al, 1975; Phillipson and Horn, 1976). However, many reports also 

suggested the existence of a second population, perhaps a non-stimulatory DA receptor present in 

brain (Iversen, 1975; Seeman et al, 1975; Seeman and Lee, 1975; Cools and Van Rossum, 1976; 

Caron et al, 1978; Kebabian and Clan, 1979; Cools and Van Rossum 1980). De Camilli and 

colleagues showed DA-inhibited AC activity and decreased prolactin secretion from pituitary 

gland (De Camilli et al, 1979). Stoof and Kebabian observed a biphasic regulation of cAMP efflux 

in neostriatum: a stimulation and an inhibition of AC mediated by D1R and D2R, respectively 

(Stoof and Kebabian, 1981). This opposing effect suggested that D1R and D2R exist as two distinct 

DA receptor populations expressed within the same medium spiny neurons (“MSNs”, also known 

as spiny projection neuron “SPN”) in neostriatum, where they positively or negatively control AC 

activity, respectively, to modulate physiological processes. Although this was the original 

thinking, the colocalization of D1R and D2R in the same neuron is attributed to a small group of 

striatal neurons, while the vast majority of MSNs express either D1R or D2R (Gerfen et al, 1990), 

which will be further discussed in section 1.6.1.2.  

Further studies have characterized the role of D1R and D2R by molecular cloning and purification 

methods. D2R was the first dopaminergic receptor to be cloned and characterized (Bunzow et al, 

1988; Grandy et al, 1989a; Giros et al, 1989; Monsma et al, 1989), followed by molecular cloning 

of D1R (Monsma et al, 1990; Sunahara et al, 1990; Dearry et al, 1990; Zhou et al, 1990). 

Subsequent research have identified different genes, encoding for additional dopamine subtype 

receptors; D3R (Sokoloff et al, 1990), D4R (Van Tol et al, 1991), D5R (Sunahara et al, 1991; 
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Tiberi et al, 1991). Nowadays, D1- and D2-class receptors are further classified beyond G-protein 

coupling and AC activity, by their gene expression, biochemical, structural, and pharmacological 

properties, and their anatomical localization. Fig.1.3A, B. shows the signaling differences between 

D1- and D2-class receptors and pharmacological ligands bound-DA receptors.   

These DA receptors can modulate different physiological functions, e.g. motor activity, learning, 

reward, and memory (Missale et al, 1998; Beaulieu and Gainetdinov, 2011). Therefore, 

pharmacologically targeting these receptors has provided further insight on significantly 

influencing dopaminergic transmission and DA-dependent functions in the treatment of various 

disorders (Missale et al, 1998; Beaulieu and Gainetdinov, 2011). 

1.5.1. Genes Encoding for Dopamine Receptors  

The D1- and D2-class receptors are derived from the divergence of two gene families, and 

primarily differ in the presence of introns at the level of genetic structure, which accounts for the 

presence of splice variants among this receptor/protein population (Civelli et al, 1993; Schwartz 

et al, 1993). Genetic analysis has identified polymorphisms of these DA receptor genes that may 

have potential implications for susceptibility to disease, pharmacogenetic outcome, or undesirable 

effects to therapeutic agents (Wong et al, 2000).  

DRD1 and DRD5 genes encode for D1-class receptor subtypes and are intron-less genes, thus D1R 

and D5R exist as a single isoform (Sunahara et al, 1990; Civelli et al, 1993; Schwartz et al, 1993). 

DRD1 gene is located at chromosome 5q35.1; five polymorphisms have been identified, but none 

are associated with functional changes (Sunahara et al, 1990; Grandy et al, 1990; Liu et al, 1995; 

Wong et al, 2000; Al-Fulaij et al, 2008). DRD5 gene is located at chromosome 4p15.1-p15.3, and 

two of nine polymorphisms reported for D5R altered the ligand properties (Sherrington et al, 1993; 

Sobell et al, 1995; Wong et al, 2000). Two pseudogenes for D5R have been identified, D5ψ1 and 

D5ψ2, which encode for a truncated nonfunctional receptor (Grandy et al, 1991; Wong et al, 2000). 

A recent genetic study conducted in a large human cohort from United Kingdom reveals the 

presence of a wide range of polymorphisms in the coding sequence of DRD1 and DRD5 genes 

(Hauser et al, 2018). While individuals screened for D1R and D5R polymorphisms did not have 

any overt pathological conditions, the study argued that these polymorphisms may impact the 

pharmacogenomic responsiveness of DA drugs (Hauser et al, 2018).  
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Fig. 1.3. Classification of DA Receptors.  

(A) Activation of AC by D1- and D2-class receptors increase and decrease the level of cAMP, respectively. (B) DA 

receptors exist in a dynamic equilibrium between in active and active state in response to pharmacological ligands. 

The classical ligands bound-DA receptors are listed. Some ligands, however, may exhibit different affinity towards 

the receptor than the norm paradigm. (C) Illustrative summary of genetic differences of DA receptors, including 

number of exon(s) and chromosomal location. AC: adenylyl cyclase; cAMP, adenosine 3ʹ,5ʹ- cyclic monophosphate. 

Created with BioRender.com.  
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In contrast, DRD2, DRD3, and DRD4 genes, which encode for D2-class receptor subtypes, have 

several introns (Civelli et al, 1993; Schwartz et al, 1993). The genetic organization of these 

receptor genes provide the basis for generating receptor splice variants in their coding sequences 

(Civelli et al, 1993; Schwartz et al, 1993). DRD2 gene is located on chromosome 11q22-23 and 

consists of eight exons separated by seven introns (Grandy et al, 1989b; Wong et al, 2000). 

Alternative splicing in exon 5 of the DRD2 gene leads to the generation of two functional isoforms: 

D2S and D2L, which harbours an additional 29 amino acids (87 base pair “bp”) in intracellular 

loop 3 (IL3) of D2R (Giros et al, 1989; Monsma et al, 1989). Although these two functional 

variants of D2R mediate the control of basal behaviors, both isoforms mediate specific 

physiological functions, exhibit distinct anatomical localization, pre- and post-synaptic function, 

and pharmacological properties (Radi et al, 2018). Several polymorphisms were reported to change 

the function for DRD2 gene that may be associated with variation in the levels of D2R expression, 

but the phenotypic differences linking susceptibility to alcoholism, abuse of other substances, and 

schizophrenia are inconsistent (Gejman et al, 1994; Wong et al, 2000).  

DRD3 gene is located on chromosome 3q13.3, and its coding sequence consists of six exons, 

interrupted by five introns (Le Coniat et al, 1991). In humans, the Ser9Gly variant of D3R was 

reported to have functional and pharmacological importance. Several other nonfunctional splice 

variants and polymorphisms were identified (Giros et al, 1991b). There are no significant genetic 

and phenotypic linkages of schizophrenia and psychosis to either the D3Ser9 variant (allele 1) or 

the D3Gly9 variant (allele 2) (Crocq et al, 1992; Rietschel et al, 1993; Wong et al, 2000). DRD4 

gene is located on chromosome 11p15.5, and contains a remarkable number of polymorphic 

regions (Gelernter et al, 1992; Wong et al, 2000). The DRD4 gene consist of four exons separated 

by three introns. Within the DRD4 coding sequence, there is a hypervariable region in IL3 of 2-10 

imperfect 48 bp repeats, and is written as D4.x receptor, where x represents number of repeats 

(Van Tol et al, 1992; Asghari et al, 1994; Wong et al, 2000). Variations in the D4R sequence have 

been studied in relation to a variety of neuropsychiatric diseases and phenotypes, but no strong 

association has been linked to DRD4 gene (Wong et al, 2000). Fig.1.3C. summarizes the genetic 

differences between D1- and D2-class receptors. 
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1.5.2. Expression of Dopamine Receptors in the Brain 

The particular expression pattern and localization of DA receptors play a critical role in mediating 

dopaminergic physiological functions. Although there are similarities among subtypes of D1- and 

D2-class receptors, differences in the physiological properties, anatomical localization, and level 

of expression have been observed to modulate a variety of central behaviors (Civelli et al, 1993; 

Sokoloff and Schwartz, 1995; Jaber et al, 1996a; Beaulieu and Gainetdinov, 2011). Various 

methods have been used to determine the mRNA level and protein expression of DA receptors in 

different brain structures. Interestingly, mRNA and protein abundance do not always overlap, 

perhaps due to sensitivity of the methodological techniques or functionality of the receptors, e.g., 

cellular differentiation, and post-transcriptional processes.  

D1R and D2R are the most abundant receptors in the brain and are highly expressed in substantia 

nigra pars compacta (SNc), putamen and caudate of dorsal striatum, cortex, hippocampus, and 

olfactory tubercle, with lower expression levels in the cerebellum (Bunzow et al, 1988; Giros et 

al, 1989; Monsma et al, 1989; Monsma et al, 1990; Sunahara et al, 1990; Dearry et al, 1990; Zhou 

et al, 1990; Fremeau et al, 1991; Huntley et al, 1992; Levey et al, 1993; Smiley et al, 1994; 

Schambra et al, 1994; Hersch et al, 1995; Araki et al, 2007; Beaulieu and Gainetdinov, 2011; 

Gangarossa et al, 2012; Rothmond et al, 2012). D2R is expressed more than D1R in other brain 

structures including ventral tegmental area (VTA), hypothalamus, nucleus accumbens (NAc) of 

ventral striatum, and amygdala (Albert et al, 1990; Yu et al, 2019). D3R, D4R and D5R have a 

considerable level of expression, but less than D1R and D2R, in the cortex, amygdala, 

hippocampus, striatum, NAc and hypothalamus (Sokoloff et al, 1990; Van Tol et al, 1991; 

Sunahara et al, 1991; Tiberi et al, 1991; Bouthenet et al, 1991; Huntley et al, 1992; Sokoloff et al, 

1992a, b; Bergson et al, 1995a; Ciliax et al, 2000; Khan et al, 2000). 

1.6. Dopamine Pathways, Neurophysiology, and Behaviour 

DA neurotransmission contributes to a multitude of behaviors, inter alia, motor control, reward 

learning, cognitive control, decision making, and motivation (Jaber et al, 1996a; Missale et al, 

1998; Wise, 2004; Beaulieu and Gainetdinov, 2011). Anatomical studies have greatly aided our 

understanding of the breadth of the dopaminergic neuronal innervations, which are mainly 

localized on neural circuitries of SNc and VTA of the midbrain (Bertler and Rosengren, 1959; 

Sano et al, 1959; Carlsson et al, 1962; Björklund and Dunnett, 2007b; Iversen and Iversen, 2007; 
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Gantz et al, 2018; Costa and Schoenbaum, 2022). These midbrain neurons project to the dorsal 

and ventral striatum and cortex, forming three anatomically and functionally distinct components: 

nigrostriatal (mesostriatal), mesolimbic, and meseocortical pathways, respectively (Anden et al, 

1964; Dahlstroem and Fuxe, 1964; Battista et al, 1972; Fuxe et al, 2006; Björklund and Dunnett, 

2007b; Iversen and Iversen, 2007; Costa and Schoenbaum, 2022). While these dopaminergic 

pathways are often characterized as distinct pathways, certain functions can be modulated by 

multiple pathways (Björklund and Dunnett, 2007b; Gantz et al, 2018; Costa and Schoenbaum, 

2022). These three main pathways are the most well-studied, however, several dopaminergic 

projections stream from other brain regions such as hypothalamus, hippocampus, amygdala, 

olfactory tubercle, and have been functionally characterized to facilitate multiple behaviors 

(Björklund and Dunnett, 2007b; Costa and Schoenbaum, 2022). Fig.1.4. shows the anatomical 

connectivity of major midbrain dopaminergic pathways. 

Although dopaminergic neurons represent a small fraction of the total neuronal population in the 

CNS, they influence large densities of the brain through their highly divergent branching network 

of fibers (Iversen and Iversen, 2007; Gantz et al, 2018; Costa and Schoenbaum, 2022). The 

presence of dense DA innervations to different brain regions have essential roles in mediating 

neuronal functions, mainly: movement and motor control, spatial memory, motivation, reward and 

reinforcement, learning, among others (Gantz et al, 2018; Costa and Schoenbaum, 2022). 

Furthermore, DA neurons project and innervate to several brain regions that have different 

biophysical, synaptic, structural, and molecular properties (Costa and Schoenbaum 2022). 

Subpopulations of these neurons also have striking physiological and anatomical properties, as 

they receive inputs from different regions, and reflect different functional specialization in 

behavior and disease vulnerability (Costa and Schoenbaum, 2022). In addition to excitatory 

glutamatergic and inhibitory GABAergic inputs, DA neuronal activity is also regulated by 

neuromodulatory inputs, including NE, 5-HT, ACh, neuropeptides, and peripheral hormones 

(Gantz et al, 2018; Costa and Schoenbaum, 2022).  

Multiple human disorders have been linked to dysregulation of dopaminergic transmissions; 

prominently PD and schizophrenia (Iversen and Iversen, 2007; Beaulieu and Gainetdinov, 2011). 

DA dysfunction also has been associated with etiology of several pathological and psychological 

conditions, such as depression, drug abuse and addiction, and hyperprolactinemia (Missale et al, 
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Fig. 1.4. Major Dopaminergic Pathways in the Brain.  

Four major dopaminergic neuronal pathways are illustrated, including their projections and associated functions. The 

nigrostriatal pathway connects the substantia nigra (SNc) with the dorsal striatum; the mesocortical pathway connects 

the ventral tegmental area (VTA) to the cerebral cortex; the mesolimbic pathway connects the VTA to the ventral 

striatum/nucleus accumbens (NAc); and the tuberoinfundibular pathway connects the arcuate nucleus (ARC) of the 

hypothalamus to the pituitary gland. Created with BioRender.com. 
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1998; Björklund and Dunnett, 2007b; Iversen and Iversen, 2007; Beaulieu and Gainetdinov, 2011). 

The following section will briefly highlight the physiological and pathophysiological importance 

of these dopaminergic pathways, including certain behavioral functions. 

1.6.1. The Nigrostriatal Pathway 

The nigrostriatal pathway originates in the SNc and projects to the caudate nucleus and putamen 

of dorsal striatum, which are the main input nuclei of basal ganglia (BG) (Cheramy et al, 1981; 

Cheramy et al, 1998). The BG are a major brain system that modulate initiation, integration and 

regulation of motor function, and lesions herein cause devastating motor disorders, like PD 

(Ehringer and Hornykiewicz, 1960; Cheramy et al, 1981; Cheramy et al, 1998; Graybiel, 2000; 

Hornykiewicz, 2002; Cenci, 2007). 

1.6.1.1. The Basal Ganglia 

The BG are a group of interconnected subcortical nuclei that are prominent in maintaining the 

balance between direct and indirect pathways, which differentially contribute to the BG output 

nuclei, e.g. globus pallidus (consisting of internal segment, GPi, and external segment, GPe), 

substantia nigra pars reticulata (SNr) and subthalamic nucleus (STN) to form thalamo-cortico-

striatal loops (Albin et al, 1989; Gerfen, 1992; Graybiel, 2000; Cenci, 2007). MSNs of dorsal 

striatum receive excitatory glutamatergic input from cortex and then send output to globus pallidus 

through direct and indirect pathway in parallel, and the output of these pathways ultimately 

facilitate or inhibit the motor thalamus, respectively (Albin et al, 1989; Gerfen, 1992; Graybiel, 

2000; Cenci, 2007). Fig. 1.5A, B. summarizes the basal-ganglia-thalamocortical circuits.  

In the direct pathway, the striatal output provides inhibitory input directly to GPi/SNr, which in 

turn modulates the activity of brainstem and thalamic nuclei involved in motor control and makes 

inhibitory connection in the thalamus, thus acting to promote motor activity (Albin et al, 1989; 

Graybiel, 2000; Surmeier et al, 2007; Cenci, 2007). However, striatal neurons of indirect pathways 

inhibit neurons of the GPe, which then inhibit GPi/SNr and STN (Albin et al, 1989; Gerfen, 1992; 

Graybiel, 2000; Surmeier et al, 2007; Cenci, 2007). The STN neurons are also excited by cortical 

axons, and its projection excites the GPi neurons, subsequently inhibiting the thalamus (Albin et 

al, 1989; Gerfen, 1992; Graybiel, 2000; Surmeier et al, 2007; Cenci, 2007). Ultimately, this 

pathway simultaneously suppresses motor behavior (Albin et al, 1989; Gerfen, 1992; Graybiel, 
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2000; Surmeier et al, 2007; Cenci, 2007). DA shapes the striatal activity and exerts opposite effects 

on these two neuronal pathways, which express either D1R or D2R. The D1R predominates in the 

“direct pathway” of striatonigral MSNs (dMSNs) and mediates facilitatory responses to enhance 

glutamatergic signaling. In contrast, the “indirect pathway” primarily contains D2R in 

striatopallidal MSNs (iMSNs) and decreases the neuronal excitability and glutamatergic signaling 

(Albin et al, 1989; Gerfen et al, 1990; Gerfen, 1992; Surmeier et al, 1996; Graybiel, 2000; Surmeier 

et al, 2007; Cenci, 2007). Both dMSNs and iMSNs are GABAergic, but they contain different 

peptide co-transmitters; substance P and enkephalin, respectively (Albin et al, 1989; Gerfen et al, 

1990; Gerfen, 1992; Surmeier et al, 1996; Graybiel, 2000; Surmeier et al, 2007; Cenci, 2007). 

Interestingly, a small population of MSNs co-express D1R•D2R to establish an additional efferent 

striatal pathway that projects exclusively to GPe of the indirect pathway of thalamo-cortico-striatal 

motor circuit (Bonnavion et al, bioRxiv 2022). The D1R•D2R-MSNs have unique morphological 

and electrophysiological characteristics compared to D1R-expressing MSNs and D2R-expressing 

MSNs, and orchestrate the fine-tuning of motor balance control (Bonnavion et al, bioRxiv 2022).  

In both neuronal populations, the activation of cAMP-dependent intracellular signaling to the 

nucleus is under opposing influences of DA receptors and adenosine receptors coupled to G-

proteins. In striatonigral neurons, cAMP is modulated by D1R and adenosine A1 receptor (A1R) 

coupled to stimulatory G-protein (Gαs/olf) and inhibitory G-protein (Gαi), respectively, whereas 

cAMP production is controlled by D2R and adenosine A2A receptor (A2AR) coupled to Gαi and 

Gαs/olf, respectively, in striatopallidal neurons (Ferré et al, 1997; Cenci, 2007; Nagai et al, 2016). 

dMSN neurons also expressing D3R and muscarinic M4 receptor (M4R) that are coupled to Gαi 

(Nagai et al, 2016). As D1R activates PKA and PKA phosphorylates substrate proteins, it increases 

the responsiveness of striatonigral neurons to modulate synaptic transmission of glutamate and 

ionotropic glutamate receptors, however, D2R activation in striatopallidal neurons diminishes 

presynaptic release of glutamate (Day et al, 2006; Surmeier et al, 2007). D1R and D2R regulate 

L-type Ca2+ by opposing mechanisms, whereby D1R enhances the channel opening through PKA, 

and D2R reduces the opening through the activation of a Ca2+-dependent protein phosphatase 

(Surmeier et al, 1995; Hernandez-Lopez et al, 2000). Fig. 1.6. illustrates the functional signaling 

pathway of the direct and indirect pathways.  
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Fig. 1.5. The Basal-Ganglia-Thalamocortical Circuits.  

(A-D) Schematic diagram of the classical basal ganglia (BG) circuits in normal state (A, B), Parkinson disease (C), 

and L-DOPA induced dyskinesia (D). The basal ganglia consist of the striatum, GPe, GPi, SNc, SNr, STN. These 

structures are linked to form a complex network of excitatory and inhibitory connections, depicted in green and red 

lines, respectively. The basic circuit model of BG function involving the inhibitory connections of “direct” and 

“indirect” pathways (depicted in blue and orange clines, respectively). Striatum receives excitatory glutamatergic 

connection from cortex, and then sends inhibitory GABAergic information through the direct and indirect pathways 

projecting to GPi/Snr and GPe, respectively. GPe then sends inhibitory output to GPi/SNr and STN. The glutamatergic 

neurons of the STN can excite the GPi/SNr. The inhibitory output of GPi/SNr neurons modulate the activity of the 

brainstem and thalamic nuclei to promote or suppress locomotor activity. GPe: external segments of the globus 

pallidus; GPi: internal segments of the globus pallidus; SNc: the pars compacta of substantia nigra; SNr: pars reticulata 

of the substantia nigra; STN: subthalamic nucleus. Created with BioRender.com. 
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Fig. 1.6. The Signaling Pathway of D1R-MSN and D2R-MSN.  

D1R and adenosine A2AR are primarily coupled to Gαs/olf and stimulate the activity of AC, followed by activation of 

PKA through cAMP accumulation. By contrast, D2R, D3R, A1R, and M4R are associated with Gαi and inhibit cAMP 

production. D1R- and D2R-mediated PKA activation phosphorylates numerous proteins, e.g., DARPP-32, to modulate 

transcriptional and cellular responses. Created with BioRender.com. 
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1.6.1.2. The Mosaic of D1R and D2R in Neostriatum 

Striatum is the major structure of the BG and is mostly composed of GABAergic MSNs of two 

segregated neuronal populations, which are distinguished based on the efferent projections of 

direct pathway MSNs expressing substance P and indirect pathway MSNs expressing enkephalin 

(Albin et al, 1989; Valjent et al, 2009; Bertran-Gonzalez et al, 2010; Gerfen and Surmeier, 2011; 

Gerfen, 2023). Roger Albin and colleagues proposed that these two pathways differentially 

promote or supress the locomotor activity in BG disorders (Albin et al, 1989). Furthermore, 

Charles Gerfen discovered that the vast majority of D1R and D2R are expressed distinctly in the 

direct and indirect pathway, respectively, to exert opposing locomotor modulations (Gerfen et al, 

1990). However, the degree of segregation between these circuits was much debated in the 1990s 

and 2000s, stemming primarily from discrepancies in the results obtained from anatomical and 

functional studies (Surmeier et al, 1992; Surmeier et al, 1993; Aizman et al, 2000). At present, 

compelling evidence exists to support the notion that the population of D1R localized in MSNs 

are typically segregated from those of D2R, with only a small subset of MSNs found to co-express 

D1R and D2R (Le Moine and Bloch, 1995; Surmeier et al, 1996; Shuen et al, 2008; Bertran-

Gonzalez et al, 2008; Thibault et al, 2013; Frederick et al, 2015; Escande et al, 2016; Gagnon et 

al, 2017). In situ hybridization studies have suggested that D1R mRNA is found in substance P-

expressing MSNs projecting to the GPi/SNr, and was segregated from the neuronal population of 

D2R mRNA localized with enkephalin-expressing MSNs projecting to GPe, with small subset of 

co-expressed D1R and D2R in the MSNs (Gerfen et al, 1990; Le Moine and Bloch, 1995; Surmeier 

et al, 1996). The advancement of transgenic reporter mice further validated the segregation of 

striatal neurons between D1R and D2R (Shuen et al, 2008; Bertran-Gonzalez et al, 2008; Thibault 

et al, 2013; Escande et al, 2016; Gagnon et al, 2017; Yu et al, 2019).  

1.6.1.3. Striatal TH-Interneurons 

As the MSNs receive abundant excitatory glutamatergic input and regulate DA activity, they 

account for 95% of the neuronal population of striatum. The remaining neurons composing the 

striatum are cholinergic interneurons and GABAergic interneurons (Kawaguchi, 1993; Tepper and 

Bolam, 2004). Studies have investigated the possibility of DA contribution to the transmission of 

interneurons (Ibáñez-Sandoval et al, 2010; Xenias et al, 2015). Striatal TH-positive interneurons 

receive cortical and striatal input, and exert GABAergic inhibition onto MSN, hence these 
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interneurons are not dopaminergic, but rather are a type of GABAergic interneurons that express 

TH, and exert GABAergic inhibition onto direct and indirect MSN pathways (Ibáñez-Sandoval et 

al, 2010; Xenias et al, 2015). 

1.6.1.4. Parkinson’s Disease 

As mentioned earlier, degeneration of dopaminergic neurons in the SNc leads to severe motor 

deficits, a hallmark of PD (Greenfield and Bosanquet, 1953; Ehringer and Hornykiewicz, 1960). 

PD was first described by James Parkinson more than 200 years ago as a shaking palsy (or paralysis 

agitans) (Parkinson, 1817). PD is the second most common age-related neurodegenerative disease, 

affecting more than one million people in North America (Beitz, 2014; Balestrino and Schapira, 

2020). There are two forms of PD: familial and sporadic. In the familial form of PD (10-15%), the 

genetic aberrations (e.g., LRRK2 and PRKN) are reported in patients with family history of PD 

symptoms (Tran et al, 2020). While most patients suffer from sporadic PD (85-90%), the exact 

cause is not completely known, and involve a combination of genetic (e.g., SNCA, the gene 

encoding αSynuclein) and environmental factors (e.g., toxins) (Rietdijk et al, 2017; Tran et al, 

2020). Braak’s hypothesis states that sporadic PD is progressed in stages in which the olfactory 

system is initially compromised by pathological Lewy bodies (α-synuclein aggregates) (Braak et 

al, 2003). According to the hypothesis, a pathogen that enter the body via nasal cavity subsequently 

reaches the gut and initiates the pathogenesis of Lewy bodies in the nose and digestive tract (Braak 

et al, 2003). As the olfactory dysfunction is one of the earliest symptoms displayed by PD patients, 

the motor symptoms are an expression of advanced Lewy body pathology (Braak et al, 2003; Tran 

et al, 2020). 

The neuropathogenesis of PD makes it challenging to target effective therapies due to the variable 

clinical, genetic, and pathological nature of the disease, thus current treatments consist of 

symptomatic relief (Iversen and Iversen, 2007; Beitz, 2014; Balestrino and Schapira, 2020; Blesa 

et al, 2022). While DA neurons are known to degenerate in normal aging subjects, in parkinsonian 

patients this neurodegeneration is accelerated and is accompanied by the presence of 

intracytoplasmic inclusions of Lewy bodies in surviving neurons (Greenfield and Bosanquet, 

1953; Beitz, 2014; Balestrino and Schapira, 2020; Blesa et al, 2022). The ensuing depletion of DA 

in the SNc causes motor deficits such as akinesia, rigidity, tremor, and postural dysfunction (Cenci, 
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2007; Beitz, 2014; Balestrino and Schapira, 2020; Blesa et al, 2022). Fig. 1.7. summarizes the 

pathophysiology and clinical symptoms observed in PD patients. 

DA replacement therapy is one of the strategies used to alleviate the symptoms of PD, in addition 

to surgical treatments and stem cell therapies (Beitz, 2014; Balestrino and Schapira, 2020). As 

mentioned earlier, Hornykiewicz started the first clinical trials to treat PD with DA precursor L-

DOPA in 1961 (Birkmayer and Hornykiewicz, 1961). A few years after, George Cotzias developed 

the clinically efficacious, high dose oral L-DOPA treatment that is still used today (Cotzias et al, 

1968). L-DOPA administration ultimately increases the level of DA in surviving dopaminergic 

neurons of the SNc, but this supply of DA does not stop disease progression (Hornykiewicz, 1974; 

Beitz, 2014; Balestrino and Schapira, 2020). Further still, cumulative exposure and/or prolonged 

repetitive administration of L-DOPA in PD patients might have the adverse effect of abnormal 

involuntary movement (AIM), a phenomenon known as L-DOPA induced dyskinesia (LID), which 

is positively associated with the severity of parkinsonism (Espay et al, 2018; Zheng and Zhang, 

2021). L-DOPA therapy has been further improved by its combination with carbidopa, a 

decarboxylase inhibitor that prevents peripheral metabolism of L-DOPA in the liver and increases 

its bioavailability in the brain (Beitz, 2014; Balestrino and Schapira, 2020). Other compounds have 

also been co-administered for the treatment of PD, e.g. dopaminergic agonists (pramipexole and 

ropinirole), COMT inhibitors (entacapone), or MAO-B inhibitors (selegiline and rasagiline) 

(Beitz, 2014; Balestrino and Schapira, 2020).  

DA deficiency in PD causes an imbalance in the DA activity of striatofugal pathways and triggers 

a cascade of functional changes that affect the basal ganglia network (Cenci, 2007). As described 

in section 1.6.1.1., for the normal BG circuit, lesions in striatum for PD lead to changes in the 

efferent MSNs projecting to the direct pathway are reduced, while they are increased in the indirect 

pathway (Mallet et al, 2006; Cenci, 2007; Galvan et al, 2015). In the indirect pathway, the firing 

activity in GPe neurons is reduced, which leads to disinhibition of STN neurons (Mallet et al, 

2006; Cenci, 2007; Galvan et al, 2015). Moreover, there is a selective loss in dendritic spines and 

excitatory glutamatergic synapses following DA depletion in PD observed only in the indirect 

pathway, which implicates a D2R-mediated activation of a L-type- Ca2+; Cav1.3 channel (Day et 

al, 2006; Gerfen, 2006). Subsequently, this leads to excessive excitation of GPi/SNr due to the 
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Fig. 1.7. Parkinson’s Disease.  

A schematic illustration summarizes the pathophysiology of Parkinson’s disease (A), motor and non-motor symptoms 

(B), and the mechanism of action of drugs linked to the treatment of the disease (C). Created with BioRender.com. 

A 

B C 
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lack of inhibition from direct pathway neurons, which exert a greater than normal inhibition on 

their thalamic and brainstem targets of BG (Mallet et al, 2006; Galvan et al, 2015). Chronic L-

DOPA treatment enhanced the D1R activity, without altering abnormal D2R activity, 

consequently, leads to increased cortical activation and facilitates movement (Cenci, 2007). 

The thalamo-cortico-striatal loop of LID is altered by the striatal efferent projecting to the direct 

pathway than indirect pathway, and is causally linked to an abnormal activation of the D1R (Aubert 

et al, 2005; Cenci, 2007; Iversen and Iversen, 2007). The striatal efferents provide an enhanced 

direct inhibitory input to GPi/SNr, which in turn disinhibit the activity of brainstem and thalamic 

nuclei (Cenci, 2007; Iversen and Iversen, 2007). In PD patients, D1R, but not D2R, agonists 

induced dyskinesias in a similar manner to monotherapy L-DOPA treatment, hence the 

pharmacological blockage of D1R in LID diminish the therapeutic efficacy of L-DOPA (Aubert 

et al, 2005; Cenci, 2007). The use of NMDAR antagonists has a promising therapeutic approach 

in the treatment of LID and in preventing undesirable side-effect caused by D1R agonists (Cenci, 

2007). Moreover, D1R and D3R are co-expressed in the MSNs of direct pathway, and L-DOPA-

induced changes in D3R expression that is corelated with the severity of LID (Schwartz et al, 1998; 

Bézard et al, 2001; Cenci, 2007). Fig. 1.5C, D. shows the basal-ganglia-thalamocortical circuits 

in PD and LID.  

1.6.1.5. Parkinson’s Disease: Pre-Clinical Models and Clinical Trials 

As DA replacement therapy only improves the symptoms for parkinsonian patients, rather than 

slowing or halting the progression of the disease, there have been concerted efforts aimed at both 

understanding the causative and pathogenic factors responsible for neuronal death and designing 

neuroprotective treatments that protect, rescue, or restore dopaminergic neurons in PD (Dauer and 

Przedborski, 2003; Fox and Brotchie, 2010; Jackson-Lewis et al, 2012; Konnova and Swanberg, 

2018). Preclinical models of PD and clinical trials have been used to further investigate the 

effectiveness of different compounds on the prognosis of PD. Two main experimental approaches 

have been used: neurotoxin- and genetics-based approaches (Dauer and Przedborski, 2003; Fox 

and Brotchie, 2010; Jackson-Lewis et al, 2012; Konnova and Swanberg, 2018). Exposure of 

rodents or non-human primates to the neurotoxin 6-hydroxydopamine (6-OHDA) and 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induces strong nigrostriatal dopaminergic cell death, 

motor deficits and behavioral changes, but does not induce the formation of Lewy bodies 
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(Ungerstedt, 1968; Ungerstedt, 1976; Langston et al, 1983; Carli et al, 1985; Dauer and 

Przedborski, 2003; Schober, 2004; Fox and Brotchie, 2010; Jackson-Lewis et al, 2012; Konnova 

and Swanberg, 2018). By contrast, genetic based approaches such as the mutagenesis of genes 

involved in monogenic Parkinson’s disease (e.g. LRRK2, PRKN and PINK1) demonstrate variable 

cell loss, reduced motor symptoms, and α-synuclein pathology (Dauer and Przedborski, 2003; Fox 

and Brotchie, 2010; Jackson-Lewis et al, 2012; Konnova and Swanberg, 2018). Despite the 

limitations of these parkinsonian-like animal models, such as: rapid but not progressive loss of 

dopaminergic neurons, mild or uninterrupted motor deficit, and lack of Lewy body formation in 

remaining neurons, there is no doubt of the importance of these models in helping us understand 

the pathogenesis of the disease and in testing new potential neuroprotective agents and strategies 

(Dauer and Przedborski, 2003; Fox and Brotchie, 2010; Jackson-Lewis et al, 2012; Konnova and 

Swanberg, 2018). 

Clinical trials have also advanced in our understanding of the cause and pathogenesis of PD. Many 

compounds presently in trials, derived from pre-clinical research, show promising findings. 

However, how these compounds interact in the human body remains to be investigated. 

Randomized, double-blinded, placebo-controlled clinical trial studies have shown the potential 

efficacy for certain compounds, such as antioxidants compounds, MAO-B inhibitors, 

antiexcitotoxic agents, and dopamine agonists, that may have neuroprotective functions (Stocchi 

and Olanow, 2003; Rascol et al, 2006; Beitz, 2014; Balestrino and Schapira, 2020). Despite the 

evidence that a number of these compounds may possess neuroprotective activity, the 

interpretation is often confused by the symptomatic effects of the tested compound, and thus the 

positive results for a compound cannot be interpreted as neuroprotective or as disease modifying 

drug (Stocchi and Olanow, 2003). 

1.6.1.6. The Spatiotemporal Organization of the Striatum 

The neuronal activity within the MSNs relies on a dynamic spatiotemporal organization (Barbera 

et al, 2016; Klaus et al, 2017). Interestingly, the direct and indirect pathways of BG can 

bidirectionally control movement velocity, a form of learning behavior. Yttri and Dudman 

examined experience-dependent plasticity associated with goal-directed movements in mice, 

combined with closed-loop, time-locked optical stimulation of MSNs. The stimulation increased 

and decreased, respectively, dMSN and iMSN movement velocities during the fastest movements 
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(Yttri and Dudman, 2016). During the slowest movements, however, stimulation of dMSN 

inhibited movement velocity, but increased the activity of iMSN (Yttri and Dudman, 2016). 

Blockade of D1R and D2R abolished these effects observed of dMSN and iMSN (Yttri and 

Dudman, 2016). These findings demonstrated unprecedented specificity and flexibility in the 

control of volition by the basal ganglia (Yttri and Dudman, 2016).  

Moreover, Parker and colleagues showed that dMSNs and iMSNs are simultaneously activated 

and have indistinguishable kinetics during motion onset and offset, in freely moving mice (Parker 

et al, 2018). These data challenge the current simplified model of dMSN and iMSN to initiate and 

supress movement (Parker et al, 2018). As predicted by the conventional model, movement-

associated spiking activity, was decreased in dMSN and increased in iMSN, in parkinsonian model 

(Parker et al, 2018). L-DOPA treatment increase and decrease the activity of dMSN and iMSN, 

respectively. As the D2R agonism, quinpirole inhibits iMSN activity, the author unexpectedly 

found quinpirole enhances the dMSN motion activity (Parker et al, 2018). The recording from 

dyskinetic mice treated with L-DOPA were hyperactive in dMSNs and hypoactive in iMSNs 

(Parker et al, 2018). iMSNs, however, were more responsive to motion onset rather than dMSN 

(Parker et al, 2018). These results show that the loss of dopaminergic neurotransmission causes 

subtle changes in the specificity and spatial aspects of neuronal firing in parkinsonians model 

(Parker et al, 2018). 

1.6.2. The Mesocorticolimbic Pathway 

In the mesocorticolimbic pathway, neuronal cell bodies of the VTA extend their axons that 

terminate and release DA at mesocortical and mesolimbic structures: the PFC and NAc of the 

ventral striatum, respectively (Björklund and Dunnett, 2007b; Iversen and Iversen, 2007; Gantz et 

al, 2018; Costa and Schoenbaum, 2022). Cortical and limbic pathways have been shown to differ 

in their molecular markers, anatomical organization, and in their response to stimuli. VTA-

dopaminergic neurons projects to cingulate the PFC that composes the mesocortical pathway and 

modulates a variety of functions including working memory, emotion, and cognitive functions. 

Whereas VTA terminals to the limbic structures, including the NAc, the amygdala, and the 

hippocampus, constitute the mesolimbic pathway and are involved in motivation and reward 

(Björklund and Dunnett, 2007; Iversen and Iversen, 2007; Grace, 2016; Gantz et al, 2018; Costa 

and Schoenbaum, 2022). In addition, VTA-dopaminergic neurons strongly innervate the locus 
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coeruleus (LC), and to a lesser extent, the dorsal raphe nucleus (DRN) (Swanson, 1982; Kalén et 

al, 1988). As these pathways control a variety of functions, their impairment underlies the etiology 

of conditions, such as schizophrenia, depression, and drug addiction (Björklund and Dunnett, 

2007b; Iversen and Iversen, 2007; Grace, 2016; Gantz et al, 2018; Costa and Schoenbaum, 2022). 

1.6.2.1. Schizophrenia  

Schizophrenia is a chronic, highly debilitating psychiatric disease characterized by psychosis, 

apathy, social withdraw, and cognitive impairment that impairs daily functioning of those affected 

(Carpenter and Buchanan, 1994; Mueser and McGurk, 2004; Marder and Cannon, 2019). About 

1% of the population is affected by schizophrenia, with illness onset typically observed early in 

life (16-30 years). Most patients also have indirect adverse effects that include staggeringly high 

unemployment rate and a reduced life expectancy (by 10-20 years) due to the increased 

susceptibility to suicide (Carpenter and Buchanan, 1994; Mueser and McGurk, 2004; Marder and 

Cannon, 2019; Costa and Schoenbaum, 2022). Prior to the onset of schizophrenia, patients are 

often characterized as having subtle changes in behavior and declining daily function, known as 

psychosis prodrome (Marder and Cannon, 2019). Complex interplays, rather than a single factor, 

contribute to schizophrenia. While the exact etiology of the disease is unknown, neurotransmitter 

and circuitry dysfunctions in the brain, neurodevelopmental abnormalities, genetic inheritance, 

and even social and environmental influences have been implicated as contributing factors 

(Carpenter and Buchanan, 1994; Mueser and McGurk, 2004; Marder and Cannon, 2019). No 

biological alterations are pathognomonic of schizophrenia; thus the research is highly versatile in 

schizophrenia, and the search for antipsychotic drugs (Carpenter and Buchanan, 1994; Mueser and 

McGurk, 2004; Marder and Cannon, 2019). 

Dopaminergic transmission plays a key role in the clinical manifestation of schizophrenia 

(Klerman, 1974; Langer et al, 1981; Brisch et al, 2014; Grace, 2016; Costa and Schoenbaum, 

2022). In 1967, the “dopamine hypothesis of schizophrenia” proposed by Van Rossum, states that 

the hyperactivity of dopamine transmission contributes to the etiology of schizophrenia (Carlsson 

and Lindqvist, 1963; Meltzer and Stahl, 1974; Seeman and Kabur, 2000; Brisch et al, 2014; Grace, 

2016; Costa and Schoenbaum, 2022). This hypothesis was introduced based on the study from 

Carlsson and Lindqvist that showed the antipsychotic effects of haloperidol and chlorpromazine. 

The finding that these two antipsychotics were in fact D2R antagonists provided early support of 
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the involvement of DA in schizophrenia by blocking the activity of DA receptors, (Carlsson and 

Lindqvist, 1963; Meltzer and Stahl, 1974; Seeman and Kabur, 2000; Brisch et al, 2014; Costa and 

Schoenbaum, 2022). Unlike other neuroleptic drugs such as reserpine, haloperidol and 

chlorpromazine have no effect on the level of monoamines in the brain (Brisch et al, 2014; Kesby 

et al, 2018; Marder and Cannon, 2019). The alteration in DA function underpins the clinical 

symptoms of schizophrenia, and subcortical D2R blockade underlie the clinical efficacy of 

antipsychotic medications (Brisch et al, 2014; Kesby et al, 2018; Marder and Cannon, 2019).  

Schizophrenia is characterized by positive and negative symptoms, and cognitive impairments 

(Carpenter and Buchanan, 1994; Mueser and McGurk, 2004; Kesby et al, 2018; Marder and 

Cannon, 2019). Positron emission tomography (PET) imaging of schizophrenic patients has shown 

an increase in subcortical synaptic DA synthesis and release, which is associated with positive 

symptoms: hallucination, delusion, thought disorganization, and paranoia (Brisch et al, 2014; 

Kesby et al, 2018; Marder and Cannon, 2019). These symptoms are most recognizable during the 

period of acute psychosis, as a result of augmentation of D2R activity (Abi-Dargham et al, 2000; 

Seeman and Kabur, 2000; Brisch et al, 2014; Kesby et al, 2018; Marder and Cannon, 2019). 

Moreover, drugs that enhance DA release or increase DA transmission, such as L-DOPA or 

amphetamine, will exacerbate psychosis in schizophrenia patients and induce schizophrenia-like 

symptoms in healthy individuals (repeated or high dosage) (Kesby et al, 2018; Costa and 

Schoenbaum, 2022). The negative symptoms of schizophrenia, including anhedonia (lack of desire 

and motivation), alogia (communication deficits), and social withdrawal, are thought to arise from 

reduced DA/D1R activation in cortex, which also impair the cognitive functions, e.g. learning, 

memory, and attention (Brisch et al, 2014; Kesby et al, 2018; Marder and Cannon, 2019). After 

decades of research, the revised “dopamine hypothesis of schizophrenia” posits that hyperactive 

dopamine in the mesolimbic areas and hypoactive dopamine transmission in the PFC underlies 

schizophrenia (Abi-Dargham, 2004; Brisch et al, 2014). Fig. 1.8. summarizes the positive and 

negative symptoms associated with schizophrenia.  

Despite the importance of dopaminergic neurotransmission in schizophrenia, the “dopamine 

hypothesis of schizophrenia” is seen as a simplified model that doesn’t comprehend the complexity 

of this mental disorder, and has been challenged by preclinical and clinical findings (Abi-Dargham, 

2004; Kesby et al, 2018). For instance, all antipsychotic drugs are antagonists at the D2R with 
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Fig. 1.8. Schizophrenia Symptoms.  

Summary of the positive, negative, and cognitive symptoms associated with schizophrenia. Created with 

BioRender.com.  
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different potencies, however, their therapeutic doses vary in occupying D2R in schizophrenic 

patients (Kesby et al, 2018; Marder and Cannon, 2019). Postmortem studies support that this 

variation is dependent on either the localization of D2R (presynaptic or postsynaptic), or the 

interaction with other neurochemicals, such as glutamate, GABA, or 5-HT, in modulating the 

function of cortical circuits (Kesby et al, 2018).  

Because schizophrenic symptoms cannot be accurately reproduced in animal models, it is difficult 

to use such models to explore the role of neurotransmitters and circuitries in schizophrenia and 

other psychiatric diseases (Jones et al, 2011; Kesby et al, 2018). Most schizophrenia phenotypic 

models resemble positive-like symptoms of schizophrenia, which reflect altered mesolimbic 

dopamine function (Jones et al, 2011). Among these pharmacological-based models is 

amphetamine-induced locomotion, which is largely driven by limbic dopamine release following 

amphetamine administration that ultimately increases locomotor activity and mimics the positive-

like symptoms of schizophrenia (Kesby et al, 2018). Fewer models have shown negative and 

cognitive symptoms of schizophrenia, including social interaction, and learning and memory 

impairments (Jones et al, 2011). Nonetheless, the use of animal models to elucidate the 

neurochemical and neurobiological changes of schizophrenia has evolved and provided insight 

into mesolimbic dopaminergic function, and the complex heterogeneity of schizophrenia (Jones et 

al, 2011; Kesby et al, 2018). Therefore, incorporating new clinical findings in these behavioral 

models will enable more effective therapeutic strategies to comprehend and treat schizophrenia 

(Jones et al, 2011; Kesby et al, 2018). 

1.6.2.2. Depression and Monoamine Hypothesis  

Major depressive disorder (MDD) is a psychiatric disorder characterized by extreme emotional 

distress, which carries the risk of suicidal tendency (Hamon and Blier, 2013). The neurological 

basis of clinical depression is characterized by the level of monoamines such as 5-HT, NE, and 

DA, which also reflect a strong link in the pathophysiology of depression (Hamon and Blier, 2013). 

The reciprocal involvement of these monoamines particularly when regarding brain functional 

connectivity, has profound effects in mediating mood, emotion, and cognitive functions (Hamon 

and Blier, 2013). Various studies have demonstrated the anatomical similarities and functional 

interactions between 5-HT neurons of the DRN, NE neurons of the LC, and the DA neurons of 

VTA. Lesions in these neurons, or receptor activation/inhibition of these monoamines, mediates 
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the neuronal firing activity of these monoamines (Arborelius et al, 1993; Lejeune et al, 1996; 

Lejeune and Millan, 1998; Martín-Ruiz et al, 2001; Aman et al, 2007; Guiard et al, 2008). For 

instance, the effect of a dopaminergic lesion with 6-OHDA on the electrophysiologic activity of 

5-HT neurons in the DRN was decreased, whereas increased in LC-NE neurons (Guiard et al, 

2008). However, the dopaminergic neuronal activities were enhanced following the lesion of 5-

HT-DRN and NE-LC neurons (Guiard et al, 2008). These findings suggest an excitatory and 

inhibitory effect of DA on 5-HT and NE neurons, respectively, plus an inhibitory effect of 5-HT 

and NE on DA neurons (Guiard et al, 2008). In addition, neuroimaging studies showed that the 

expression of D2R and DAT were enhanced and decreased, respectively, in depressed patients 

(D'haenen and Bossuyt, 1994; Shah et al, 1997; Martinot et al, 2001; Meyer et al, 2001). 

Depression is also highly prevalent in patients with PD, yet treating the non-motor symptoms often 

interferes with dopaminergic replacement therapy (Tandberg et al, 1996; Barone et al, 2020; 

Prange et al, 2022). Treatment with 5-HT and NE reuptake inhibitors (SNRI) or DA agonists have 

shown to improve the severity of depression in patients with PD (Barone et al, 2020; Prange et al, 

2022). Taken together, these findings emphasize functional complex regulations of these 

monoamines in regulating neuronal activity, and in the contribution of DA neurotransmission in 

depression. 

1.6.2.3. Long-Term Memory 

Memory is an essential behavior that enables organisms to guide future choices based on past 

experiences (Goldman-Rakic, 1995; Shohamy and Adcock, 2010). The hippocampus plays a 

crucial role in the formation, consolidation, and retrieval of various types of memory (Goldman-

Rakic, 1995; Shohamy and Adcock, 2010). Damage or dysfunction of the hippocampus can lead 

to profound memory impairments (Shohamy and Adcock, 2010). Brenda Milner, a pioneer in the 

field of clinical neuropsychology and cognitive neuroscience, contributed to the scientific 

understanding of long-term memory through studies on patients who had undergone brain 

excisions. In 1955, Milner met the famous patient Henry Molaison (H.M.), a 29-year-old man who 

underwent the experimental removal of parts of his medial temporal lobe, including the 

hippocampus to relieve severe epileptic seizures (Scoville and Milner, 1957; Squire, 2009). Milner 

observed that H.M. experienced a profound amnesia characterized by an inability to form new 
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long-term memories (Scoville and Milner, 1957; Squire, 2009). This provided valuable insights 

into the roles of specific brain structures in memory processes. 

Eric Kandel revealed the molecular mechanisms that underlie the formation of memories (Kandel 

and Schwartz, 1982). Kandel utilized Aplysia and mice to elucidate the basis of memory and 

learning and found that specific strength and plasticity cause memory formation (Kupfermann et 

al, 1971; Carew et al, 1972; Pinsker et al, 1973; Dale et al, 1988). Kandel also demonstrated that 

learning can lead to long-lasting changes in synaptic connection via phosphorylating key proteins, 

including PKA and transcription factor cAMP response element-binding protein (CREB) (Shuster 

et al, 1985; Goelet et al, 1986). Kandel’s contribution in the field of memory and learning has 

awarded him a 2000 Nobel Prize in Medicine or Physiology, shared with Carlsson and Greengard.  

Midbrain dopaminergic neurons project directly to hippocampus, and emerging findings indicate 

DA modulates hippocampal functions and memory processes (Montague, 1995; Lisman and 

Grace, 2005; Shohamy and Adcock, 2010). Studies by Kandel and others suggested that DA affects 

long-term potentiation (LTP), a form of synaptic plasticity that encodes for long-term memory, 

which is mediated by D1-class receptors in hippocampal neurons (Frey et al, 1990; Frey et al, 

1991; Huang and Kandel, 1995; Otmakhova and Lisman, 1998; Rossato et al, 2009; Kempadoo et 

al, 2016). Additionally, D1R-PKA activation phosphorylates substrates, including transcriptional 

factors and translational regulators, that are required for long-term synaptic changes. In the 

heterozygous D1R-deficient mice, the facilitating effect of D1R on LTP was dramatically 

dysregulated (Huang et al, 2004). Activation of DA in hippocampus facilitates the activity of 

dopaminergic neurons in midbrain, which indirectly enhances hippocampal plasticity to 

behaviorally mediate novelty (Lisman and Grace, 2005; Shohamy and Adcock, 2010). These 

findings support the assertion that DA signaling is involved in the memory process of the 

hippocampus, and that the imbalance of DA levels may have significant pathophysiological 

consequences such as in Alzheimer’s disease (AD). 

AD is the most common neurodegenerative disease characterized by progressive deterioration of 

memory and cognition that are associated with brain atrophy (Martorana and Koch, 2014; 

D'Amelio et al, 2018). The histological features of AD are accompanied with the presence of 

extracellular amyloid beta plaques, intracellular neurofibrillary (tau) tangles, neuronal loss, 

oxidative stress and neuroinflammation (Martorana and Koch, 2014; D'Amelio et al, 2018). The 
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role of DA in AD is complex and involves interactions with multiple neurotransmitter systems and 

pathological processes (Martorana and Koch, 2014; D'Amelio et al, 2018). It was postulated that 

the mesolimbic pathway is potentially impacted in AD pathophysiology, thus contributing to the 

memory deficits (Martorana and Koch, 2014; D'Amelio et al, 2018). Degeneration of VTA-

dopaminergic neurons projecting to the hippocampus potentially contributed to the memory 

impairments in AD experimental models, and DA treatments improved the memory tasks in these 

models (Ambrée et al, 2008; Guzmán-Ramos et al, 2012; Nobili et al, 2017; D'Amelio et al, 2018). 

Further research is needed to better understand the specific mechanisms by which DA dysfunction 

contributes to AD manifestation.  

1.6.2.4. Dopaminergic Reward System 

The reward system is a set of structures in a brain that are activated by rewarding or reinforcing 

stimuli (Wise and Rompre, 1989; Schultz, 1998; Schultz, 2002; Wise, 2004; Schultz, 2007a, b; Di 

Chiara and Bassareo, 2007). The term reward describes the unconditional motivational effect of 

stimuli that act as positive reinforcers, and have the ability to enhance associative learning, affect 

decision making, induce approach behavior, and elicit positive emotion. In 1954, James Olds and 

Peter Milner discovered the reward behavioral mechanisms in the brain. After they implanted 

electrodes in the brains of rats, the animals were placed in a Skinner box, arranged in such a manner 

that they would receive a burst of electrical stimulation by pressing a lever (Olds and Milner, 

1954). They found that numerous parts of the brain were specialized in mediating a reward 

experience (Olds and Milner, 1954). Wolfram Schultz discovered that midbrain dopaminergic 

neurons mediate this reward activity, and DA is the substrate of prediction and reward (Schultz et 

al, 1997). The axons of midbrain dopaminergic neurons project to the striatum, NAc, and frontal 

cortex, which are brain structures that are strongly associated with reward, learning, motivation, 

and goal-directed behaviors (Wise and Rompre, 1989; Schultz, 1998; Spanagel and Weiss, 1999; 

Wise, 2004; Schultz, 2007a, b). Midbrain dopaminergic neurons exhibit burst activity (phasic 

activation) following reward-driven learning, and code an error in the prediction of the occurrence 

of reward (Schultz et al, 1997; Schultz, 1998; Schultz, 2007a, b). Schultz’s work in primates 

revolutionized the behavioral function of DA to include learning, conditioned and unpredictability 

of reward, and neuronal decision making (Schultz, 1986; Romo and Schultz, 1990; Ljungberg et 

al, 1992; Schultz et al, 1993; Mirenowicz and Schultz, 1994; Mirenowicz and Schultz, 1996; 
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Hollerman and Schultz, 1998; Hollerman et al, 1998; Waelti et al, 2001; Hassani et al, 2001; 

Schultz, 2007a. b). 

Reward-prediction error is among numerous learning paradigms proposed for assessing reward-

mediated events (Wise, 2004; Schultz, 2007a, b). The response to a reward occurs after reward-

predicting stimulus positively reinforces feedback and produces reward predictions through 

associative conditioning by the modulation of neural activity. This modulation acts in a way that 

unpredicted reward enhances activation (positive-prediction error), a fully predicted reward elicits 

no response, and an omitted reward induced depression (negative-prediction error) (Schultz et al, 

1997; Schultz, 2007a, b). To further illustrate, when a subject experiences an unanticipated reward 

in response to a cue’s presence, a prediction error is enhanced and elicited (Schultz et al, 1997). 

Therefore, it drives learning for upcoming events by the anticipation of associated cues to direct 

motivated behavior toward the outcome. After the subject is trained that a conditioned stimulus 

predicts a reward, the dopaminergic neurons elicit a burst firing responding to the appearance of 

the predicted cue, but not the reward (Schultz et al, 1997; Schultz, 1998; Schultz, 2007a, b). The 

quantitative discrepancy between the predicted and delivered outcome is defined as a reward-

prediction error, and it varies among different objects to produce large or smaller prediction error 

depending on the significance of the motivational event. Interestingly, there is a reduction in the 

number of DA neurons firing in response to a repetitive or successive reward associated with the 

expected reward, which elicits minimum phasic excitation after the presentation of the cue. 

However, when a predicted reward fails to deliver, there is a firing reduction of dopaminergic 

neurons at the same time rewards failed to occur (Schultz et al, 1997; Schultz, 1998; Schultz, 

2007a, b). Fig. 1.9. illustrates the activity of DA in reward-predicted errors model.    

Moreover, reward uncertainty is one of the reward models to assess neuronal decision-making 

behavior and is defined as the degree of uncertainty within a given distribution of all-or-none 

probable outcome (Schultz, 2007a, b). During the stimulus reward interval, slow, sustained, and 

moderate neuronal activation of dopaminergic neurons co-varies with uncertainty or uncertain 

events, whereas short latency, but strong-phasic neuronal response co-varies with expected or 

predicted outcome (Fiorillo et al, 2003; Preuschoff et al, 2006; Tobler et al, 2007; Schultz, 2007a, 

b). The postsynaptic neuronal coding of reward and uncertainty is distinct and in both, evokes high 

and low DA concentrations appropriate for stimulating D1R and D2R, respectively (Schultz, 
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Fig. 1.9. Dopamine Reward System.  

Schematic diagram for the classical model of the reward prediction error, which depicts the dopaminergic activity in 

response to unpredicted reward, predicted reward, and omitted reward. Created with BioRender.com. 
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2007a, b). Overall, midbrain dopaminergic neurons have a centric role in mediating learning and 

essential behavioral responses including attention-based learning and risk-taking behaviors 

(Phillips et al, 2003; Stuber et al, 2005; Saunders et al, 2018). 

1.6.2.5. Pavlovian Fear Learning  

Beyond the NAc, the mesolimbic dopamine system projects to the amygdala, a structure that is 

crucial for associative learning (Pavlovian) (Pezze and Feldon, 2004; Lee et al, 2017; Salinas-

Hernández and Duvarci, 2021; Frick et al, 2022). Pavlovian fear conditioning is a form of 

associative memory formation where a conditioned stimulus, such as an order or an auditory tone, 

is paired with a fear arousing unconditioned stimulus, such as a foot shock (Rogan et al, 1997). 

The affective response of animals to such salient events can induce neuronal plasticity in lateral 

nucleus of the amygdala, LTP and memory formation (Rogan et al, 1997). Neurons expressing DA 

receptors in amygdala are selectively activated by stress, in which DA neurotransmission 

contributes to the process of Pavlovian fear conditioning (Coco et al, 1992; Hamati et al, 2023). 

D1R agonist and D1R/D2R antagonists, respectively, facilitate and attenuate the conditioned 

freezing, suggesting that DA is crucial in the process of emotional memory formation (Guarraci et 

al, 1999; Guarraci et al, 2000; Greba et al, 2001; Rosenkranz and Grace, 2002; Takahashi et al, 

2010; Hamati et al, 2023). In summation, understanding the dopaminergic mechanisms underlying 

fear-related memories provide insight on the neurobiology of anxiety disorders, and could lead to 

improved therapeutic approaches of their treatment.  

1.6.2.6. Addiction and Drug of Abuse 

Drug addiction is a chronic disease characterized by drug seeking and use that has harmful 

consequences on human health and quality of life. Examples of addictive habits include the 

consumption of amphetamine, cocaine, opioids (heroine and fentanyl), nicotine, and ethanol 

(Everitt and Robbins, 2005; Costa and Schoenbaum, 2022). The transition from recreational drug 

usage to compulsive addictive drug use underlies the seriousness of substance use, including the 

potential for overdose that can cause serious injury or death (Everitt and Robbins, 2005; Costa and 

Schoenbaum, 2022). As described in previous subsections, midbrain dopaminergic neurons 

regulate reward activities and reinforce behaviors, including the use of addictive drugs following 

reward cues (Everitt and Robbins, 2005; Costa and Schoenbaum, 2022). Cocaine mediates a 

substantial release of DA in dorsal striatum upon presentation of a drug-associated cue and 
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enforces drug-seeking behavior (Ito et al, 2000; Ito et al, 2002; Phillips et al, 2003; Di Ciano and 

Everitt, 2004; Vanderschuren et al, 2005; Stuber et al, 2005). Psychostimulants block the activity 

of DAT, thereby increasing the level of DA in the synapses and inducing hyperlocomotion activity 

(Giros et al, 1991a; Giros et al, 1996; Rocha et al, 1998; Carboni et al, 2001; Salahpour et al, 2008). 

The neuronal and behavioral responses of dopaminergic receptor activation also mediate 

psychostimulant induced locomotor activity and contribute to addictive behavior (Chausmer et al, 

2002; Elliot et al, 2003; Katz et al, 2003; Anderson et al, 2003; Anderson et al, 2006; Schmidt et 

al, 2006; Schmidt and Pierce, 2006; Karlsson et al, 2008; Thompson et al, 2010; Urs et al, 2011; 

Sutton and Caron, 2015; Porter-Stransky et al, 2020). Together, these finding support the 

involvement of DA in psychostimulant-mediated activity and highlight the neural basis and 

mechanism of addictive behavior. 

1.6.2.7. Reward Behavior of Feeding 

Feeding is a motivated survival behavior that is guided by internal states such as energy needs 

driven by hunger and satiety (Palmiter, 2007; Abizaid, 2009; Godfrey and Borgland, 2019; Geisler 

and Hayes, 2023). The hypothalamus integrates various hormonal and neuronal circuits to regulate 

homeostatic and reward control, including appetite, metabolism, and motivation (Palmiter, 2007; 

Abizaid, 2009; Godfrey and Borgland, 2019; Geisler and Hayes, 2023). Metabolic regulation is a 

process to maintain the balance of energy production, storage, and expenditure that supports 

various physiological functions, in which both central and peripheral DA modulate associated 

behaviors (Palmiter, 2007; Geisler and Hayes, 2023). Midbrain dopaminergic neurons projecting 

to the NAc are essential in mediating reward behaviors of feeding (Palmiter, 2007; Geisler and 

Hayes, 2023). DA is released in the NAc in response to food-related cues, such as sight, smell, and 

taste (Palmiter, 2007; Godfrey and Borgland, 2019; Geisler and Hayes, 2023). The hormonal input 

of pancreatic insulin, white adipose produced leptin, and stomach synthesized ghrelin, directly 

affect DA reward pathways and activate DA receptors on VTA-dopaminergic neurons (Palmiter, 

2007; Abizaid, 2009; Godfrey and Borgland, 2019; Geisler and Hayes, 2023). DA signaling in the 

NAc is dynamically regulated through stimulation by ghrelin and inhibition by insulin and leptin. 

These opposing dynamics directly influence the metabolic feeding behavior mediated by hunger 

or satiety, respectively (Palmiter, 2007; Abizaid, 2009; Godfrey and Borgland, 2019; Geisler and 

Hayes, 2023). Other molecules contribute indirectly to feeding behavior modulations such as those 



47 

 

derived from the lateral hypothalamus, arcuate and paraventricular nucleus of hypothalamus: 

glutamate, GABA, and neuropeptides (orexin, neuropeptide Y, agouti-related protein) (Palmiter, 

2007; Abizaid, 2009; Godfrey and Borgland, 2019; Geisler and Hayes, 2023). It is important to 

note that the role of DA in feeding behavior is also influenced by different genetic and 

environmental factors. Medically, the dysregulation of DA feeding behaviors can contribute to 

eating disorders, obesity, and other feeding-related disorders (Palmiter, 2007; Abizaid, 2009; 

Godfrey and Borgland, 2019; Geisler and Hayes, 2023). Fig. 1.10. shows the excitatory and 

inhibitory inputs to VTA DA neurons to mediate feeding behaviors.    

Obesity is a complex disease involving excessive body weight and health concerns (Palmiter, 

2007; Abizaid, 2009; Godfrey and Borgland, 2019; Geisler and Hayes, 2023). Obesity is 

influenced by genetic, behavioral, metabolic, and hormonal factors, neurotransmitter release, as 

well as by dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis (Palmiter, 2007; Geisler 

and Hayes, 2023). DA plays a major role in reward-mediated obesity which is characterised by a 

dysfunctional central and peripheral dopaminergic system (Palmiter, 2007; Geisler and Hayes, 

2023). The increase in striatal DA neurotransmission and reduced availability of DA receptors 

may represent a risk factor for the onset of obesity (Palmiter, 2007; Geisler and Hayes, 2023). 

Johnson and Kenny showed that DA reward systems are modified to drive the development of 

compulsive food seeking in mice subjected to obesity-inducing diets of high-fat and high-sugar 

foods. This behaviour is similar to the adaptive behaviour exhibited by persons who self-

administer addictive drugs (Johnson and Kenny, 2010). The D2R agonist, bromocriptine, reduces 

hyperphagia and adiposity in rodents, whereas knockdown of striatal D2R induces the onset of 

compulsive food seeking (Johnson and Kenny, 2010; Epstein and Shaham, 2010; DiFeliceantonio 

and Small, 2019). Findings linking obesity to a reduced D2R signaling in the striatum were also 

reported in humans, implying that more DA release induces activated mesolimbic food-reward 

system (Wang et al, 2001; Stice et al, 2008; Epstein and Shaham, 2010; DiFeliceantonio and Small, 

2019). This established a causal link between diet-induced obesity, downregulation of D2R, and 

the emergence of addictive behavior (DiFeliceantonio and Small, 2019). Moreover, VTA-

dopaminergic neurons respond to a motivational state induced by food deprivation (Branch et al, 

2013; Godfrey and Borgland, 2020). Both chronic food restriction and acute fasting induce strong 

metabolic and behavioral changes, increase food-seeking behavior, and influence synaptic 

transmission onto VTA-dopaminergic neurons (Branch et al, 2013; Godfrey and Borgland, 2020).  
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Fig. 1.10. Dopamine Reward Circuitry of Feeding Behavior.  

Schematic illustration of hypothalamic nuclei sending excitatory glutamatergic and inhibitory GABAergic inputs 

toward midbrain dopaminergic neuron, ventral tegmental area (VTA). Leptin and insulin inhibit VTA dopamine 

neurons, while ghrelin and orexin activate them. VTA project to the nucleus accumbens (NAc), a structure associated 

with reward system to mediate homeostatic and motivational associated-behaviors. Created with BioRender.com.
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Overall, understanding the mechanisms of behavioral mediated metabolic regulation is crucial for 

maintaining overall health and preventing metabolic imbalances.   

1.6.3. Dopaminergic Modulation of Primary Motor Cortex 

The primary motor cortex (M1) is crucial region in the cortical brain essential not only for planning 

and execution of motor commands, but also for motor performance and learning (Luft and 

Schwarz, 2009; Cousineau et al, 2022). M1 microcircuits are organized in six layers of 

interconnected glutamatergic excitatory pyramidal neurons and inhibitory GABAergic neurons 

(Luft and Schwarz, 2009; Cousineau et al, 2022). M1 directly controls the execution of voluntary 

movements by sending signals to the spinal cord and lower motor neurons, which in turn activate 

specific muscles contractions for the precise and purposeful control of body movements 

(Cousineau et al, 2022).  

DA system is highly express in cortical areas, and retrograde tracing in rodents suggested that DA 

projection in M1 originated mainly from VTA, but also from SNc (Hosp et al, 2011; Vitrac et al, 

2014; Cousineau et al, 2022). Both D1- and D2-class receptors are expressed in M1 layers and 

modulate neuronal excitability and plasticity, and pharmacological blockade of D1R or D2R in 

M1 induces impaired motor skill learning (Molina-Luna et al, 2009; Cousineau et al, 2022). 

Clinically, M1 activity is altered in PD patients, and they experience significant disability in 

executing fine motor task (Underwood and Parr-Brownlie, 2021; Cousineau et al, 2022). The 

severity of depleted DA neurons in SNc dysfunctionally altered M1 circuits and impacted 

movement-related behaviors (Underwood and Parr-Brownlie, 2021; Cousineau et al, 2022). 

Understanding the functions of M1 is crucial for comprehending how the brain controls voluntary 

motor actions and how motor deficits can result from neurological conditions or injuries. 

1.6.3.1. Stroke Recovery 

Stroke is a medical condition that occurs when blood supply in some regions of brain region is 

interrupted or severely reduced (Oczkowski, 2013; Gower and Tiberi, 2018). Consequently, this 

result in depriving the neurons from oxygen and essential nutrients and leading to neuronal damage 

or death (Gower and Tiberi, 2018). Stroke is a major cause of disability in adults, and survivors 

suffer motor deficit and behavioral dysfunction (Oczkowski, 2013; Gower and Tiberi, 2018). DA 

transmission is among the widespread impacted systems by stroke that involves various processes 
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related to neuroplasticity, motor function, and cognitive function (Cramer, 2015; Gower and 

Tiberi, 2018). Following the onset of ischemic stroke, the DA metabolites DOPAC and HVA are 

decreased, but a massive transient release of DA into the ipsilateral striatum is observed in animal 

models (Slivka et al, 1988). It is important to note that the association between stroke recovery 

and dopamine is complex and influenced by various factors, including the location and extent of 

the stroke, individual characteristics, and the interplay of other neurotransmitters and 

neurochemical systems (Cramer, 2015; Gower and Tiberi, 2018; Stinear, 2019). Tiberi’s lab 

examined the DA contribution in axonal remodeling and motor activity of in mice with cortical 

photothrombosis stroke. Following 7-days administration of dihydrexidine (DHX), a selective D1-

class receptor agonist, we observed accelerated motor recovery and a specific dopaminergic, but 

not noradrenergic, TH-positive axon remodelling in the ipsilateral cortical regions, an effect was 

not present in sham mice (Said et al, manuscript in preparation). These findings provide a proof of 

principle of potential pharmacological approach by activating D1-class receptor in the post-

recovery of stroke (Said et al, manuscript in preparation). Further research is needed to fully 

understand the specific mechanisms by which DA influences stroke recovery and to develop 

targeted interventions to optimize functional outcomes after a stroke (Stinear, 2019). 

1.6.4. The Tuberoinfundibular Pathway and Prolactin Secretion  

DA also regulates neuroendocrine secretion of prolactin, a hormone that is predominantly 

synthesized and secreted from lactotroph cells of the anterior pituitary gland (MacLeod et al, 1970; 

Kamberi etal, 1970; Ben-Jonathan, Hnasko, 2001; Fitzgerald and Dinan, 2008; Grattan 2015). This 

secretion is mediated via the tuberoinfundibular pathway, in which the action of dopaminergic 

neurons in the arcuate and paraventricular nuclei of hypothalamus tonically inhibit prolactin 

secretion in the median eminence of pituitary gland (Ben-Jonathan, Hnasko, 2001; Fitzgerald and 

Dinan, 2008; Grattan 2015). The physiological action of DA via D2R stimulation on pituitary 

lactotrophs is to inhibit basal and hormone stimulated secretion of prolactin (Albert et al, 1990). 

Some antipsychotic drugs block DA receptors in this pathway causing hyperprolactinemia, which 

is often treated with a D2R agonist, e.g. bromocriptine, to normalize prolactin level (Ben-Jonathan, 

Hnasko, 2001; Fitzgerald and Dinan, 2008; Grattan 2015). Interestingly, D2R-deficent mice 

display increased prolactin levels, enlarged lactotrophs, and ultimately develop pituitary tumors 

(Kelly et al, 1997; Saiardi et al, 1997). In contrast, DAT-mutant mice exhibit reduced lactotroph 
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Fig. 1.11. Dopamine Neuromodulation of Different Hormones in the Pituitary Gland.  

Dopamine regulates the secretion of prolactin via the tuberoinfundibular pathway. The action of dopaminergic neurons 

in the arcuate and paraventricular nuclei of hypothalamus inhibit prolactin secretion. Dopamine is also involved in the 

modulation of numerous hormones secreted from the anterior pituitary gland. Created with BioRender.com.  
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size, inability to lactate, and dwarfism (Bossé et al, 1997). Interestingly, DA has also been shown 

to modulate, either directly or indirectly, secretion of other anterior pituitary hormones; growth 

hormone, follicle-stimulating hormone, luteinizing hormone, thyroid-stimulated hormone, and 

adrenocorticotropic hormone (Beaulieu and Gainetdinov, 2011). These findings demonstrate the 

significance of DA in the control and development of the pituitary gland. Fig. 1.11. summarizes 

the DA neuromodulation of different hormones secreted from pituitary. 

1.6.1. D1-Class Receptors: Knockout Models and Physiological Functions  

Genetic deletion approaches have been employed to decipher the subtype-specific physiological 

roles of DA receptors and have uncovered functional and behavioural phenotypes (Holmes et al, 

2004). The ability to target a specific DA receptor gene allows for elucidation of the physiological 

functions mediated by these receptors and enables pharmacological discrimination of DA receptor 

subtypes (Holmes et al, 2004). Midbrain levels of DA are elevated in D1R-knockout (KO) mice 

suggesting that there may be a compensatory increase in DA biosynthesis following inactivation 

of the D1R (Holmes et al, 2004). Striatal levels of substance P and dynorphin, both of which are 

synthesized in MSNs of D1R-expressing neurons, are reduced in D1R-KO mice, however, the 

level of enkephalin, found selectively in D2R-expressing neurons, remains unchanged (Xu et al, 

1994a, b; Drago et al, 1994). The null D1R mice display an increase in spontaneous locomotor 

activity, and D1R-class agonists psychostimulant cocaine fail to induce locomotor activity (Xu et 

al, 1994a, b; Centonze et al, 2003; Karlsson et al, 2008). Interestingly, the D1-class antagonist 

either had no effect or decreased locomotion, implying an important role for both D1R and D5R 

in locomotion, perhaps by exerting distinct behavioral actions on spontaneous motor activity (Xu 

et al, 1994a; Centonze et al, 2003). Locomotor activity appeared to be normal in D5R mutant mice, 

however, a hyperactivity-inducing effect of D1-class agonists, cocaine, and methamphetamine 

were mildly attenuated (Holmes et al, 2001; Elliot et al, 2004; Karlsson et al, 2008; Hayashizaki 

et al, 2013; Sasamori et al, 2022). In contrast to the genetic deletion of D1R and D5R, deletion of 

D2R in mice, however, significantly reduced spontaneous movement and mimicked parkinsonian-

like behavior (Baik et al, 1995).  

Studies found that single or double gene deletion of D1R and D5R in forebrain impairs spatial 

learning and memory, suggesting an important role for both D1R and D5R in these processes 

(Matthies et al, 1997; El-Ghundi et al, 1998; Sariñana and Tonegawa, 2016). Electrophysiological 
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recording showed impairment of LTP in mice lacking D1R and D5R, suggesting their importance 

in neuronal plasticity (Levine et al, 1996; Matthies et al, 1997; Centonze et al, 2003; Moraga-

Amaro et al, 2016). Psychostimulants or morphine administration in D1R-deficient mice lead to 

attenuated reinforcing and behavioral-sensitizing effects relative to wild-type mice (Xu et al, 

1994b; Xu et al, 2000; Becker et al, 2001; Urs et al, 2011). D5R-KO animals experience attenuated 

hippocampal acetylcholine release and NMDAR-GluN2B expression, which suggests the 

importance of D5R in the modulation of hippocampal cholinergic and glutamatergic 

neurotransmissions (Laplante et al, 2004; Berlanga et al, 2005; Moraga-Amaro et al, 2016). DAT 

phosphorylation activity is enhanced in D5R-KO mice, whereas the binding expression for D1- 

and D2-class are unaltered (Hollon et al, 2002; Hayashizaki et al, 2013). Moreover, single gene 

knockout mice for each DA receptor subtype exhibit peripheral abnormalities not discussed in 

further detail here. These mutant mice could potentially be used as a model for investigating novel 

therapies to correct dysfunctions of the dopaminergic system (Holmes et al, 2004). 

1.6.2. Other Behaviors and Disorders Modulated by Dopaminergic Neurotransmission 

As described in previous subsections, dopaminergic projections are widespread throughout the 

brain and are involved in many different central behavioral processes. Moreover, DA also targets 

other circuits not discussed herein that have linked to several other behavioral functions and 

diseases, further underscoring its general role as neuromodulator (Iversen and Iversen, 2007; 

Beaulieu and Gainetdinov, 2011; Costa and Schoenbaum, 2022). Dysfunctional DA transmission 

has been linked to other neurodegenerative and mental diseases, e.g., Huntington’s disease, 

Tourette’s disorder, attention deficit hyperactivity disorder (ADHD), and bipolar disease, yet the 

precise mechanism of DA involvement in these conditions is presumably complex, and not yet 

fully understood (Iversen and Iversen, 2007; Beaulieu and Gainetdinov, 2011; D'Amelio et al, 

2018; Costa and Schoenbaum, 2022). Thus, future research is warranted to elucidate the molecular 

and cellular interplay between DA and these diseases. Indeed, improving our understanding of the 

dopaminergic system in this regard could lead to the development of better therapeutic strategies 

for various brain diseases and alleviate some of the economic burden they present to our health 

care system.  
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1.6.3. Electrophysiological Recording of Dopaminergic Neurons 

Midbrain DA neurons display three characteristic features during electrophysiological recordings: 

tonic single spike firing interspersed with spontaneous bursts (2-10 action potentials) and pauses 

(>2.5 msec) (Grace and Bunney, 1980; Grace and Bunney, 1983; Grace and Bunney, 1984a. b; 

Zhang and Sulzer, 2012). Midbrain dopaminergic neurons are autonomous pacemakers that exhibit 

continuous regular firing (0.5 to 8 Hz) and release of DA in the absence of synaptic input, which 

is required for proper behavioral function (Grace and Bunney, 1995; Zhang and Sulzer, 2012). 

Changes in the firing patterns of midbrain dopaminergic neurons are thought to encode for 

information of certain type of behaviors (Costa and Schoenbaum, 2022). In the striatum, the 

orchestration of DA firing, release, and activation of D1R-MSN and D2R-MSN are controlled by 

multiple factors (e.g., neuronal excitability, presynaptic and postsynaptic activity) (Beckstead et 

al, 2007; Ford, 2014; Marcott et al, 2014; Marcott et al, 2018; Costa and Schoenbaum, 2022). The 

constitutive activation of D2R, but not D1R, maintain the single spike firing of tonic DA release 

into target neurons (Costa and Schoenbaum, 2022). Burst firing transiently increase the DA release 

to bind D1R and activate the direct pathway (Costa and Schoenbaum, 2022). Following intense 

burst, transient decrease of DA release that bind D2R and activate indirect pathway cause pause 

in DA firing (Costa and Schoenbaum, 2022). These increase and decrease in the phasic release of 

DA at the target loci can influence numerous behavioral functions such as synaptic plasticity, 

reward/punishment-based learning, and locomotor initiation and suppression (Costa and 

Schoenbaum, 2022). 

In addition to electrophysiological recording, several experimental approaches have been used to 

measure in vivo release of DA in the brain, including optogenetics imaging, voltammetry, 

radiolabeling-based approach for DA or its metabolites, or intracerebral microdialysis (Iversen and 

Iversen, 2007; Patriarchi et al, 2019). These methods can be done at single-cell level or at larger 

scale through simultaneous recording from hundreds or thousands of neurons (Iversen and Iversen, 

2007). Because these methods cannot be used to study the brain of living human subjects, other 

non-invasive procedures such as PET, and functional magnetic resonance imaging (fMRI) have 

been introduced for this purpose. These methods have provided a completely new way of assessing 

bioradiotracer binding selectivity in the functional dopamine system (transporter, receptors, 
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biosynthetic enzymes) of human brain (Sulzer et al, 2018; Cassidy et al, 2019; Ceccarini et al, 

2020; Hamati et al, 2023). 

1.6.4. Evolution and Dopamine  

A remarkable feature of DA is its ability to mediate similar behavioral functions, including 

learning, and movement, across a wide range of invertebrate and vertebrate species, from 

nematodes to humans (Costa and Schoenbaum 2022). In the invertebrate and non-mammalian 

vertebrate, DA organization is phylogenetically conserved, as DA excites striatal neurons that 

express D1R and inhibits neurons that express D2R (Chu et al, 2001; Ding and Perkel, 2002; 

Boehmler et al, 2004; Li et al, 2007; Schweitzer et al, 2009; Barral et al, 2010; Ericsson et al, 2013; 

Grillner and Robertson, 2016). In the invertebrate Aplysia, which contains a simpler nervous 

system, DA has been shown to be a key mediator with both inhibitory and excitatory effect to 

modulate certain behaviors, e.g. memory, associative learning, and reinforcement signals 

(Sweeney, 1963; Ascher, 1972). In nematodes, Caenorhabditis elegans contain eight 

dopaminergic neurons that are involved in various behaviors, such as locomotion, and learning 

(Sulston et al, 1975; Wintle et al, 2001; Suo et al, 2004; McDonald et al, 2006). In the insect model 

of Drosophila, DA containing neurons are widespread in the fly brain and the organization of 

dopaminergic neurotransmission has striking similarities to vertebrates in orchestrating behavioral 

functions, including movement, learning, and motivation (Tunnicliff et al, 1969; Livingstone et al, 

1983; Feany et al, 2000; Keene et al, 2005). The simplicity and well-characterized nervous system 

of the three invertebrate organisms mentioned above, make them important models widely used in 

neuroscience to understand fundamental principles of neural circuitry and the behavior of DA.  

1.7. Dopaminergic Sensory Systems 

In addition to the central nervous system, neuromodulatory actions of DA are involved in the 

neural sensory systems: vision and olfaction, which are processed by retina and olfactory bulb 

(OB), respectively. DA also acts as neuromodulator for the circadian system that maintains diurnal 

activity. The activity of DA in spinal and cerebellar neurons modulate pain perception and sensory-

motor information, respectively. Below, I briefly describe the involvement of DA system in 

mediating these behaviors. 
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1.7.1. Dopaminergic Visual system 

Retina, which is the light sensitive tissue located at the back of the eye, is a crucial component of 

the visual system, as it receives and processes light and visual information to the optic nerve that 

carries visual messages to the rest of brain (Popova, 2014; Korshunov et al, 2020). Retina consists 

of rod and cone photoreceptor cells, bipolar cells, horizontal cells, amacrine cells, and ganglion 

cells (Nguyen-Legros et al, 1999; Popova, 2014; Korshunov et al, 2020). DA is a major 

catecholamine in the retina, and it is involved in various visual processes including light adaptation 

and regulation of melatonin biosynthesis, a hormone that is produced in darkness to induce sleep 

(Dowling, 1991; Korshunov et al, 2020). The DA containing cells are endogenously activated by 

light exposure to synthesized and released DA from the retina that activates DA receptors (Brown 

and Makman, 1972; Schorderet and Nowak, 1990; Dowling, 1991; Popova, 2014; Korshunov et 

al, 2020). D1R are found on horizontal, amacrine, and bipolar cells, while D5R are found in retinal 

pigment layer (Nguyen-Legros et al, 1999; Witkovsky, 2004; Korshunov et al, 2020). D2R 

function as autoreceptors for DA neurons, while D4R localizes on rod and cone of photoreceptors 

(Dubocovich, 1990; Zawilska and Nowak, 1997; Witkovsky, 2004; Korshunov et al, 2020). 

Activation of D1R uncouple gap junctions between horizontal cells, regulate the activity of 

responsiveness of ganglion cells to light stimuli, and evoke Ca2+ dependent release of ACh 

(Korshunov et al, 2020). D2-class receptors are activated via D4R localized on photoreceptors, 

rapidly suppressing the nocturnal cyclic AMP-dependent activity of serotonin N-acetyltransferase, 

a key regulatory enzyme in melatonin biosynthesis (Nowak et al, 1989; Nir et al, 2002; Korshunov 

et al, 2020). The melatonin-dopamine feedback mechanism to light:dark conditions is essential for 

circadian rhythm, in which light increases the activity of DA of the retinal dopaminergic cells and 

melatonin inhibits DA synthesis and its release from the retinal dopaminergic cells in dark cycle 

(Nowak et al, 1989; Korshunov et al, 2020). Disruption in the retinal DA signaling contributes to 

visual impairments and retinal disorders. Thus, understanding the mechanisms of DA action is 

essential for comprehending normal retinal functions and pathophysiology of retinal diseases. 

1.7.2. Dopaminergic Olfaction system 

The OB is a brain structure that is crucial for the sense of smell, as it deciphers a volatile milieu of 

chemical odorants coming from olfactory nerve (Cave and Baker, 2009; Korshunov et al, 2020). 

The OB consists of juxtaglomerular cells, mitral cells, tufted cells, and granule cells (Cave and 
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Baker, 2009; Korshunov et al, 2020). DA is the only catecholamine in the OB and plays a 

significant role in modulating the function of the OB, which is involved in the processing, 

discriminating, and perception of odors (Korshunov et al, 2020). In the OB, the number of DA 

neurons are estimated to outnumber other DA populations in the brain and when co-expressed with 

GABA, are mostly inhibitory (Korshunov et al, 2020). The inhibitory action upon activation and 

co-release of DA and GABA increases the odor detection and discrimination through the activity 

of D1R and D2R, respectively (Korshunov et al, 2020). Interestingly, olfactory impairment is one 

of the earliest non-motor traits of PD. Whether DA neurons in OB contribute to the loss remains 

to be investigated.  

1.7.3. Dopaminergic Circadian System  

Circadian rhythms are biological processes that follow a 24-hours oscillation and optimize various 

physiological and behavioral function in living organisms, e.g. sensory perception, sleep, body 

temperature, hunger, and hormonal regulation (Korshunov et al, 2017). These rhythms are 

synchronized with the daily light:dark cycles and help organisms to adapt to environmental 

changes; its disruption has health risks (Korshunov et al, 2017). The suprachiasmatic nucleus 

(SCN), which is a bilateral structure located in the anterior part of the hypothalamus, is the essential 

pacemaker of the circadian system and regulates most circadian rhythms in the body (Korshunov 

et al, 2017).  

DA, among several other neuromodulators, is critical for maintaining proper rhythmicity through 

its actions within hypothalamus, striatum, retina, and OB, where DA is regulated by SCN and 

clock genes, such as period genes Per1 and Per2 (Mendoza and Challet, 2014; Korshunov et al, 

2017; Korshunov et al, 2020). DA receptors are expressed in SCN and other hypothalamic regions, 

the supraoptic nucleus and paraventricular nucleus, and modulate hormonal and homeostatic 

functions via tuberoinfundibular dopaminergic neurons, tuberohypophyseal dopaminergic 

neurons, and periventricular hypophyseal dopaminergic neurons (Rivkees and Lachowicz, 1997; 

Bender et al, 1997; Korshunov et al, 2017). In the striatum, DA receptor activation either enhances 

or diminishes clock gene expression and is mediated by D1R or D2R, respectively, to modulate 

certain cortical or limbic behaviors (Imbesi et al, 2009; Hood et al, 2010; Mendoza and Challet, 

2014; Korshunov et al, 2017). Indeed, psychostimulant-induced regulation in clock gene 

expression in striatum may cause disruption in sleep and circadian rhythmicity of addictive 
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behavior (Lynch et al, 2008; Korshunov et al, 2017). The neurons of retina and OB maintain the 

synchrony of their circadian rhythms independently from the SCN (Korshunov et al, 2017; 

Korshunov et al, 2020). DA in the retina and OB demonstrate diurnal activity, with the highest 

activity during daytime and the lowest activity during nighttime (Corthell et al, 2013; Korshunov 

et al, 2017; Korshunov et al, 2020). Dysregulation of dopamine signaling or alterations in DA 

levels can disrupt circadian rhythms and contribute to circadian-related disorders (Doi et al, 2006; 

Korshunov et al, 2017; Korshunov et al, 2020). 

1.7.4. Dopaminergic Spinal System 

The spinal cord plays a crucial role in transmitting sensory and motor signals between the brain 

and the rest of the body (Millan, 2002; Bannister and Dickenson, 2016; Puopolo, 2019). Pain 

perception is the process by which the brain interprets and responds to sensory signals that involves 

various stages of sensory processing and emotional response (Millan, 2002; Bannister and 

Dickenson, 2016; Puopolo, 2019). Noxious stimuli result from the activation of sensory receptors 

(nociceptors) specialized in perceiving pain (Millan, 2002; Bannister and Dickenson, 2016; 

Puopolo, 2019). The ascending transmission of stimuli from peripheral neuronal damage are 

onward passed to the spinal cord and then to the sensory component of the brain (Millan, 2002; 

Bannister and Dickenson, 2016; Puopolo, 2019). The inhibitory or facilitatory pain message is 

generated in the midbrain and brainstem, which is then sent down to the dorsal horn of spinal cord 

through a mechanism known as top-down pathway (Millan, 2002; Bannister and Dickenson, 2016; 

Puopolo, 2019). DA system, among other neurotransmitter systems, represents a potential target 

for top-down pain transmission via hypothalamic-spinal projection (Millan, 2002; Bannister and 

Dickenson, 2016; Puopolo, 2019). The descending circuit of facilitatory or inhibitory innervation 

is mediated by spinal D1R or spinal D2R, respectively, in response to pain or nerve injury (Zhu et 

al, 2007; Liu et al, 2019; Sharples et al, 2020). The dopaminergic system, DA fibers and 

varicosities are present in all laminae of the spinal grey matter throughout the spinal cord, and DA 

can act on all spinal DA receptors that are expressed in the spinal cord and dorsal root ganglia to 

influence sensory, motor, and autonomic systems (Holstege et al, 1996; Millan, 2002; Bannister 

and Dickenson, 2016; Puopolo, 2019). Following nerve injury, agonist stimulation of spinal 

NMDAR in dorsal horn neurons induces hyperexcitability that is dependent on subtype activation 

of D1-class receptors (Aira et al, 2016). This implies that spinal D1-class receptors mediated input 
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descending to the spinal dorsal horn where it can modulate central sensitization and pathogenic 

pain (Aira et al, 2016). Additionally, heterodimerization of D1R and D2R in the spinal cord 

promotes chronic neuropathic pain by activating the Gαq-mediated protein kinase C (PKC) cascade 

to increase the excitability of spinal neurons (Bao et al, 2021). The integration of spinal D3R 

regulates the spinal cord reflex excitability, and its dysfunction contributes to abnormal limb 

sensation involved in restless leg syndrome (Clemens et al, 2004; Clemens et al, 2022). Mice 

lacking D5R are hypersensitive and have increased sympathetic tone (Hollon et al, 2002). 

Moreover, DA is also involved in the emotional aspects of pain perception as well as analgesic 

activity mediated by the opioid system (Brewer et al, 2014; Rodgers et al, 2019; Rodgers et al, 

2020). Understanding the contributions of spinal DA receptors to sensory processing, pain 

modulation, and motor control may lead to new insights into the development of novel therapeutic 

approaches for pain. 

1.7.5. Dopaminergic Cerebellar System 

Cerebellum is an important brain region for different motor functions: learning and movement 

adaptation. The neural circuitry of cerebellar cortex integrates sensory and motor information to 

ensure smooth, precise, and efficient movements (Schweighofer et al, 2004; Flace et al, 2021). 

Dopaminergic system, among other neurotransmitters, modulates cerebellar activity to regulate 

goal-oriented cerebellar learning and fine-tuning-coordinated movement (Schweighofer et al, 

2004; Flace et al, 2021). In addition to midbrain dopaminergic innervation to cerebellum, a wide 

distribution of cerebellar DA neurons observed in molecular layer, Purkinje neuron layer, and 

granular layer (Ikai et al, 1992; Barili et al, 2000; Schweighofer et al, 2004; Giompres et al, 2005; 

Flace et al, 2021). These cerebellar neurons synthesized and released DA to interact with uneven 

distributed cerebellar DA receptors (Heskje et al, 2020; Flace et al, 2021; Cutando et al, 2022; 

Mahoney-Rafferty et al, 2023). DA receptors are also found on axonal inputs to the cerebellum, 

such as mossy fibers and climbing fibers, implying a possible role of DA on the transmission of 

sensory and motor information to the cerebellum (Flace et al, 2021). DA receptors are 

predominantly expressed in the principal output neurons of cerebellar cortex, Purkinje cells, in 

which their activity influence their role in motor control and learning (Flace et al, 2021). Moreover, 

cerebellar DA receptors modulate cerebellum-linked cognitive function, cerebellar neuronal 

plasticity, and cerebellar-midbrain pathways (Heskje et al, 2020; Flace et al, 2021; Cutando et al, 
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2022; Mahoney-Rafferty et al, 2023). Alterations in the cerebellar dopaminergic system may 

contribute to the regulation of motor behaviors including the control of posture, balance, and 

coordination of voluntary movements, and possibly in the pathophysiology of movement disorders 

and cognitive deficits observed in PD (Mirdamadi et al, 2016; Mahoney-Rafferty et al, 2023). 

1.8. Dopaminergic Peripheral Systems 

Prior to the discovery of DA as a neurotransmitter in the brain, DA had been found in peripheral 

tissues and presumed to be merely a precursor of NE and epinephrine (Goodall, 1951; Von Euler 

and Hellner, 1951; Blaschko, 1957). In the 1950s, the occurrence of DA in peripheral tissues was 

observed to be equivalent to the amount observed for NE and epinephrine (Blaschko, 1957). Since 

then, peripheral DA has been shown to influence many physiological and pathophysiological 

functions (Channer et al, 2023). The first regulatory function observed for DA was its effect on 

reducing the arterial blood pressure, independently from NE and epinephrine (Hornykiewicz, 

1958; Goldberg, 1972). The peripheral biosynthesis of DA originates in non-neuronal tissues and 

peripheral organs such as the sympathetic nerves, adrenal medulla, kidney, and immune cells, in 

which DA can act as an autocrine/paracrine regulator of local organ function (Blaschko, 1957; 

Jose et al, 1998; Mezey et al, 1996; Thomas Broome et al, 2020; Channer et al, 2023).  

Although peripheral and central DA systems have similar enzymes, metabolites, and receptors, 

DA does not cross BBB (Channer et al, 2023). Therefore, DA signaling in the brain is now known 

to be functionally distinct from peripheral pathways (Channer et al, 2023). Emerging evidence 

supports and clarifies the idea that the DA machinery modulates a variety of peripheral 

physiological functions, inter alia, renal and cardiovascular function, hormonal secretion, 

sympathetic regulation, immune activation, respiration, and gastrointestinal motility (Jose et al, 

1998; Pinoli et al, 2017; Matt and Gaskill, 2020; Thomas Broome et al, 2020; Channer et al, 2023). 

Thus, disruption of these functions underlies the pathogenesis of numerous peripheral diseases, 

e.g. hypertension, inflammation and pain, autoimmune diseases, metabolic imbalance, stress, and 

cancer proliferation (Jose et al, 1998; Pinoli et al, 2017; Matt and Gaskill, 2020; Thomas Broome 

et al, 2020; Channer et al, 2023). The following subsections briefly describe the significant role of 

dopaminergic system in modulating peripheral regulations. 
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1.8.1.  Dopaminergic Sympathoadrenal System 

The sympathetic nerves and adrenal glands (medulla and cortex) are the main source of peripheral 

catecholamines that are secreted into systemic circulation (Amenta et al, 1994; Goldstein and 

Holmes, 2008). Peripheral DA synthesis is predominantly dependent on sympathetic nerves and 

is subsequently released into parenchyma of target organs (Amenta et al, 1994; Goldstein and 

Holmes, 2008). DA is also released directly into the circulation from chromaffin cells of the 

adrenal medulla, similar to NE and epinephrine, where it acts as a paracrine factor on local target 

organs (Amenta et al, 1994; Pivonello et al, 2004). Although DA receptors are expressed in the 

adrenal medulla, their function in the medulla is unclear. The administration of D2R antagonist, 

but not D2R agonist, increases plasma aldosterone levels, without intensifying aldosterone release 

(Missale et al, 1989). D2R is expressed in the adrenal cortex, and its activation inhibits angiotensin-

stimulated aldosterone secretion (Missale et al, 1988; Missale et al, 1989). Moreover, most 

peripheral DA is conjugated as sulfates or glucuronides, which are biologically inactive prior to 

entering the bloodstream (Claustre et al, 1983; Strobel et al, 1990; Richard et al, 2001; Pellock et 

al, 2017). Sulfation mechanism is mainly mediated by adrenal gland, and conjugated DA sulfate 

is converted back to active DA by the enzyme arylsulfatase A on target tissues, e.g., liver, lung, 

and adipose tissue (Strobel et al, 1990; Richard et al, 2001). The level of DA glucuronidation varies 

with sympathetic input, and as human cells lack the ability to remove glucuronidation, gut 

microbiome express β-glucuronidase that reverse inactive DA to functional DA (Claustre et al, 

1983; Pellock et al, 2017). Overall, the mechanisms by which DA influences the circulatory system 

involve interactions with different body systems and deregulation of DA signaling in these 

processes can contribute to a variety of diseases.  

1.8.2. Dopaminergic Renal System  

Peripheral DA regulation in the kidney has been extensively characterized and contributes to the 

control of electrolyte balance and blood pressure (Jose et al, 1992; Jose et al, 1998; Jose et al, 

2000; Contreras et al, 2002; Cuevas et al, 2013; Yang et al, 2021). In the kidney, DA is synthesized 

independently from nerve activity, and is formed in proximal tubule cells. Renal proximal tubules 

do not express TH, the enzyme that converts tyrosine to L-DOPA. The renal glomeruli uptake the 

circulated or filtered L-DOPA into renal proximal tubule, and as these tubules highly express 

AADC enzyme, decarboxylation of L-DOPA to DA occurs (Jose et al, 1992; Jose et al, 1998; Jose 
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et al, 2000). Unlike neurons or other tissues, these renal tubules do not express DβH, and therefore, 

synthesized DA is not converted to NE (Jose et al, 1992; Jose et al, 1998; Jose et al, 2000). DA 

produced in the proximal tubule is not stored, but is instead transported both to basolateral 

membrane and into tubular lumen, where it can act on receptors locally and at more distal nephron 

segments (Jose et al, 1992; Jose et al, 1998; Jose et al, 2000; Contreras et al, 2002; Cuevas et al, 

2013; Yang et al, 2021). DA produced by renal tubules plays an essential role as paracrine 

substance regulating tubular electrolytes, NA+ homeostasis, and water transport, through 

modulating the function of membrane proteins such as Na+/H+-exchanger and Na+/K+-ATPase 

pump (Jose et al, 1992; Jose et al, 1998; Jose et al, 2000; Contreras et al, 2002; Cuevas et al, 2013; 

Yang et al, 2021). In the kidney, DA receptors maintain redox balance and have protective effects 

on oxidative stress, in which D1R and D5R inhibit nicotinamide-adenine dinucleotide phosphate 

(NADPH) oxidase activity and D2R decreases reactive oxygen species (ROS) production (Jose et 

al, 2010; Cuevas et al, 2013; Yang et al, 2021). The reciprocal regulation between renal DA 

receptors and oxidative activities play an important role in the physiological renal regulation, and 

its aberration is involved in the pathogenesis of hypertension (Jose et al, 1992; Jose et al, 1998; 

Jose et al, 2000; Contreras et al, 2002; Jose et al, 2010; Cuevas et al, 2013; Yang et al, 2021).  

1.8.3. Dopaminergic Cardiovascular System 

DA plays a role in the regulation of cardiovascular function through its interactions with various 

systems and organs involved in cardiovascular control of heart, arteries, and veins (Jose et al, 2003; 

Rubí and Maechler, 2010). D1R and D2R are differentially distributed within blood vessels, which 

consist of three layers (Kim et al, 1999). D1R is expressed in tunica media (middle layer) of arterial 

smooth cells and is known as a postjunctional receptor (Amenta et al, 1990; Kim et al, 1999). D1R 

activation leads to vasodilation that reduces blood pressure by both renal and nonrenal mechanisms 

(Amenta et al, 1990; Jose et al, 1992; Jose et al, 1998; Rubí and Maechler, 2010). Prejunctional 

D2R however, localizes on preganglionic sympathetic terminal and is expressed on tunica intima 

(inner layer) and tunica adventitia (outer layer) of arterial smooth muscle (Amenta et al, 1990; 

Kim et al, 1999). D2R activation inhibits NE release from sympathetic neuroeffector junctions 

(Amenta et al, 1990). No DA receptor is expressed in the veins, indicating that the effect of DA 

on the vasculature are primarily around arterial vessels (Okamura and Toda, 1995; Kim et al, 

1999). All DA receptors participate in the modulation of renal sodium transport/balance to 
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maintain blood pressure, and mice lacking any of the DA receptors exhibit high blood pressure 

(Zeng et al, 2008; Rubí and Maechler, 2010). In addition, DA acting through D2-class receptors 

modulates angiogenesis-induced inhibition of procoagulant von Willebrand factor, vascular 

permeability factor/vascular endothelial growth factor, and vascular contractibility (Krimer et al, 

1998; Basu et al, 2001; Rubí and Maechler, 2010). Overall, the mechanisms by which DA 

influences cardiovascular regulation involve interactions with blood vessels, the central and 

sympathetic nervous system, the kidney, and the heart (Rubí and Maechler, 2010). Dysregulation 

of DA signaling in these processes can contribute to cardiovascular disorders such as hypertension, 

heart disease, and impaired vascular function (Jose et al, 2003; Rubí and Maechler, 2010).  

1.8.4. Dopaminergic Pancreatic System 

DA contributes to the regulation of pancreatic function through direct interaction with the 

pancreatic islands. DA is released from sympathetic nerves that innervate the pancreas, and DA is 

also formed directly within pancreatic cells (Mezey et al, 1996; Rubí and Maechler, 2010). DA 

regulates glucose homeostasis through its receptors expressed in pancreatic β-cells (Rubí et al, 

2005; García-Tornadú et al, 2010; Rubí and Maechler, 2010). D2R activation inhibits glucose-

stimulated insulin secretion, and mice lacking D2R exhibit a reduced β-cell pancreatic mass that 

impairs insulin secretion and causes glucose intolerance (Rubí et al, 2005; García-Tornadú et al, 

2010; Rubí and Maechler, 2010). Deregulation of DA signaling in these processes can contribute 

to pancreatic metabolic disorders, such as diabetes and insulin resistance. 

1.8.5. Dopaminergic Immune System 

The immune system is regulated by central and peripheral sympathetic nervous system, which is 

primarily achieved by several neurotransmitters, neuropeptides, hormones, and cytokines. These 

players interact with different immune effector cells to regulate the homeostatic response to 

infection, disease, and other environmental stresses (Basu and Dasgupta, 2000; Sarkar et al, 2010; 

Pinoli et al, 2017; Matt and Gaskill, 2020; Thomas Broome et al, 2020). The interaction between 

the nervous system and the immune system occurs through the HPA axis and also through 

sympathetic and parasympathetic innervations (Matt and Gaskill, 2020). Catecholamines are 

among many neural mediators of homeostasis and play a significant role in the immune system 

(Basu and Dasgupta, 2000; Sarkar et al, 2010; Matt and Gaskill, 2020). DA has a substantial impact 

on the immune cells in both CNS and periphery, and its immunomodulation affects both innate 
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and adaptive immunity (Channer et al, 2023). The immunomodulatory role of DA is supported by 

the presence of endogenously synthesized DA and the expression of its receptors in leukocytes, 

other immune cells, and lymphoid organs: thymus, spleen, and lymph nodes (Basu and Dasgupta, 

2000; Mignini et al, 2009; Sarkar et al, 2010; Pinoli et al, 2017; Matt and Gaskill, 2020; Thomas 

Broome et al, 2020). The presence of DA receptors suggests that DA acts as an immunoregulator 

to mediate physiological immune functions, such as cell activation and adhesion, proliferation, 

chemotaxis, cytokine secretion, cytotoxicity, and apoptosis (Pinoli et al, 2017).  

Dopaminergic modulation of the immune response is implicated in several immune-mediated 

diseases that arise in response to neuroinflammation, autoimmunity, and cancer (Pinoli et al, 2017; 

Matt and Gaskill, 2020; Thomas Broome et al, 2020). Activation of DA receptors on distinct 

immune cells might have different sensitivities to DA for modulating downstream signaling (Matt 

and Gaskill, 2020; Thomas Broome et al, 2020). Peripheral T-lymphocytes (T-cells), monocytes, 

and dendritic cells express functional DA and plasma membrane DA receptors, suggesting they 

have the capacity to synthesize, store, and release dopamine and activate DA receptors 

(Santambrogio et al, 1993; McKenna et al, 2002; Besser et al, 2005; Cosentino et al, 2007; Huang 

et al, 2010; Kustrimovic et al, 2014; Pinoli et al, 2017; Matt and Gaskill, 2020; Thomas Broome 

et al, 2020). Resident glial cells, microglia (predominant immune macrophages) and astrocytes 

(nonimmune glial cells), are non-neuronal cells essential in immune response, homeostasis, and 

synaptic support of CNS; interestingly, these cells express DA metabolites and DA receptors 

(Zanassi et al, 1999; Khan et al, 2001; Färber et al, 2005; Mastroeni et al, 2009; Huck et al, 2015; 

Pinoli et al, 2017; Kopec et al, 2018; Matt and Gaskill, 2020; Thomas Broome et al, 2020). DA 

receptors are strongly upregulated/downregulated in activated immune cells and shows specific 

patterns in different immune cell populations during pathologic stimuli. In PD and schizophrenia, 

an abnormal immune response to hypodopaminergic and hyperdopaminergic activities were 

respectively associated to decreased and increased CD4+ lymphocytes (helper T cells) (Basu and 

Dasgupta, 2000; Sarkar et al, 2010; Elgueta et al, 2019). These findings support the idea that 

targeting DA receptors and their inflammatory signaling pathways in these immune cells could 

have therapeutic value in the treatment of immune system diseases. 
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1.8.5.1. Dopamine and autoimmunity  

Autoimmunity is a complex condition where the immune system is unable to distinguish between 

self and non-self antigens. This is due to the loss of immune tolerance that affects both innate and 

adaptive immunity. Inflammatory pathologies, such as multiple sclerosis (MS), irritable bowel 

disease (IBD), systemic lupus erythematosus, and rheumatoid arthritis are autoimmune diseases, 

in which DA is one among many contributors regulating the inflammatory response. DA is 

synthesized and stored in immune cells, including T cells and dendritic cells, which may act in an 

autocrine manner to stimulate/suppress DA receptors in normal and autoimmunity conditions. MS, 

as an example of autoimmune disease potentially impacted by DA, is a chronic demyelinating 

disease induced by autoimmune response of CD4+ T-cell-mediated progressive loss of 

neurological function due to destruction of axonal myelin sheath in brain and spinal cord (Pacheco 

et al, 2014; Pinoli et al, 2017; Vidal and Pacheco, 2020). Peripheral blood mononuclear cells of 

MS patients display altered expression of DA receptors and reduced TH; interestingly, when MS 

patients are treated with interferon-β (IFN-β), they experience a reversion in these dopaminergic 

alterations (Zaffaroni et al, 2008; Pacheco et al, 2014; Vidal and Pacheco, 2020). Moreover, the 

risk of developing MS has been associated with increased D3R and D5R mRNA expression in 

regulatory T-cells (Cosentino et al, 2016; Vidal and Pacheco, 2020). This may underly the 

relationship between DA and the pathogenesis of MS, however, further research is needed to fully 

elucidate the mechanisms involved (Pacheco et al, 2014; Vidal and Pacheco, 2020). 

1.8.6. Dopaminergic Gastrointestinal System 

Dopaminergic mechanisms are important for the regulation of gastrointestinal motility and gut 

homeostasis. The expression and activity of TH is high throughout the gastrointestinal system and 

plays significant roles in DA biosynthesis, involving enteric nerves, stomach epithelial cells, 

mesenteric tissue, and gut microbiome. Epithelial cells of intestinal mucosa contain a high 

abundance of AADC, which is necessary for the formation of DA, but lack TH expression 

(Pacheco et al, 2014; Vidal and Pacheco, 2020). DA receptors are expressed in stomach and 

intestines (Li et al, 2006). Genetic deletion of D2R alters the intestinal motility in experimental 

models (Li et al, 2006). DA contributes to the pathogenesis of IBD, which is a chronic 

inflammatory condition triggered by an excessive immune response against normal constituents in 

the gastrointestinal tract (Pacheco et al, 2014; Vidal and Pacheco, 2020). The level of 
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catecholamines is reduced in IBD patients and experimental models, which could be attributed to 

interferon-γ (IFN-γ)-mediated inhibition of L-DOPA uptake by epithelial cells, reduced TH and 

DAT expression, or altered DA-mediated T-cell signaling (Pacheco et al, 2014; Vidal and Pacheco, 

2020). As the relationship between DA and IBD is not fully understood, future research is needed 

to explore the potential of DA receptors as therapeutic targets (Pacheco et al, 2014; Vidal and 

Pacheco, 2020).  

1.8.7. Dopaminergic Respiratory System 

DA is produced by a number of cells in the lung, including alveolar epithelial cells and pulmonary 

endocrine cells, and exert various effects on the respiratory system (Vicario et al, 2000; Ciarka et 

al, 2007). DA is also involved in modulating the respiratory functions of ventilation, the tone of 

the pulmonary blood vessels, the reabsorption of alveolar fluids, and bronchial exchange (Cabezas 

et al, 2003; Ciarka et al, 2007; Mizuta et al, 2013). DA mediates these functions by its actions on 

the carotid body, the primary synapses of the afferent neurons of carotid body’s nerve, and on 

neurons on the nucleus tractus solitary (Vicario et al, 2000; Cabezas et al, 2003; Ciarka et al, 2007; 

Matsuyama et al, 2018). Genetic deletion of DAT, which is characterized by locomotor 

hyperactivity, leads to a significantly lower respiratory frequency, a reduced ventilatory response 

to hypoxia, and a decrease in resting circadian body temperature (Vincent et al, 2007). The altered 

DA neurotransmission from deletion of DAT deteriorates the respiratory function by prolonging 

inspiratory time and attenuating tidal volume response (Vincent et al, 2007). The administration 

of DA results in the vasodilation of bronchial blood vessels and the reduction of arterial pulmonary 

hypertension (Cabezas et al, 2003; Ciarka et al, 2007; Mizuta et al, 2013). Through these complex 

mechanisms, DA has beneficial effects on pulmonary function, however, it has a detrimental 

impact in patients with heart failure (Cabezas et al, 1999; Ciarka et al, 2007). Moreover, activated 

D4R induce differentiation of naïve CD4+ T-cells to T-helper 2 cells, major effector cells in 

allergic asthma of young mice (Wang et al, 2019). This observance is thought to be mediated by 

the sympathetic nerve in the postnatal lung, which undergoes a shift from dopaminergic 

innervation during development to adrenergic innervation in maturity (Wang et al, 2019). Unlike 

other peripheral systems, the role of DA in respiratory system physiology and disease remains 

poorly defined, thus, further research in this system is warranted.  
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1.8.7.1. Dopamine and COVID-19 

Since 2020, the whole world has been affected by coronavirus disease 2019 (COVID-19) caused 

by SARS-CoV-2 virus, which has inflicted unprecedented consequences on health and on the 

global economic system (Attademo and Bernardini, 2021). As the world recovers from this 

pandemic, it has been observed that some people who have endured a COVID-19 infection may 

further suffer from short- and long-term mental health problems (Attademo and Bernardini, 2021). 

It has been postulated that an alteration in neurotransmitters, including DA, might be involved in 

this COVID-19 pathophysiology (Nataf, 2020). Angiotensin-converting enzyme 2 receptor 

(ACE2), which are the main receptor for SARS-CoV-2, are highly expressed in DA neurons, in 

addition to non-neuronal cell types. Furthermore, it is co-expressed and co-regulated with AADC, 

an enzyme that catalyzes the biosynthesis of DA (Nataf, 2020; Attademo and Bernardini, 2021). 

Mental illness observed in patients with COVID-19 could thus be partially explained by 

deregulation of DA neurotransmission. However, this requires further investigation. It is 

worthwhile to note that persons with vulnerability to PD may represent a population with potential 

for increased severity of disease from COVID-19 (Antonini et al, 2020; Sulzer et al, 2020). 

1.8.8. Dopamine and Cancer 

The relationship between DA and cancer is multifaceted and has been implicated in various aspects 

of cancer development, progression, and anti-inflammatory and treatment responses (Rubí and 

Maechler, 2010). Previous subsections briefly described DA system involvement in a variety of 

peripheral endocrine systems, in which DA is associated with abnormal growth and proliferation, 

e.g., pituitary, adrenal, and pancreas (Kelly et al, 1997; Saiardi et al, 1997; Bossé et al, 1997; 

Pivonello et al, 2004; García-Tornadú, et al, 2010; Rubí and Maechler, 2010). However, the 

specific mechanisms and effects can vary depending on the cancer type, stage, and individual 

characteristics (Rubí and Maechler, 2010). Further research is needed to fully understand the 

intricate interactions between DA and cancer and to explore potential therapeutic strategies 

targeting dopamine signaling in cancer treatment.  
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1.9. Conclusions: Dopaminergic Systems 

New discoveries in recent years have further evolved our knowledge of DA systems. The breadth 

of DA system contribution, not only in brain, but also in the periphery, is very diverse and complex. 

The findings presented here demonstrate that the dopaminergic system is found in many tissues, 

regulates a variety of functions, and displays complex regulatory effects. Further delineation of 

how DA modulates all these processes should open new avenues in the prevention and treatment 

of many different neurological and peripheral diseases. Fig. 1.12. depicts the DA systems found in 

human body.   

My objective of writing the previous sections is to appreciate the depth, outreach, and complexity 

of the dopaminergic system in modulating numerous physiological functions and behaviors, by 

highlighting the direct supporting evidence. The above-described functions of DA system, along 

with other proposed processes that were not discussed here, have been reviewed in great detail 

within these excellent comprehensive resources (Jose et al, 1998; Pinoli et al, 2017; Matt and 

Gaskill, 2020; Channer et al, 2023; Geisler and Hayes, 2023).    
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Fig. 1.12. Peripheral Dopamine Systems.  

Schematic illustration of dopamine systems found throughout the periphery. Created with BioRender.com.
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2. Dopaminergic G-Protein Coupled Receptors  

DA regulates numerous central and peripheral functions through the binding and activation of cell 

surface receptors belonging to the superfamily of GPCRs (Beaulieu and Gainetdinov, 2011). In 

the adaptation of neurons/cells to the dynamic milieu, GPCRs serve as gatekeepers and primary 

sensors of external cues, either endogenously activated (neurotransmitters, hormones, lipids, and 

enzymes) or exogenously stimulated (agonists, light, odorants, and pheromones) to modulate 

neuronal/cellular responses (Pierce et al, 2002). The classical signaling transduction of GPCRs is 

best explained by the “receptor—G-protein—effector” (Pierce et al, 2002). To achieve this, cue-

bound GPCRs use a sophisticated modus operandi entailing the recruitment of intracellular 

partners, e.g., heterotrimeric G-proteins, βArrs, to orchestrate specific signaling outcomes through 

the regulation of diverse second messenger-producing effectors such as the ACs (Gether, 2000; 

Pierce et al, 2002; Luttrell, 2006). GPCRs are very diverse in structure and function, and represent 

more than 4% of genes present in the human genome that encode for about 800 annotated receptor 

genes (Gloriam et al, 2007; Schöneberg and Liebscher, 2021). Most of these receptors have now 

been functionally characterized and have a ligand assigned to them. However, some are still 

without a proper ligand and are considered orphans (Tang et al, 2012).  

GPCRs have a diverse spectrum of physiological actions in humans, including the modulation of 

synaptic transmission, sensory perception, and the peripheral regulation of renal, hormonal, and 

cardiovascular functions (Gether, 2000; Pierce et al, 2002; Luttrell, 2006). Signaling impairment 

of GPCRs has been linked to many disorders notably of the brain, heart, metabolism, and human 

genetic diseases (Schöneberg and Liebscher, 2021; Calebiro et al, 2021). GPCRs are immensely 

important in the physiology of diseases and are targets for approximately 30-40% of currently 

marketed drugs (Pierce et al, 2002; Overington et al, 2006). Notably, DA receptors are among the 

most frequently targeted GPCRs in term of the number of available drugs (Sriram and Insel, 2018).  

2.1. GPCRs: Historical Perspective 

The notion of cellular receptors was first introduced by John Langley, in 1905, and he wrote “So 

we may suppose that in all cells two constituents at least are to be distinguished. The receptive 

substance affects or is capable of affecting the metabolism of the chief substance” (Langley, 1901; 

Langley, 1905). Langley postulated that there are two inter-linked functions of these hypothetical 
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receptors that interact with stimuli and exert function upon effectors within the cell. Fifty years 

later, Langley’s hypothetical receptor was studied by numerous laboratories to elucidate the 

cellular communications that are necessary for coordinating cellular functions mediated by 

hormones and other proteins, as briefly discussed in the following sections. 

2.1.1. The Discovery of the cAMP 

In the 1950s-60s, Earl Sutherland described the process of “the second messenger” system by 

uncovering a previously unknown compound called cAMP, which is present in different organs 

(Rall and Sutherland, 1958). cAMP is generated through cyclization of adenosine triphosphate 

(ATP), a chemical which had been characterized to play an intermediary role in many hormonal 

functions (Rall and Sutherland, 1958). How do hormones stimulate the formation of cAMP? 

According to Sutherland’s scheme, epinephrine serves as “the first messenger”, which binds to the 

cell surface receptor, then stimulates membrane bound AC, causing the formation of cAMP, which 

then exerts metabolic processes (Sutherland et al, 1962). Sutherland later suggested that the effect 

of many other hormones could be explained similarly, in which hormones bind the receptor and 

stimulate formation of cAMP via activating AC (Kresge et al, 2008). However, this hypothesis 

was met with strong criticisms as to how a single substance, cAMP, leads to numerous effects 

caused by different hormones (Kresge et al, 2008). Eventually it was proven that the large scale of 

hormones, peptides, and receptors exert their effect via cAMP (Kresge et al, 2008). Earl Sutherland 

was awarded the 1971 Nobel Prize in Physiology or Medicine for his discoveries concerning the 

mechanism of action of hormones.  

2.1.2. The Discovery of Protein Kinases  

Also, during the 1950s-60s, Edmond Fischer and Edwin Krebs discovered that certain enzymes, 

now known as protein kinases, can transfer phosphate groups from ATP to specific proteins, 

altering their activity and function (Krebs and Fischer, 1955; Fischer and Krebs, 1955). Fischer 

and Krebs delineated the regulatory reversible mechanisms of protein phosphorylation whereby 

proteins are covalently phosphorylated by kinases and dephosphorylated by phosphatases allowing 

fine control over elaborate networks, a fundamental mechanism of cellular processes (Krebs et al, 

1958; Krebs et al, 1959; Kresge et al, 2011). Krebs contributed to the discovery and 

characterization of cAMP-dependent protein kinase and the importance of kinase-mediated 

phosphorylation in cellular regulation (DeLange et al, 1968; Walsh et al, 1968; Walsh et al, 1971; 
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Kresge et al, 2011). Edmond Fischer and Edwin Krebs were jointly awarded the 1992 Nobel Prize 

in Physiology or Medicine for their discovery of cAMP-dependent protein kinase and the 

regulatory mechanism of protein phosphorylation.  

2.1.3. The Discovery of G-Proteins  

In the 1960s-70s, Martin Rodbell demonstrated that the signaling mechanism of hormonal 

stimulation of AC requires guanosine triphosphate (GTP) (Pohl et al, 1969; Londos et al, 1974). 

Rodbell illustrated that signal transduction requires GTP to integrate the functional signal, which 

occurs in three essential steps: receptor “discriminator” that recognizes external stimuli; transducer 

“transfer” that requires GTP; and effector “amplifier” that generates intracellular activity of 

second messenger (Hammes and Rodbell, 1976; Rodbell, 1980). The transducer function is wholly 

dependent on the guanine nucleotide binding protein, known as G-protein (Northup et al, 1982). 

Indeed, Alfred Gilman showed that hormone-bound receptor triggers G-protein exchange of GTP 

for guanosine diphosphate (GDP), causing the dissociation of βγ subunit from α subunit-bound 

GTP to activate AC (Northup et al, 1983a, b). Rodbell’s and Gilman’s research emphasizes the 

importance of G-proteins as integrators of external signals, which act on cell surface receptors to 

transduce effector proteins by activating different cellular amplifier systems (Rodbell, 1980; 

Gilman, 1984). Additionally, Rodbell’s and Gilman’s work elucidate the mechanism of AC 

signaling mediated by G-protein activity (Rodbell, 1980; Gilman, 1984; Tang and Gilman, 1992; 

Taussig et al, 1993). Martin Rodbell and Alfred Gilman were jointly awarded the 1994 Nobel Prize 

in Physiology or Medicine for their discovery of G-proteins and the role of these proteins in cellular 

signal transduction. 

2.1.4. The Breakthrough of GPCRs 

Robert Lefkowitz is a key pioneer in GPCR research, who’s work revolutionized the fields of 

molecular and cellular biology. Lefkowitz’s research shaped our understanding of GPCRs and 

revealed their central role in mediating the effects of hormones, neurotransmitters, and many other 

signaling molecules. In the 1970s-90s, Lefkowitz and his long-term influential collaborator, Marc 

Caron, investigated the adrenergic receptor, and revealed multistate binding of that receptor 

(Lefkowitz et al, 1970; Mukherjee et al, 1975). Lefkowitz also examined the regulatory G-proteins, 

and their ability to form a ternary complex with agonist-bound receptors (Lefkowitz et al, 1976; 

De Lean et al, 1980). Lefkowitz and Brian Kobilka pioneered the modern study of GPCRs by 
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cloning and sequencing the gene for the first GPCRs, β2-adrenergic receptor (β2AR) and α2-

adrenergic receptor (α2AR) (Dixon et al, 1986; Kobilka et al, 1987). Lefkowitz and Kobilka 

additionally created the first chimeric receptor, α2 and β2-adrenergic receptors, and these studies 

demonstrated the structural specificity of the receptors with their respective ligand binding and G-

protein—mediated effector activation (Kobilka et al, 1988). Since then, the molecular cloning of 

GPCRs began to show that GPCRs have a unique, conserved seven transmembrane organization 

(Pierce et al, 2002). Lefkowitz also identified and characterized the novel kinase and arrestin 

proteins responsible for the β-adrenergic receptor phosphorylation and recruitment, respectively, 

known as GRKs and βArrs (Benovic et al, 1986a, b; Benovic et al, 1989; Lohse et al, 1990). 

Lefkowitz’s research broadly contributed to the current knowledge of GPCRs, by revealing the 

functionality of these regulatory proteins with ligand-bound receptor, which represent the classical 

cellular signaling paradigm for GPCRs (Sibley and Lefkowitz, 1985; Benovic et al, 1986a, b; 

Bouvier et al, 1988; Pitcher et al, 1992; Dawson et al, 1993; van Biesen et al, 1995; Luttrell et al, 

1999; McDonald et al, 2000; Pierce et al, 2002).  

In the 2000s, Kobilka’s research focused on the molecular and structural activity of GPCRs and 

developed direct methods to obtain high-resolution crystal structure and conformational changes 

for a ligand-bound β2AR with G-protein (Rasmussen et al, 2007; Rosenbaum et al, 2007; Bokoch 

et al, 2010; Rosenbaum et al, 2011; Rasmussen et al, 2011). Kobilka’s work provided novel insight 

into the structural basis of signal transduction by these key proteins at the molecular level, which 

is also crucial for drug discovery (Rosenbaum et al, 2009; Shoichet and Kobilka, 2012; Hilger et 

al, 2018). 

Robert Lefkowitz and Brian Kobilka were awarded jointly the 2012 Nobel Prize in Chemistry for 

their breakthrough discoveries of GPCRs and their exceptional contributions to the field of 

molecular biology and drug discovery. Their research revolutionized our understanding of how 

cells communicate with their environment and paved the way for the development of new drugs 

targeting these receptors. Research by Lefkowitz’s former trainees, Jeff Benovic, Michel Bouvier, 

David Sibley, and his long-term collaborator, Marc Caron, among others, has profoundly impacted 

our understanding of the broad spectrum of GPCR physiological processes. Research in this field 

continues to yield important insights into human health and disease, offering potential avenues for 

drug screening and therapeutic intervention. 
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2.2. Classification of GPCRs  

Assiduous work to identify human genes encoding for GPCRs has led to the classification of 

GPCRs in five main subfamilies forming the GRAFS system: Glutamate (15 members, Class C), 

Rhodopsin (701 members, Class A), Adhesion (24 members, Class D), 

Frizzled/Smoothened/Taste2 (24 members, Class F), and Secretin (15members, Class B) (Schiöth 

and Fredriksson, 2005; Luttrell, 2006; Gloriam et al, 2007). DA receptors belong to the subfamily 

of the rhodopsin-class receptors (Class A) of GPCRs, the most studied subfamily of GPCRs that 

accounts for more than 80% of receptors in humans (Gether, 2000; Luttrell, 2006; Beaulieu and 

Gainetdinov, 2011). Members of the rhodopsin-class receptors possess great binding specificity 

towards their respective ligands, and include biogenic amine receptors (dopaminergic, adrenergic, 

serotonergic, histaminergic, and muscarinic), adenosine receptor, angiotensin receptor, 

prostaglandin receptor, cannabinoid receptor, opioid receptor, chemokine receptor, vasopressin 

receptor, and other receptors (Gether, 2000; Beaulieu and Gainetdinov, 2011). 

2.2.1. Classification of DA Receptors  

As noted earlier, DA activates five distinct but closely related cell surface proteins that belong to 

subgroups of GPCRs referred to as DA receptors (Civelli et al, 1993; Jaber et al, 1996a; Missale 

et al, 1998; Beaulieu and Gainetdinov, 2011). DA receptors are classified into D1-class receptors 

(D1R and D5R) and D2-class receptors (D2R, D3R, and D4R) based on their structure, 

pharmacology, and canonical signaling. DA receptors modulate several central and peripheral 

physiological functions such as locomotion, reward, learning, cognition, and hypertension (Civelli 

et al, 1993; Jaber et al, 1996a; Missale et al, 1998; Beaulieu and Gainetdinov, 2011). From ligand 

binding to signal transduction and receptor trafficking, regulation of DA receptors is complex and 

involves many effector proteins. For the purpose of my thesis, the following sections will provide 

an overview about GPCRs, but the major emphasis will be on detailing DA receptors in brain, 

specifically D1R and D5R, the principal elements of my project.  

2.3. Structure of GPCRs 

Despite their multitude in numbers and their functional diversity, members of GPCR superfamily, 

including DA receptors, share a common structural topology, which consists of upstream 

extracellular amino-terminus (NT), seven hydrophobic transmembrane alpha helical 
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transmembrane domains (TM1-TM7), three extracellular loops (EL1-EL3), three intracellular 

loops (IL1-IL3), and intracellular carboxy-terminus (CT) (Gether, 2000; Luttrell, 2006). Although 

all GPCRs share a structural homology and certain conserved residues, distinct differences 

between them still exist (Gether, 2000; Luttrell, 2006). Site-directed mutagenesis, receptor 

chimeras/truncation, and crystal structures revealed the importance of different structural 

components of GPRCs in regulating their functionality and ligand binding (Kobilka et al, 1988; 

Bouvier et al, 1988; Gether, 2000; Luttrell, 2006). 

The NT of receptors contain glycosylation sites that are important for stability of receptor and aid 

cell surface expression (Missale et al, 1998; Luttrell, 2006). Most GPCRs contain a disulfide bridge 

between EL1 and EL2 that is crucial for proper protein folding conformation (Luttrell, 2006). The 

extracellular loops (EL) and TM domains are important for ligand binding and structural integrity 

of the GPCRs (Luttrell, 2006). TM domains are highly conserved among rhodopsin-class receptors 

and share the common structural characteristic of having conserved DRY (aspartate-arginine-

tyrosine) and NPxxY (asparagine-proline-xx-tyrosine) motifs located in TM3 and TM7, 

respectively, to stabilize the receptor in the inactive state (Luttrell, 2006). The intracellular 

domains have more functional role for GPCRs, as their mutation/truncation leads to the 

impairment of signaling properties. IL3 and CT are the most disordered, divergent regions and are 

principal determinants for G-protein coupling specificity, modulation of intracellular signaling and 

scaffolding of GRKs and βArrs (Luttrell, 2006). The CT contains palmitoylated cysteines, 

anchoring the CT to plasma membrane and forming what could be described as a fourth 

intracellular loop (IL4); however, based on GPCR crystallography studies this region is considered 

an α-helix region, referred to as helix 8 (Luttrell, 2006). 

2.3.1. Structure of DA Receptors 

DA receptors have a high level of sequence homology in their transmembrane domains; however, 

amino acid sequences of the extra- and intracellular domains are more divergent (Missale et al, 

1998; Beaulieu and Gainetdinov, 2011). D1-class receptors share 80% homology in their TM 

domains and exhibit a relatively short IL3 and a long serine/threonine rich CT (Missale et al, 1998; 

Beaulieu and Gainetdinov, 2011). Fig. 1.13. depicts the amino acid sequences for D1-class 

receptors. However, D2-class receptors are characterized by having a long IL3 and a very short 

CT (Missale et al, 1998; Beaulieu and Gainetdinov, 2011). In their TM domains, D2R:D3R share 



76 

 

75% homology, while 53% identity is observed between D2R:D4R (Missale et al, 1998; Beaulieu 

and Gainetdinov, 2011). The length of the IL3 appears to be a characteristic feature for G-protein 

coupling, not for only DA receptors, but for all GPCRs (Beaulieu and Gainetdinov, 2011). Short 

IL3 receptors couple to stimulatory G-protein, and long IL3 receptors couple to inhibitory G-

protein (Beaulieu and Gainetdinov, 2011). The NT of all DA receptors have a similar number of 

amino acids; however, the CT of D1-class is seven times longer than that of the D2-class receptor 

(Missale et al, 1998).  

2.3.2. Structural Mapping of D1-Class Receptors 

Studies from the Tiberi lab and others investigating the functionality of structural domains of D1-

class receptors were performed by utilizing chimeric and truncation approaches to generate mutant 

forms of D1R and D5R. As other labs made significant contributions to the structural 

mapping of D1-class receptors, in this section, I briefly review findings from the Tiberi lab, 

as some of these mutants have been used for my Ph.D. studies.  

Results showed that activation of chimeric NT or TM1 forms of D1R and D5R differentially 

modulated the binding properties and G-protein coupling efficacy (D'Aoust and Tiberi, 2010). 

TM1 is also essential in modulating intrinsic activity and efficacy of agonists of D1R and D5R 

(D'Aoust and Tiberi, 2010). Swapping either the CT or IL4 segment within the CT between D1R 

and D5R altered the binding affinity of ligands and switched the constitutive cAMP activity, 

implying the importance of these regions in the regulation of the thermodynamic equilibrium 

between active and inactive conformations of D1-class receptors (Iwasiow et al, 1999; Jackson et 

al, 2000; Tumova et al, 2002; Tumova et al, 2004). As IL3 and CT domains are critical for G-

protein coupling, oligomerization, or protein interactions, the Tiberi lab used deletion approaches 

of IL3 and CT to generate mutant forms of D1R and D5R lacking the cytosolic extension of either 

TM5 or TM6 within IL3, referred to as ΔIL3N or ΔIL3C, or different segments of D1R CT. IL3 

mutants of D1R and D5R had opposing effects on regulating Gαs activity in which ΔIL3N mutants 

reduced agonist independent-and dependent-mediated cAMP, whereas ΔIL3C mutant enhanced 

these activities (Charette, Albaker et al, manuscript in preparation). The CT region of D1R 

regulates G-protein coupling, and receptor responsiveness, and such a deletion alters these crucial 

functions (Chaar et al, 2001; Jackson et al, 2002).
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Fig. 1.13. Secondary Structure of human D1-Class Receptors.  

Dark circles represent conserved identical amino acid residues conserved between D1R (A) and D5R (B), and white 

circles represent the divergent residues among them. Created with gpcrdb.org. (C) Amino acid alignment of human 

D1R and human D5R showed 58.08% of identity. Conserved amino acids are highlighted. Alignment analysis by 

uniprot.org. 

hD1R: 446 aa hD5R: 477 aa A B 

C 
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Serine (Ser) and threonine (Thr) residues in GPCRs are important in regulating receptor 

phosphorylation, desensitization and signaling mechanisms. Our lab generated phosphodeficient 

mutant forms of intracellular domains IL1, IL2, IL3, and CT of D1R and D5R by substituting 

Ser/Thr residues with Alanine (Ala)/Valine (Val), respectively, by site direct mutagenesis. Results 

showed that IL1 phosphodeficient mutations of D1R and D5R exhibit reduced binding expression 

and constitutive cAMP production, but increased DA-mediated cAMP production (Zhang et al, 

2015). IL2 phosphodeficient mutants exhibited contrasting properties of agonist affinity, 

constitutive activity, and dopamine potency, relative to D1R and D5R (Zhang et al, manuscript in 

preparation). Although IL2 phosphodeficient mutants underwent internalization, they displayed 

weakened desensitization compared to D1R and D5R (Zhang et al, manuscript in preparation). The 

agonist-independent cAMP was decreased in phosphodeficient IL3 and CT mutants of D1R and 

D5R, with the CT mutants also showing reduced expression and desensitization-mediated cAMP 

(Plouffe et al, manuscript in preparation; Laquerre et al, manuscript in preparation).  

2.4. Crystallography for GPCRs 

Crystallography studies have yielded a plethora of information on the structural biology of GPCRs 

to understand the receptor mechanisms of ligand binding that are important for drug discovery 

(Stenkamp et al, 2002; Kobilka and Schertler, 2008; Rosenbaum et al, 2008; Hilger et al, 2018). 

These sophisticated tools provide a foundation for drug discovery by revealing the conformational 

heterogeneity, which will need to be integrated in the development of more precise and effective 

therapeutics targeting GPCRs (Stenkamp et al, 2002; Kobilka and Schertler, 2008; Rosenbaum et 

al, 2009; Hilger et al, 2018). In 2000, Krzysztof Palczewski crystalized the first GPCR structure, 

a bovine rhodopsin receptor covalently bound in its basal state to its inverse agonist 11-cis-retinal 

(Palczewski et al, 2000). This highly resolved 2.8 Å crystal structure of rhodopsin revealed highly 

organized, anti-clockwise, compacted heptahelical transmembrane bundles and provided structural 

information for the molecular mechanism of GPCR activation (Palczewski et al, 2000; Stenkamp 

et al, 2002). These tightly connected TM domains are composed of α-helices and serve as the main 

site for ligand docking to mediate specific affinity for each receptor with its respective ligands 

(Palczewski et al, 2000; Stenkamp et al, 2002). The intracellular domains are not as packed as 

extracellular domains, in order to facilitate the activation of G-proteins (Palczewski et al, 2000; 

Stenkamp et al, 2002).  
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Crystallization of GPCRs has been challenging because many GPCRs display structural instability 

linked to agonist-independent activity and detergent removal of receptors from native plasma 

membrane (Kobilka and Schertler, 2008; Rosenbaum et al, 2009). Methods to increase receptor 

stability and enhance crystal efficiency of target receptor-bound ligands include truncation of 

disordered regions, complex formation with purified antibody fragment (e.g., Nb35, scFv16), and 

fusion of soluble, highly crystallizable protein (e.g., T4 lysozyme) at IL3 (Kobilka and Schertler, 

2008; Rosenbaum et al, 2009). This field has extensively advanced in research and development 

following this prime discovery, and in 2007, Kobilka and colleagues resolved crystallography 

structure of β2AR, the first GPCR with diffusible ligands (Cherezov et al, 2007; Rasmussen et al, 

2007; Rosenbaum et al, 2007). With the technology breakthroughs in membrane protein 

engineering and crystallography, more than 450 structures have been published for more than 80 

receptors in complex with ligands, G-proteins/arrestins, or both (Zhang et al, 2015; Yang et al, 

2021). These structures shed unprecedented light on structural similarity and diversity of the 

GPCRs superfamily, molecular basis of ligand recognition and allosteric modulation (Zhang et al, 

2015; Yang et al, 2021). 

2.4.1. Crystallography for DA Receptors 

In the last five years, tremendous efforts have been devoted to crystallizing DA receptors and 

determining their distinct conformational differences. To date, 27 crystal structures of different 

DA receptors bound to different ligands alone or in complex with Gα subunits have been resolved. 

These structures revealed that the ligand-binding pockets of all DA receptors contain conserved 

motifs and are highly negatively charged. Additionally, some of these structures gave additional 

insights on DA receptor allosteric regulation and Gα coupling mechanism. Table 1.1. summarizes 

the active DA receptors with different ligands. 

Recent cryo-electron microscopy (cryo-EM) structures of all five subtypes of human DA receptors 

coupled with their respective G-protein (Gαs or Gαi) in complex with rotigotine, an agonist for DA 

receptors used in PD treatment, revealed high resolutions of D1R-Gαs (3.2 Å), D2R-Gαi (3.0 Å), 

D3R-Gαi (2.7 Å), D4R-Gαi (3.2 Å), and D5R-Gαs (3.1 Å) (Xu et al, 2023). Fig. 1.14. shows the 

Cryo-EM structure for DA receptor bound to rotigotine. The solved crystal structure for rotigotine-

bound DA receptors exhibit similar backbone conformations, and lead to the downward movement 

of the “toggle switch” residue W6.48, which further induces conformational changes in the DRY 
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and NPxxY motifs (Xu et al, 2023). The conformation of the TM5 domain represents the most 

notable difference, as the D1-class receptors are extended with three extra helical turns into the 

cytoplasmic side compared to the D2-class receptors (Xu et al, 2023). Interestingly, the ligand-

binding pockets showed that D5R has more negative charges on the extracellular surface than 

D1R, and positively charged DA and rotigotine have higher potencies to enrich within the pocket 

of D5R over D1R (Xu et al, 2023).  

Taken together, these new cryo-EM structures of active DA receptor—G-protein complexes 

mentioned above and summarized in Table 1.1., provide new insights into the structural bases of 

DA receptor’s recognition and activation by agonists, allosteric regulation, and selective coupling. 

Future work directed toward solving DA receptors in inactive state structures and active state 

structures coupled with different ligands, as well as crystalizing mutant forms of DA receptors 

coupled with G-protein should provide useful information for therapeutic drug development for 

numerous dopaminergic diseases. 

2.5. Pharmacology of DA Receptors 

Progress in the pharmacological characterization of DA receptors began with the discovery of DA-

stimulated AC and radiolabelled binding assay to study the action of ligands using in vitro studies, 

which provided better correlation between DA receptors and ligand’s affinity (Kebabian and 

Greengard, 1971; Creese et al, 1975). Due to the high homology of DA receptors, most 

dopaminergic drugs are non-selective and highly polypharmacologic as they target multiple DA 

receptors as well as other aminergic GPCRs, with various affinity, from picomolar to micromolar 

(Civelli et al, 1993; Jaber et al, 1996; Missale et al, 1998; Beaulieu and Gainetdinov, 2011; Jones-

Tabah et al, 2022). On the other hand, highly selective ligands are important pharmacological tools 

for functional and binding investigations to distinguish between D1- and D2-class receptors 

(Civelli et al, 1993; Jaber et al, 1996; Missale et al, 1998; Beaulieu and Gainetdinov, 2011). D5R 

has a higher agonist affinity, but lower inverse agonist and antagonist potency than D1R (Tiberi 

and Caron 1994; Charpentier et al. 1996). Compared to the D2R, D3R has higher agonist affinity, 

particularly for DA and quinpirole, and lower affinity for antagonists including spiperone and 

haloperidol (Sokoloff et al. 1990; Robinson et al., 1994). D4R have higher affinity for clozapine 

(agonist) than D2R and D3R (Van Tol et al, 1994).   
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Table 1.1. Summary of Crystal Structures of Ligand-Bound DA Receptors. 

 

Active DA Receptor Complex 

 

Structure Resolution Reference 

Rotigone-D1R-Gαs 

 

3.2 Å (Xu et al, 2023) 

SKF81297-D1R-Gαs 

 

3.0 Å (Zhuang et al, 2021a) 

SKF83959-D1R-Gαs 

 

2.9 Å (Zhuang et al, 2021a) 

apomorphine -D1R-Gαs  

 

3.0 Å (Zhuang et al, 2021a) 

Fenoldopam-D1R-Gαs 

 

3.2 Å (Xiao et al, 2021) 

A77636-D1R-Gαs 

 

3.5 Å (Xiao et al, 2021) 

SKF83959-D1R-Gαs 

 

3.3 Å (Xiao et al, 2021) 

Compound1-D1R-Gαs 

(non-catechol agonist) 

3.8 Å (Sun et al, 2021) 

PW0464-D1R-Gαs 

 

3.1 Å (Xiao et al, 2021) 

LY3154207-D1R-Gαs 

 

3.1 Å (Xiao et al, 2021) 

DA+LY3154207-D1R-Gαs 

 

3.0 Å (Teng et al, 2022) 

DA+LY3154207-D1R-Gαs 

 

3.2 Å (Zhuang et al, 2021b) 

SKF81297+ LY3154207-D1R-Gαs  

 

3.0 Å (Zhuang et al, 2021b) 

Fenoldopam+LY3154207-D1R-Gαs 

 

3.2 Å (Teng et al, 2022) 

Tavapadon+ LY3154207-D1R-Gαs  

 

3.3 Å (Teng et al, 2022) 

Rotigone-D2R-Gαi  
 

3.0 Å (Xu et al, 2023) 

Bromocriptin-D2R-Gαi 

 

2.8 Å (Zhuang et al, 2021a) 

Bromocriptine-D2R-Gαi 

 

3.7 Å (Yin et al, 2020) 

Haloperidol-D2R 

 

3.1 Å (Fan et al, 2020) 

Risperidone-D2R 

 

2.9 Å (Wang et al, 2018) 

Rotigone-D3R-Gαi  

 

2.7 Å (Xu et al, 2023) 

PD128907-D3R-Gαi 

 

2.7 Å (Xu et al, 2021) 

Pramipexole-D3R-Gαi 

 

3.0 Å (Xu et al, 2021) 

Eticlopride-D3R  

(antagonist) 

3.15 Å (Chien et al, 2010) 

Rotigone-D4R-Gαi 

 

3.2 Å (Xu et al, 2023) 

Nemonapride-D4R 
 

1.95 Å (Wang et al, 2017) 

Rotigone-D5R-Gαs 

 

3.1 Å (Xu et al, 2023) 
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Fig. 1.14. Cryo-EM Structures of D1R, D2R, D3R, D4R and D5R Signaling Complexes.  

a, b The cryo-EM density maps (a) and models (b) of the D1R–Gs, D2R–Gi, D3R–Gi, D4R–Gi, and D5R–

Gs complexes. c The ligand-binding pockets of the D1R–Gs, D2R–Gi, D3R–Gi, D4R–Gi, and D5R–

Gs complexes. Electrostatic surface potential is colored by red (−10 kT/e), blue (+10 kT/e), and white (neutral). d The 

rotigotine structure in the D1R–Gs, D2R–Gi, D3R–Gi, D4R–Gi, and D5R–Gs complexes. The EM densities of 

rotigotine in the five structures are shown. “From [Xu et al. Structural genomics of the human dopamine receptor 

system. Cell Res. 2023]. Reprinted with permission from Springer Nature.”
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A recent study suggested that in mice under hyperlocomotion activity driven by amphetamine, 

D1R-MSN and D2R-MSN activity levels were increased and decreased, respectively (Yun et al, 

2023). As antipsychotic activity inhibited locomotion, it also suppressed amphetamine-induced 

hyperdopaminergic activity (Yun et al, 2023). Surprisingly, the selective D2R antipsychotic 

efficacy of haloperidol and clozapine increased D1R-MSN activity, and under hyperdopaminergic 

conditions, these drugs attenuated D1R-MSN hyperactivity (Yun et al, 2023). These findings 

suggested an important pharmacological activity of haloperidol and clozapine, in which it partially 

modulate the function for D1R-MSN (Yun et al, 2023).  

The development of pharmacological ligand for specific D1-class receptor subtype has proven to 

be challenging. The highly dynamic conformation state of D1R and D5R, and the contribution of 

multiple sites in ligand binding, are hindering the development of receptor subtype specific ligand. 

As described previously, exchanging the CT domains between D1R and D5R led to a full switch 

of DA affinity and basal activity of G-protein (Jackson et al., 2000; Tumova et al, 2004). In 

addition, crystal structures for D1R and D5R have revealed similar docking motifs for ligand 

binding (Xu et al, 2023). Thus, the subtleties discriminating D1R and D5R ligand binding pockets 

remain elusive.  

2.6. Heterotrimeric G-Proteins 

Heterotrimeric G-proteins represent the main communication of GPCRs by linking the ligand-

bound receptors with intracellular signaling proteins (Rodbell, 1980; Gilman, 1984; Simon et al, 

1991; Tang and Gilman, 1992). G-protein activation by GPCRs leads to the activation of 

downstream effectors to mediate subsequent physiological effects (Rodbell, 1980; Gilman, 1984; 

Simon et al, 1991; Tang and Gilman, 1992; Gether, 2000; Pierce et al, 2002; Luttrell, 2006). These 

proteins are composed of: α, β, and γ subunits. α subunit defines the basic function of a 

heterotrimeric G-protein and is tightly bound with βγ subunits (Rodbell, 1980; Gilman, 1984; Tang 

and Gilman, 1992; Gether, 2000; Pierce et al, 2002; Luttrell, 2006; Hilger et al, 2018). Multiple 

isoforms of each G-protein subunit have been found in human: 16 α subunits, 5 β subunits, and 12 

γ subunits, each of which have specific expression patterns and different effector proteins (Simon 

et al, 1991; Downes and Gautam, 1999; Masuho et al, 2021). Based on sequence homology and 

functional properties, members of Gα subunits are divided into four classes: Gαs/olf, Gαi/o, Gαq/11, 

and Gα12 (Simon et al, 1991; Clapham and Neer, 1997; Downes and Gautam, 1999). The Gα 
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subunits contain a guanine nucleotide binding domain, a GTPase domain (for GTP hydrolysis), 

and binding sites for GPCRs, Gβγ dimers, and downstream effectors (Gether, 2000; Pierce et al, 

2002; Luttrell, 2006; Hilger et al, 2018). The Gβ subunit and Gγ subunit form a functional dimer, 

with 60 possible combinations of Gβγ dimers. The large array and complexity of these 

heterotrimeric G-protein subunits herein bestows receptors with great diversity in signaling 

capabilities, with almost 1000 possible heterotrimeric combinations for activated GPCRs (Simon 

et al, 1991; Clapham and Neer, 1997; Downes and Gautam, 1999; Masuho et al, 2021).  

2.6.1. G-Protein Activation of GPCR Signaling 

In their inactive state, heterotrimeric G-proteins are bound to GDP on their α subunits. Upon 

activation of GPCR by a ligand, either endogenous or exogenous, in the extracellular milieu, a 

change in GPCR conformation promotes exchange of GDP for GTP on the G-protein α subunit 

(Gether, 2000; Pierce et al, 2002; Luttrell, 2006; Hilger et al, 2018). This leads to dissociation of 

the Gα subunit and the Gβγ heterodimeric subunit from the ligand-bound GPCR. Subsequently, 

free Gα-bound GTP and Gβγ dimer can regulate the action of effector protein, such as ACs and 

ion channels, to produce small molecules that transmit signals intracellularly (Gether, 2000; Pierce 

et al, 2002; Luttrell, 2006; Hilger et al, 2018). The signaling outcome is thus dependent on the 

particular combination of ligand bound-GPCR, Gα and Gβγ subunits, and activated intracellular 

partners. This transduction process allows GPCRs to successfully transfer extracellular signaling 

“first messenger” into specific intracellular signaling “second messenger” (Gether, 2000; Pierce et 

al, 2002; Luttrell, 2006; Hilger et al, 2018). 

Signaling continues until there is hydrolysis of GTP to GDP, which inactivates Gα and results in 

its subsequent reassociation with the Gβγ dimer, thereby reforming the inactive heterotrimeric G-

protein once again (Hermans, 2003; Luttrell, 2006). The balance between active and inactive G-

protein states is modulated by two families of proteins: the guanine nucleotide exchange factors 

(GEFs), which promote active state formation by stimulating GDP-GTP exchange on the α 

subunits, and the GTPase activating proteins (GAP), which facilitate GTP hydrolysis to supress 

G-protein activity (Hermans, 2003; Luttrell, 2006). Moreover, regulators of G-protein signaling 

(RGS) are responsible for enhancing Gα GTPase activity and feedback regulation of G-protein 

functions as well integration of G-protein signaling with other cellular systems (Dohlman and 

Thorner, 1996; Hermans, 2003; Luttrell, 2006). 
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2.6.2. Pharmacological Multistates for GPCR  

GPCRs exist in a dynamic equilibrium between inactive (R) and active (R*) multi-state 

conformations (Lefkowitz et al, 1993; Pierce et al, 2002; Luttrell, 2006; Hilger et al, 2018). These 

conformations underlie the extended ternary complex model in response to pharmacological 

ligands (agonist, antagonist, and inverse agonist). Some GPCRs possess an inherent basal level of 

G-protein activation, referred to as constitutive activity. Indeed, agonist-independent activity of 

GPCRs modulate a variety of intracellular effector proteins secondary to G-protein activation. In 

the R* state, agonists promote conformational changes to activate and stabilize the receptor by 

maximizing G-protein binding. Constitutive activity, however, can be abrogated by inverse agonist 

binding which shifts the equilibrium toward R state and thus maintains receptors in the inactive 

conformation. Antagonists (neutral ligands) have an equal affinity for both R and R* states, and 

merely serve to block the ligand binding site for agonist and inverse agonist. Full and partial 

agonist/inverse agonist promote different degrees of receptor conformational change, which result 

in a maximal or partial G-protein activation, respectively (Lefkowitz et al, 1993; Pierce et al, 2002; 

Luttrell, 2006; Hilger et al, 2018). Fig. 1.3B. shows the pharmacological ligands and differences 

between DA receptors.  

2.6.3. Constitutive Activity of D1-Class Receptors 

Several GPCRs exhibit a tonic level of activation both in vivo and in vitro, known as constitutive 

activity (Lefkowitz et al, 1993; Zhang et al, 2014). Pharmacologically, receptor subtypes with 

constitutive activity generally have higher agonist potency (Lefkowitz et al, 1993). The high 

structural similarity of D1-class receptor subtypes makes it challenging to develop subtype-

selective ligands to investigate specific roles for these receptors (Zhang et al, 2014). However, 

functional differences are observed between D1R and D5R that account for subtype-specific 

signaling, both dependent and independent of ligand activation (Zhang et al, 2014). D5R displays 

higher constitutive AC activity and higher agonist potency than D1R (Tiberi and Caron 1994; 

Charpentier et al. 1996; Plouffe et al, 2010; Zhang et al, 2014). Structural differences between 

D1R and D5R are central to their unique pharmacological characteristics (Plouffe et al, 2010). 

Exchanging the CT domain between D1R and D5R lead to a full switch of their DA affinity and 

basal activity (Tiberi and Caron 1994; Jackson et al, 2000; Tumova et al, 2004; Zhang et al, 2014).  
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In the striatum, the constitutive activation of D2R, but not D1R, maintain the single spike firing of 

tonic DA release into target neurons (Costa and Schoenbaum, 2022). D5R agonist-independent 

constitutive activity facilitate the burst-firing activity in the STN, and contribute to the pathological 

firing of PD to inhibit STN (Baufreton et al, 2003; Chetrit et al, 2013). Thus, the application of 

D5R inverse agonist was shown to normalize the pathological firing to normal tonic firing, which 

result in attenuation of observed Parkinson-like motor impairment (Chetrit et al, 2013). Due to the 

lack of a subtype-selective inverse agonist or antagonist, the role of constitutive activity in normal 

and pathological situations for D1-class receptors has yet to be fully appreciated (Zhang et al, 

2014). 

2.7. GPCR-mediated Signaling Pathways 

GPCRs transmit signals mainly toward two transducer-coupled systems: the heterotrimeric G-

protein activation and G-protein—independent βArr-dependent signaling (Pierce et al, 2002; 

Luttrell, 2006; Beaulieu and Gainetdinov, 2011). The various structural elements in each activated 

receptor, including DA receptors, determine their preferential protein coupling to mediate the 

signaling pathway. The D1-class primarily acts through Gαs/olf-cAMP-PKA-DARPP-32-

dependent pathways. On the other hand, the D2-class acts via Gαi/o-cAMP-PKA-DARPP-32 and 

Gβγ-mediated signaling pathways (Beaulieu and Gainetdinov, 2011; Beaulieu et al, 2015). DA 

receptor-mediated signaling pathways regulate various physiological processes, e.g., cell survival, 

proliferation, and neuronal plasticity. Dysregulation in DA receptor signaling thus has important 

implications for various physiological and pathological processes (Beaulieu and Gainetdinov, 

2011; Beaulieu et al, 2015). Fig. 1.15. illustrates the canonical G-protein signaling events 

mediated by DA receptors.   

2.7.1. Gαs/olf-mediated cAMP-PKA Pathway 

The signaling of an active receptor is determined by the Gα subunit it is coupled to. Activation of 

Gα subunit that belongs to the Gαs/olf class or Gαi class leads to the activation or inhibition of AC, 

respectively (Tang and Gilman, 1992; Pierce et al, 2002; Luttrell, 2006; Beaulieu and Gainetdinov, 

2011). There are nine different isoforms of transmembrane AC and one soluble form of AC. Each 

of transmembrane AC composed of twelve membrane-spanning regions that together catalyze the 

conversion of ATP into cAMP, a second messenger that amplifies receptor signaling primarily by 

activating PKA or Exchange Protein Activated by cAMP (EPAC) (Fischer and Krebs, 1955;   



87 

 

 

Fig. 1.15. Canonical Signaling Cascades of D1- and D2-Class Receptors.  

Ligand-bound D1-class receptor coupled to Gαs/olf to activate AC-mediated cAMP-PKA pathway. D2-class receptors 

signaling pathways are mediated by Gαi/o and Gβγ subunits. Gαi/o exhibits an inhibitory effect on AC activity and 

decrease the level of cAMP, whereas Gβγ subunits stimulate PLC. In addition to D5R, D1R•D2R heterodimerization 

regulates the coupling of D1R to Gαq which stimulates PLC. PLC catalyzes the hydrolysis of PIP2 into DAG and IP3. 

IP3 increases the release of Ca2+ and Ca2+ and DAG then activates the PKC. AC; adenylyl cyclase; cAMP: adenosine 

3ʹ,5ʹ- cyclic monophosphate; CREB: cAMP response element-binding protein; DARPP-32: dopamine and cAMP-

regulated phosphoprotein 32kDa; PIP2, phosphatidylinositol-4,5-biphosphate; IP3, inositol trisphosphate; DAG, 

diacylglycerol; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; PP1, protein phosphatase 1; 

CaMKII, calcium/calmodulin-dependent PK II; PP2A: protein phosphatase 2A; PP2B: protein phosphatase 2B; Akt2: 

protein kinase B; GSK3: glycogen synthase kinase 3; GIRK: G protein-regulated inwardly rectifying K+ channel; 

MAPK: mitogen-activated protein kinase. Created with BioRender.com.
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Walsh et al, 1968; Tang and Gilman, 1992; Devasani and Yao, 2022; Ostrom et al, 2022).  

PKA is a tetramer protein, consisting of two regulatory subunits and two catalytic subunits (Søberg 

and Skålhegg, 2018). cAMP binding to regulatory subunit of PKA induces conformational changes 

within these subunits that cause them to dissociate from PKA catalytic subunits (Søberg and 

Skålhegg, 2018). The catalytic subunits of PKA then bind ATP to phosphorylate a wide range of 

effector proteins, including receptors, ion channels, and transcription factors (Søberg and 

Skålhegg, 2018). cAMP can be enzymatically degraded by cAMP phosphodiesterase (PDE) 

through cleavage of its phosphodiester bond, which generates AMP, thus terminating cAMP-

mediated signalling pathway (Luttrell, 2006; Søberg and Skålhegg, 2018). 

2.7.1.1. DA Receptor-mediated cAMP-PKA Pathway 

The D1-class receptors couple to Gαs/olf subunit to stimulate AC and enhance the production of 

cAMP (Miyamoto et al, 1968; Kebabian and Greengard, 1971; Kebabian et al, 1972; Beaulieu and 

Gainetdinov, 2011). In contrast, the D2-class receptors couple to Gαi/o subunit to inhibit AC, thus 

decreasing the intracellular cAMP level (Civelli et al, 1993; Jaber et al, 1996; Missale et al, 1998; 

Beaulieu and Gainetdinov, 2011; Beaulieu et al, 2015). Altered levels of cAMP induced by DA 

receptor activation thereby regulates PKA-mediated activation of several downstream targets, 

including DARPP-32, CREB, and ion channels, to modulate various biological processes such as 

neuronal excitability, synaptic transmission, plasticity, and gene expression (Missale et al. 1998; 

Greengard 2001a, b; Neve et al., 2004; Beaulieu and Gainetdinov, 2011). Interestingly, increased 

PKA activity could also be positively modulated by D2-class receptors. Indeed, activation of 

heterologously expressed D2R and D4R, but not D3R, leads to a Gβγ permissive stimulating effect 

of a select group of AC isoforms (AC2, AC4, and AC7), through the conditional activation of Gαs; 

thus, the stimulatory effect of Gαs on AC and likely PKA, is enhanced in the presence of free Gβγ 

dimers (Watts and Neve, 1997; Robinson and Caron, 1998; Neve et al, 2004).  

2.7.1.2. DA Receptor-mediated DARPP-32 Phosphorylation 

Greengard and colleagues discovered DARPP-32 and elucidated its mechanistic phosphorylation 

activity (Walaas et al, 1983; Halpain et al, 1990; Greengard 2001a, b). DARPP-32 is primarily 

expressed in MSNs, where it acts as a robust integrator of DA and glutamate signals through its 

modulation by both PKA and Ca2+ signaling (Svenningsson et al, 2004; Beaulieu and Gainetdinov, 
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2011). Indeed, DARPP-32 regulation is complex due to the existence of several phosphorylatable 

residues capable of modulating its functions (Greengard, 2001a, b; Svenningsson et al, 2004). D1- 

and D2-class receptor induced modulation of PKA respectively promote and inhibit 

phosphorylation of DARPP-32 at Thr34 (Nishi et al, 2000; Svenningsson et al, 2004; Bateup et al, 

2008). D2-class activation also increases intracellular Ca2+ to activate calmodulin-dependent 

protein phosphatase 2B (PP2B, also known as calcineurin), causing dephosphorylation of DARPP-

32 at Thr34 (Svenningsson et al, 2004). Thr34-DARPP-32 is a potent inhibitor of protein 

phosphatase 1 (PP1), thereby, promoting phosphorylation of different neurotransmitter receptors, 

including α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) and 

NMDAR (Hemmings et al, 1984). The psychostimulant cocaine increases Thr34-DARPP-32 

phosphorylation selectively in striatonigral neurons, whereas the antipsychotic haloperidol 

increases Thr34-DARPP-32 phosphorylation in striatopallidal neurons (Bateup et al, 2008; Bateup 

et al, 2010; Santini et al, 2012). The differential regulation of these two neuronal populations can 

explain the drug opposing behavioral effect, as they couple to opposing output pathways (Bateup 

et al, 2008). Although Thr34-DARPP-32 phosphorylation is not altered in 6-OHDA mice, Thr34 

phosphorylation is enhanced in dyskinetic mice treated with L-DOPA (Picconi et al, 2003). 

Furthermore, DARPP-32 is phosphorylated by casein kinase 1 (CK1) and casein kinase 2 (CK2), 

which respectively decrease and increase PKA-mediated Thr34 phosphorylation (Desdouits et al, 

1995). In contrast, cyclin-dependent kinase 5 (Cdk5) phosphorylates DARPP-32 at Thr-75, which 

increases PP2A activity, leading to reduced Thr34-DARPP-32 phosphorylation and PKA activity, 

along with enhanced PP1 function (Bibb et al, 1999). Ultimately, DA receptor-PKA-DARPP-32-

mediated signaling pathway is capable of both positively and negatively regulating the function of 

voltage-gated ion channels depending on cellular and physiological context.  

2.7.1.3. DA Receptor-mediated ERK1/2 Activation 

D1- and D2-class receptors regulate the mitogen-activated protein kinases (MAPKs), including 

extracellular signal-regulated kinase-1 and -2 (ERK1/2) (Beaulieu and Gainetdinov, 2011). 

Convergent activation of ERK1/2 via distinct signaling pathways imparts ERK1/2 with 

coincidence detector function that integrates the actions of DA with other neurotransmitter systems 

to control CREB phosphorylation (Beaulieu and Gainetdinov, 2011). Activation of D1-class 

receptors predominantly stimulates ERK1/2 activity, leading to modulation of numerous 
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physiological responses (Beaulieu and Gainetdinov, 2011). D1R is capable of activating ERK1/2 

through both a Gαs/olf-cAMP-mediated PKA cascade and through a pathway independent of PKA 

activity that utilizes the GEFs: RapGEF2 and EPAC2 (Woolfrey et al, 2009; Beaulieu and 

Gainetdinov, 2011; Jiang et al, 2017; Jiang et al, 2021). However, D1R-mediated ERK1/2 

activation involves both Gαs-cAMP pathway and cAMP-independent βArr cascade (Kaya, et al 

2020). Interestingly, a single-cell analytical approach examining the signaling crosstalk between 

cytosolic and nuclear PKA and ERK1/2 within striatal neurons demonstrated a novel role for D1R-

mediated ERK1/2 in promoting nuclear activation of PKA (Jones-Tabah et al, 2021). Fig. 1.16. 

illustrate the D1R-mediated ERK1/2 activation.  

Activation of D1R-PKA-mediated DARRP-32-Thr34 phosphorylation is found necessary for 

activation of ERK1/2 in striatum (Valjent et al, 2005; Gerfen et al, 2008). The psychostimulant 

cocaine and the antipsychotic haloperidol both increase ERK1/2 phosphorylation in the striatum, 

but within segregated populations of D1R- or D2R-expressing MSNs, respectively, thereby 

demonstrating that D2R normally functions to inhibit ERK1/2 activation within striatal neurons 

(Bertran-Gonzalez et al, 2008). Indeed, in 6-OHDA-lesioned mice, L-DOPA administration leads 

to ERK1/2 pathway activation through a D1R-dependent mechanism, thus underscoring the 

respective facilitatory and inhibitory roles of D1R and D2R on striatal ERK1/2 activation (Westin 

et al, 2007; Santini et al, 2009). Chronic L-DOPA administration in PD patients can trigger the 

onset of dyskinesia, which is associated with activation of ERK1/2 signaling in striatonigral MSNs. 

However, studies have also demonstrated that repeated L-DOPA treatment downregulates D1R-

mediated PKA and ERK1/2 activation (Santini et al, 2009; Jones-Tabah et al, 2020). 

2.7.1.4. DA Receptor-mediated CREB Phosphorylation 

Another important PKA substrate is Ser133 of the transcription factor CREB; this leads to 

transcription of genes with cAMP response element (CRE), which ultimately have an important 

role in synaptic plasticity (Konradi et al, 1994; Cole et al, 1994; Cole et al, 1995; Liu FC, Graybiel, 

1996; Shaywitz and Greenberg, 1999). Agonist activation of D1R, but not D2R, in striatal neurons 

selectively induces phosphorylation of CREB. Psychostimulants similarly increase CREB 

phosphorylation downstream of D1R activation (Cole et al, 1995; Das et al, 1997; Liu FC, 

Graybiel, 1998). Additionally, stimulation of D1R induces the PKA-CREB pathway through 
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phosphorylation of GluN1-containing NMDAR by PKA (Dudman et al, 2003). Gene transcription 

facilitated by CREB can also be promoted via activation of DARPP-32 and ERK1/2. 

2.7.2. Gαq-mediated Ca2+-PKC Pathway 

In addition to Gαs and Gαi, activated GPCRs, including DA receptors, that are coupled to Gαq 

subunit enhance the activity of phospholipase C (PLC), an enzyme catalyzing the hydrolysis of 

phosphatidylinositol bisphosphate (PIP2) into diacylglycerol (DAG) and inositol trisphosphate 

(IP3) (Pierce et al, 2002; Luttrell, 2006; Beaulieu et al, 2015). IP3 increases intracellular Ca2+ 

release through the activation of IP3 receptor on the endoplasmic reticulum (ER). DAG in 

cooperation with phosphatidylserine and Ca2+ activate PKC, which ultimately phosphorylates 

various receptors, kinases, and transcription factors (Pierce et al, 2002; Luttrell, 2006; Beaulieu et 

al, 2015). Both activation of PKC and increased intracellular Ca2+ have widespread regulatory 

effects on GPCRs and other cellular machinery. IP3 and DAG can also be enzymatically 

metabolized by phosphatidylinositol phosphatases and diacylglycerol kinases, respectively, to 

mediate signaling events (Pierce et al, 2002; Luttrell, 2006; Beaulieu et al, 2015).  

2.7.2.1. DA Receptor-mediated Gaq Pathway 

Activation of D5R, but not D1R, couples to Gαq-PLC-Ca2+ signaling pathway that regulates PKC-

mediated physiological responses (Felder et al, 1989; Undie and Friedman, 1990; Undie and 

Friedman, 1992; Undie et al, 1994; Friedman et al, 1997; Sahu et al, 2007; So et al, 2009; Lee et 

al, 2014a). Interestingly, while D1R alone cannot stimulate PLC signalling, George and colleagues 

show that co-activation of D1R and D2R within D1R•D2R heterodimers leads to Gαq-mediated 

PKC and Ca2+ signaling. Although D1R•D2R can couple to Gαq-mediated PLC, D1R-mediated 

Gαq coupling was observed in transfected HEK293 cells, whereas coupling to PLC was found in 

Ltk-fibroblast cells transfected with D1R alone, in which DA increased cytosolic Ca2+; thus other 

mechanisms or chaperones may direct this coupling (Liu et al, 1992; Okashah et al, 2019; Inoue 

et al, 2019). Indeed, both D1R•D2R heterodimers and D5R•D2R heterodimers couple to Gαq-

mediated PKC activation in striatal culture (Lee et al, 2004; So et al, 2005; Rashid et al, 2007; So 

et al, 2009; Hasbi et al, 2010; Verma et al, 2010; Perreault et al, 2010; Perreault et al, 2012). 

Although heterodimerization of D1R•D2R imply that both colocalize in MSNs, Lee and colleagues 

reported that 50% of neurons from striatal cultures show a colocalization of D1R and D2R, 
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Fig. 1.16. Mechanisms of D1R-mediated ERK1/2 Activation.  

D1R-mediated G-protein signaling and D1R-mediated βArr2 activation regulate the downstream signaling events. 

cAMP: adenosine 3ʹ,5ʹ- cyclic monophosphate; PKA, protein kinase A; DARPP-32: dopamine and cAMP-regulated 

phosphoprotein 32kDa; PP1, protein phosphatase 1; STEP: striatal-enriched tyrosine phosphatase; MEK1/2: mitogen-

activated protein kinase 1 and 2; ERK1/2: Extracellular signal-regulated protein kinases 1 and 2. Src: Src kinase; 

EPAC2: exchange protein directly activated by cAMP 2; Rap: Rap proteins; RapGEF2: Rap guanine nucleotide 

exchange factor 2; Rap1GAP: Rap1 GTPase-activating protein; RasGRP2: Ras guanyl-releasing protein 2; RasGRF1: 

Ras-specific guanine nucleotide-releasing factor 1; A-Raf: Raf isoform A; B-Raf: Raf isoform B; C-Raf: Raf isoform 

C. Created with BioRender.com.
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which suggests a potential role for the lack of afferent innervation in ex vivo culture in this high 

level of colocalization (Lee et al, 2004; Hasbi et al, 2010). In addition, the authors suggested that 

SKF83959, a D1R partial agonist, is highly biased to stimulate PLC, but not AC (Jin et al, 2003; 

Hasbi et al, 2010). However, other research groups showed that SKF83959 also mediates D1R and 

D5R coupling to and activation of AC (Ryman-Rasmussen et al, 2005; D'Aoust and Tiberi, 2010; 

Lee et al, 2014b). In contrast, D2R and D5R are expressed in cholinergic interneurons, suggesting 

that these interneurons might contain D5R•D2R heterodimers capable of activating Gαq-mediated 

signaling (Hasbi et al, 2010). Gαq mediating signaling via D1R•D2R and D5R•D2R heterodimers 

differs not only in neuronal localization (MSNs versus cholinergic interneurons), but also in its 

dependence on extracellular Ca2+ and Calcium/calmodulin-dependent protein kinase type II 

(CaMKIIα) activation, which is required only for D1R•D2R heterodimers (Hasbi et al, 2010; 

Perreault et al, 2016; Rico et al, 2017). Furthermore, the native heterodimerization of D1R•D2R 

was demonstrated from striatum and other brain regions of different species: rodent, monkey, and 

human (Perreault et al, 2016; Rico et al, 2017; Hasbi et al, 2018; Hasbi et al, 2020a, b). Despite 

the findings above, the existence of D1R•D2R heterodimer-mediated Gαq signaling remains 

controversial. The Javitch’s lab provided evidence against D1R•D2R heterodimer, and could not 

detect Gαq coupling to D1R, D2R, or D1R•D2R heterodimers, yet both D1R and D2R were found 

to be completely segregated in NAc shell and thus do not form a complex in this brain region 

(Frederick et al, 2015). To further complicate matters, postmortem striatal coimmunoprecipitation 

studies showed heterodimerization of D1R•D2R, and this complex is upregulated in subjects 

suffering major depression (Pei et al, 2010). The analysis also revealed that D1R-CT mediates the 

interaction with D2L-IL3 but not D2S-IL3 (Pei et al, 2010). This study also identified an 

interfering peptide of D2L-IL3 that disrupt D1R•D2R in vivo and exert antidepressant behavioral 

effect (Pei et al, 2010). 

2.8. β-Arrestins 

Arrestins act as important regulators of GPCRs by orchestrating a variety of physiological 

signaling and scaffolding mechanisms (Krupnick and Benovic, 1998; Pierce and Lefkowitz, 2001; 

Luttrell and Lefkowitz, 2002; Shenoy and Lefkowitz, 2011; Wess et al, 2023). Structurally, 

arrestins contains two major domains (N and C), which consist of large β-sheets and connecting 

loops (Krupnick and Benovic, 1998; Wess et al, 2023). Arrestins are divided into two different 
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classes, retinal arrestins and βArrs, based on their sequence homology, tissue distribution, and how 

they regulate GPCR functions (Krupnick and Benovic, 1998). Retinal arrestins, consisting of 

visual arrestin (arrestin1) and cone arrestin (arrestin4), exclusively bind to rhodopsin and opsin 

receptors, respectively (Krupnick and Benovic, 1998). βArrs, comprising βArrestin1 (βArr1 

“arrestin2”) and βArr2 (arrestin3), are ubiquitously expressed in all tissues and act on most 

GPCRs (Krupnick and Benovic, 1998). βArr1 and βArr2 have 78% sequence homology and 

exhibit similar localization and modulation of GPCR function; nonetheless, important differences 

among them are observed (Krupnick and Benovic, 1998). Rhodopsin-class receptors, including 

DA receptors, have higher binding affinity for βArr2 than for βArr1 (Oakley et al, 2000; Pierce 

and Lefkowitz, 2001). Given how many different non-visual GPCRs are seemingly regulated by 

the βArrs, various mechanisms for GPCR•βArr binding interactions are essential to ensure a 

specific modulation of GPCR activity. Studies from mutant mice showed that βArrs play critical 

roles in regulating numerous central and peripheral behaviors (Gainetdinov et al, 2004; Wess et 

al, 2023).  

2.8.1. GPCR Binding to β-Arrestin  

The binding of GPCR to βArr is influenced by various factors, and are classified into two major 

classes, depending on the translocation of βArrs to the activated GPCRs (Ferguson, 2001). Class-

A GPCRs, including adrenergic receptor, opioid receptors, and DA receptors, have higher affinity 

towards βArr2, whereas class-B GPCRs (e.g., angiotensin receptors and vasopressin receptors), 

have similar affinity to both βArr isoforms (Ferguson, 2001). These characteristic differences 

derived mainly from Ser/Thr clusters of class-B GPCR-CT, but not class-A. Following the 

internalization of GPCR•βArr complex, βArr2 is easily dissociated from class-A GPCR, but not 

with class-B GPCRs. Differences in βArrs affinity eventually induces different patterns of 

signaling and trafficking of GPCR•βArr complex (Ferguson, 2001).  

2.8.2. Interaction Modes of β-Arrestins  

βArrs employ dynamic, biphasic mechanisms to engage with receptors (Kang et al, 2015; Kahsai 

et al, 2018). Two different modes of interaction contribute to phosphorylated GPCR•βArr complex 

formation: tail and core interactions (Shukla et al, 2014; Kahsai et al, 2018). βArr tail interactions 

involve phosphorylated residues on CT of GPCR, whereas βArr core interactions occur with 
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transmembrane regions of GPCR (Shukla et al, 2014). These tail and core interactions are mediated 

by two different sites on βArr, namely, phosphorylation and activation sensors, respectively 

(Shukla et al, 2014; Kahsai et al, 2018). The conformational arrangement of GPCR•βArr complex 

usually preclude engagement with G-protein heterotrimer but facilitate bimodal βArr-mediated 

signaling effects (Cahill et al, 2017; Eichel et al, 2018; Latorraca et al, 2018; Kahsai et al, 2018; 

Maharana et al, 2023; Maharana et al, 2024). Interestingly, recent findings suggest that 

phosphorylated CT of D1R drives βArr2 recruitment, whereas D1R-IL3 is responsible for βArr2 

activation, thus implying distinct functions for βArr2 tail and core interactions with D1R (Kaya et 

al, 2020; Moritz et al, 2023). Ultimately, these two processes lead to receptor internalization and 

D1R-mediated ERK1/2 activation. 

2.8.3. β-Arrestin-mediated Signaling  

βArrs are multifunctional adapter proteins that regulate a variety of cellular functions 

independently from canonical G-protein signaling (Pierce and Lefkowitz, 2001; Luttrell and 

Lefkowitz, 2002; Shenoy and Lefkowitz, 2011; Shukla et al, 2011; Wess et al, 2023). While βArrs 

do not have intrinsic signaling function, as they lack kinase and phosphatase activity, their 

scaffolding properties enable the recruitment of different signaling proteins capable of initiating 

signaling pathways in conjunction with different GPCRs (Shenoy and Lefkowitz, 2011; Shukla et 

al, 2011). Indeed, βArrs have been demonstrated to facilitate the activation of multiple downstream 

signaling proteins including members of ERK1/2 and Jun N-terminal kinase 3 (JNK3) cascades, 

Src family kinases, and receptor tyrosine kinases (Shenoy and Lefkowitz, 2011; Shukla et al, 

2011). Luttrell, Ferguson, and colleagues described the first signaling function of βArrs—βArr1, 

in which activated β2AR bound to the tyrosine kinase c-Src and mediated its activation (Luttrell et 

al, 1999). Following this landmark finding, numerous GPCRs were shown to be regulated by βArr 

signalling, which was demonstrated to have important physiological functions (McDonald et al, 

2000; Luttrell et al, 2001; Shenoy et al, 2001; Perry et al, 2002; Bhattacharya et al, 2002). One 

noteworthy example from Caron’s lab involved a novel βArr2•Akt•PP2A signalling complex that 

forms in response to D2R activation and triggers the inhibition of lithium-sensitive 

phosphoinositide 3-kinases (PI3K)/Akt to modulate glycogen synthase kinase 3 (GSK3) signaling 

(Beaulieu et al, 2004; Beaulieu et al, 2005; Beaulieu et al, 2008). 
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2.8.3.1. D1R-mediated β-Arrestin Signaling 

βArr2 also contributes to D1R-mediated activation of Src and ERK1/2 in a manner independent 

of cAMP (Kaya et al, 2020). Interestingly, phosphorylated D1R can simultaneously bind Gαs and 

βArr2 to activate ERK1/2 cascade in a synergistic manner (Kaya et al, 2020). It is hypothesized 

that ERK1/2 signaling could be a bridge for the crosstalk between D1R-mediated Gαs-cAMP 

signaling, and D1R-mediated βArr2 signaling (Kaya et al, 2020). Notably, the initial ERK1/2 

activation mediated by D1R•Gαs enhances the ERK1/2-dependent βArr2 signaling of D1R, 

suggesting that βArr2, but not Gαs, is obligatory for ERK1/2 activation by D1R (Kaya et al, 2020). 

Urs and colleagues provided potential role for D1R-depndent βArr2•pERK1/2 signaling complex 

in mediating psychomotor activation, but not the rewarding properties, of morphine (Urs et al, 

2011). βArr1-KO model exhibits a reduced locomotor activity in response to apomorphine, a non-

selective DA agonist, suggesting that βArr1 positively modulates behavioral D1R response 

(Gainetdinov et al, 2004). However, the contribution of βArr2 to D5R signaling remains to be 

examined. 

2.8.3.2. GPCR•Gαs•β-Arrestin Signaling 

Contrary to the classical paradigm, under some circumstances G-protein coupling to receptor can 

occur in the presence of βArr; these tripartite complexes are termed super-complexes or 

“megaplexes” (Marshall, 2016; Nguyen and Lefkowitz, 2021). Such super-complexes appear to 

exert a unique cellular function. In particular, the Bouvier and Lefkowitz groups showed that some 

GPCRs bound to βArrs activate Gαs from within internalized cellular compartments, resulting in 

sustained endosomal cAMP signaling (Thomsen et al, 2016). Interestingly, von Zastrow’s group 

showed that D1R mediates endosomal cAMP signaling (Kotowski et al, 2011). Whether βArr2 

contributes to this endosomal signaling remains to be determined. 

2.8.3.3. GPCR•Gαi•β-Arrestin Signaling 

Noncanonical scaffolding of GPCR•Gαi•βArr2 has been observed to occur in a manner 

independent of the canonical Gα protein subtype for a given GPCR (Smith et al, 2021). D1R, 

among other GPCRs coupling to Gαs, formed D1R•Gαi•βArr2 ternary complex in response to 

agonist treatment, but did not form complex with Gαs•βArr2. This unexpected tripartite 
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D1R•Gαi•βArr2 complex could conceivably have unique signaling signatures compared to both 

D1R•Gαs and D1R•βArr2 (Smith et al, 2021). 

2.8.4. Biased GPCR Signaling 

In response to ligand binding, GPCRs can adopt multiple different conformational states that 

depend on the particular ligand, and facilitate downstream signaling through G-protein and/or βArr 

(Violin and Lefkowitz, 2007; Shenoy and Lefkowitz, 2011; Shukla et al, 2011; Smith et al, 2018; 

Wess et al, 2023). Indeed, ligands can induce distinct active receptor conformations that exhibit 

bias (also termed “functional selectivity”) toward either G-protein- or βArr-mediated signaling 

pathways capable of producing distinct physiological effects (Violin and Lefkowitz, 2007; Shukla 

et al, 2011). Recent studies also suggested extended biased signaling for the GPCR among G-

protein subunits and βArr isoforms, implying a complex picture of functional selectivity of 

GPCRs. Taking into account biased GPCR signaling, thus might aid the development of improved 

pharmacological treatment options for GPCR-related diseases (Shukla et al, 2011; Smith et al, 

2018). Fig. 1.17. depicts the signaling pathway of balanced and biased ligand-bound GPCR.  

2.8.4.1. Biased D1R Signaling 

A study by Sibley’s lab showed that D1R activated with benzazepine agonists (SKF83959, 

SKF38393, SKF82957, SKF77434, and SKF75670) induced cAMP accumulation but failed to 

recruit βArr2 or promote D1R internalization (Conroy et al, 2015). Interestingly, the biased 

signaling was unique for D1R, as the same compounds stimulated both D5R-mediated cAMP 

production and βArr2 recruitment (Conroy et al, 2015). A study from Biogen, Inc. led by Michael 

Ehlers reported a novel series of selective, potent, non-catechol D1R agonists (PF1119, PF2334, 

PF6142, and PF8294) that enhance cAMP levels but exhibit minimal D1R desensitization and 

recruitment of βArr2 (Gray et al, 2018). These findings suggest that the above-mentioned 

compounds are biased ligands for D1R-mediated Gαs pathway. In contrast, a biased ligand for 

D1R-mediated βArr2 signaling has yet to be discovered. Identification of such a ligand is indeed 

desired for its potential therapeutic value in improving the treatments of various neuropsychiatric 

diseases, for which side effects of current treatment regimens might be attributed to excessive 

activation of G-protein mediated signaling.  
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Fig. 1.17. Ligand-Bound GPCR Signaling Pathway.  

(A) Balanced agonist binding to a balanced receptor in an unbiased system. (B, C) Biased agonism is encoded through 

a ligand that preferentially signal through GPCR•G-protein (B) or GPCR•βArrs (C). Created with BioRender.com. 
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2.8.4.2. Functional Selectivity of D1R-mediated Gα Subunits in the Brain  

Intriguingly, D1R agonist, DHX, acts as a full agonist with Gαs- and a partial agonist with Gαolf-

dependent signaling (Yano et al, 2018). Gαs and Gαolf differentially predominate stimulatory Gα 

subunits in the cortex and striatum, respectively (Hervé et al, 1993). Consequently, DHX behaves 

as a full D1R agonist in the cortex, but with low efficacy in striatum. This reciprocal effect of DHX 

on D1R-mediated Gαs and Gαolf signaling potentially provides therapeutic benefit of DHX 

targeting cortical, but not striatal, D1R in neuropsychiatric disorders (Yano et al, 2018). 

2.9. G-Protein Coupled Receptor Kinases  

The activated state of GPCRs acts not only as an activator of G-proteins, but also as a substrate for 

protein phosphorylation by GRKs (Gainetdinov et al, 2004; Ribas et al, 2006). GRK-mediated 

receptor phosphorylation is one of the well-characterized mechanisms for GPCR homologous 

desensitization to increase the receptor binding affinity for βArrs. GRKs are classified in three 

subfamilies based on sequence and functional similarity: the GRK1 subfamily consists of 

rhodopsin GRKs (GRK1 and GRK7); the GRK2 subfamily consists of β-adrenergic receptor 

kinases (GRK2 and GRK3); and the GRK4 subfamily consists of GRK4, GRK5, and GRK6. These 

seven highly ubiquitous kinases are all catalytically activated by stimulated GPCRs, but differ in 

their specificity for phosphorylating a particular subset of receptors (Gainetdinov et al, 2004; Ribas 

et al, 2006). Co-expression of GRK isoforms with different GPCRs generally promotes agonist-

induced phosphorylation of the receptor, in which GRK KO-cells were utilized to validate such a 

phenotype. Moreover, Gβγ binds to and mediates translocation of GRK2 and GRK3 to the plasma 

membrane to modulate the agonist-stimulated phosphorylation of the receptor (Pitcher et al, 1992; 

Daaka et al, 1997).  

2.9.1. Role of GRKs in Parkinsonian Models  

Studies from mutant mice suggested essential roles of GRK isoforms in normal physiological 

functions, e.g., cardiac development (Jaber et al, 1996b; Peppel et al, 1997; Gainetdinov et al, 

2004). Interestingly, Bezard’ group showed that GRK6 plays an important role in D1R-mediated 

LID. They showed that dyskinesia is attenuated by lentivirus-mediated overexpression of GRK6 

in the striatum in MPTP-lesioned monkey, in which reduction of GRK6 concentration exacerbated 

dyskinesia (Ahmed et al, 2010). These findings suggest that the increased availability of GRK6 
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ameliorates dyskinesia and increases duration of the antiparkinsonian action of L-DOPA (Ahmed 

et al, 2010).  

2.10. Regulation of GPCR Trafficking: Desensitization and Resensitization  

Activated GPCRs initiate different regulatory mechanisms mediated by βArr signaling pathway 

independently of G-protein activation. In the classical model of GPCR regulation, βArrs terminate 

receptor signalling by blocking further G-protein activation (Ferguson, 2001). This regulation 

occurs in different steps, in which the receptor undergoes the following temporally distinct 

regulatory processes: phosphorylation, desensitization, internalization, and resensitization 

(Premont et al, 1995; Ferguson et al, 1996a; Pierce and Lefkowitz, 2001; Ferguson, 2001; Sun and 

Kim, 2021; Wess et al, 2023). Fig. 1.18. illustrates the GPCRs desensitization and trafficking 

mechanisms.  

2.10.1. GPCR Homologous Desensitization  

Following ligand binding and subsequent G-protein activation, the intracellular regions of GPCRs 

get phosphorylated to begin the process of desensitization (Ferguson et al, 1996b; Pierce and 

Lefkowitz, 2001; Ferguson, 2001). Specifically, activated receptors bind GRKs that phosphorylate 

Ser/Thr residues present in the receptor IL3 and CT regions (Benovic et al, 1986b; Strasser et al, 

1986; Sibley et al, 1986; Lohse et al, 1990; Pippig et al, 1993; Barak et al, 1994; Tsuga et al, 1994; 

Ferguson et al, 1995; Freedman et al, 1995; Barak et al, 1997; Zhang et al, 1999; Ferguson, 2001). 

This serves to recruit βArrs and induce the loss of responsiveness of receptors for their respective 

ligands. Indeed, GRK-phosphorylated receptors have higher affinity for βArrs, which, when bound 

to GPCR, blocks GPCR—G-protein interactions and serves as a docking site for endocytic 

machinery proteins to facilitate internalization (Lohse et al, 1990; Ferguson, 2001).  

Internalization is the rapid removal of phosphorylated receptor from plasma membrane to 

intracellular compartments, in which the sequestered receptor can still mediate signaling, but is 

unable to interact with the extracellular environment (Pierce and Lefkowitz, 2001; Ferguson, 

2001). The CT of βArr contains binding motifs for clathrin and adapter protein-2 (AP-2), which 

facilitate the internalization processes (Goodman et al, 1996; Laporte et al, 1999; Laporte et al, 

2000; Ferguson, 2001; Laporte et al, 2002; Grimes et al, 2023). These endocytic proteins aggregate 

at the membrane to form a pit, which becomes further invaginated and ultimately cleaved by the 
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GTPase dynamin, in an overall process known as clathrin-mediated endocytosis (van der Bliek et 

al, 1993; Hinshaw and Schmid, 1995; Takei et al, 1995; Pucadyil and Schmid, 2008). The end 

result of this process is fully-internalized clathrin-coated vesicles containing GPCRs (Zhang et al, 

1996; Ferguson, 2001; Kim and Benovic, 2002). The phosphorylated receptor complex then 

becomes part of an early endosome in the cytoplasm, at which point the stability of the 

receptor•βArr complex primarily determines the sorting fate of the sequestered receptor (von 

Zastrow et al, Kobilka, 1992; Ferguson et al, 1996b; Oakley et al, 1999; Ferguson, 2001; Seachrist 

and Ferguson, 2003). 

Internalized receptors that experience a strong and long-lasting interaction with βArr are targeted 

to the late endosome, where receptors are either recycled back (resensitized) to the plasma  

membrane following receptor dephosphorylation, or degraded by lysosomal proteins (von Zastrow 

et al, Kobilka, 1992; Yu et al, 1993; Barak et al, 1994; Zhang et al, 1999; Oakley et al, 1999; 

Oakley et al, 2000; Ferguson, 2001). The endosomal trafficking of internalized receptors is 

orchestrated in large part by Rab family of small GTPase proteins which are involved in the 

budding, transport, docking and fusion of intracellular vesicles (Seachrist and Ferguson, 2003). 

Internalization might not be mandatory for the resensitization of receptor responsiveness because 

under certain circumstances receptors are weakly bound to βArr and capable of being rapidly 

dephosphorylated at the cell surface without being subjected to endocytosis and recycling. GPCR 

responsiveness is also regulated by two other endocytic pathways that function independently of 

βArr and clathrin activity: dynamin-dependent caveolae-mediated endocytosis and dynamin-

independent fast-endophilin-mediated endocytosis (Ferguson et al, 1996a; Pierce and Lefkowitz, 

2001; Ferguson, 2001). 

2.10.1.1. Regulation of D1-Class Receptors: Homologous Desensitization  

D1-class receptors undergo agonist-induced desensitization and resensitization both in vitro and 

in vivo, which is important for modulating various physiological functions, e.g., neuronal  

excitability (Ariano et al, 1997; Dumartin et al, 1998; Martin-Negrier et al, 2006; Kotowski et al, 

2011). D1R initially undergo DA-induced phosphorylation, and overexpression of GRK2, GRK3, 

GRK4, and GRK5, but not GRK6, promote further D1R phosphorylation in heterologous cells 

(Tiberi et al, 1996; Barak et al, 1997; Gardner et al, 2001; Mason et al, 2002; Rankin et al, 2005;
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Fig. 1.18. Schematic Diagram of GPCR Desensitization and Resensitization.  

Signaling cascades of GPCR signaling is regulated in many events; 1: exposure to ligand leads to rapid uncoupling of 

the GPCR from its G-protein due to receptor phosphorylation by GRKs on the CT and/or IL3; 2: phosphorylation of 

activated GPCR by GRKs promotes the binding of β-arrestins to phosphorylated receptors, which disrupts the 

GPCR/G protein interaction leading to desensitization; 3: following receptor phosphorylation, GPCR-βArr complex 

is targeted for endocytosis and dynamin-dependent internalization of GPCRs occurs through clathrin-coated vesicles; 

4: internalized GPCRs are sorted into 5: lysosomes for degradation or 6: dephosphorylated and recycled back to the 

cell surface. Created with BioRender.com.
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Sedaghat and Tiberi, 2011). Moreover, GRK4 constitutively phosphorylates D1R, inhibits D1R-

mediated cAMP, and promotes internalization of D1R (Rankin et al, 2006). GRK2 and GRK3 

associate with D1R in vivo and in vitro, and desensitization of D1R is significantly enhanced in 

cells expressing GRK3 relative to GRK2 (Tiberi et al, 1996; Sedaghat and Tiberi, 2011). In L-

DOPA treated 6-OHDA rats, GRK6 viral expression normalizes the altered D1R signaling in 

dMSN by promoting D1R internalization, and the attenuated D2R signaling in iMSN by reducing 

the enkephalin expression (Ahmed et al, 2010). 

GRK2 further enhances βArr2 translocation to the plasma membrane following agonist stimulation 

of D1R (Barak et al, 1997). Both βArrs do not contribute equally to regulation of D1R and D5R, 

with both receptors exhibiting greater affinity for βArr2 than βArr1 (Zhang et al, 1999; Oakley et 

al, 2000; Kim et al, 2004; Macey et al, 2005; Thompson and Whistler, 2011). Activated D1-class 

receptors transiently interact with βArr2 at the plasma membrane, and while they undergo 

internalization, they quickly dissociate from βArr2 as they are trafficked in endosomes (Zhang et 

al, 1999; Kim et al, 2004; Macey et al, 2005; Thompson and Whistler, 2011). The endocytosis of 

D1R and D5R are mediated mainly by a βArr2, clathrin, and dynamin-dependent pathway (Zhang 

et al, 1999; Kim et al, 2004; Macey et al, 2005; Thompson and Whistler, 2011). However, 

internalized D1R and D5R are inefficiently targeted for endosomal degradation; instead they 

quickly resensitize to the plasma membrane (Vickery and von Zastrow, 1999; Jackson et al, 2002; 

Kotowski et al, 2011; Thompson and Whistler, 2011). D1R also undergo caveolar endocytosis, 

independent of the clathrin-mediated pathway (Kong et al, 2007). 

Importantly, IL3 and CT of D1R harbor the structural elements required to mediate agonist-

induced desensitization and resensitization (Jackson et al, 2002; Lamey et al, 2002; Mason et al, 

2002; Vargas and Von Zastrow, 2004; Macey et al, 2005; Sedaghat and Tiberi, 2011). David Sibley 

proposed that under basal conditions, the CT of D1R is in close association with the IL3, and that 

agonist binding induces conformational changes allowing G-protein coupling but also renders the 

receptor a substrate for GRK-mediated phosphorylation (Kim et al, 2004). GRK binds to and 

phosphorylates Ser/Thr residues of CT of D1R, which leads to IL3 phosphorylation and ultimately 

βArr2 recruitment and disrupts G-protein coupling (Kim et al, 2004). Thus, IL3 phosphorylation 

is dependent on CT phosphorylation (Jackson et al, 2002; Kim et al, 2004; Kaya et al, 2020; Moritz 

et al, 2023).  
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2.10.1.2. GPCR Heterologous Desensitization    

Various signaling events within a cell can also lead to GPCR phosphorylation by second 

messenger-dependent protein kinases, such as PKA and PKC, though a process termed 

heterologous desensitization that causes a generalized loss of GPCR responsiveness (Pierce and 

Lefkowitz, 2001; Pierce et al, 2002; Sun and Kim, 2021). This process does not require a receptor 

to be bound to its respective agonist and can therefore occur following the activation of other 

nearby receptors. GPCR phosphorylation from heterologous desensitization processes is generally 

targeted to receptor regions that disrupt G-protein coupling (Pierce and Lefkowitz, 2001; Pierce et 

al, 2002; Sun and Kim, 2021). 

2.10.1.3. Regulation of D1 Class Receptors: Heterologous Desensitization 

D1-class receptors undergo subtype-specific heterologous desensitization. Studies from the Tiberi 

lab and other research groups have demonstrated that phorbol-12-myristate-13-acetate (PMA) 

induces PKC-mediated desensitization and resensitization of D1R and D5R, respectively, which 

is facilitated by the IL3 (Jackson et al., 2005; Rankin and Sibley, 2010; Thompson and Whistler, 

2011; Plouffe et al, 2012). D5R, but not D1R, undergo endocytosis secondary to heterologous 

signaling events, in a clathrin- and dynamin-dependent process, independent of βArr2 activity 

(Thompson and Whistler, 2011).  

2.11. Dopamine Receptor-Interacting Proteins 

GPCRs physically interact with numerous proteins to form large signaling complexes that shape 

different properties of the receptor. Indeed, the particular complement of protein-protein 

interactions associated with a given GPCR influence its pharmacology, G-protein coupling, βArr2 

recruitment, signaling pathway activation, localization, and trafficking. Dopamine Receptor-

Interacting Proteins (DRIPs) interact primarily with IL3 and CT of DA receptors in a subtype-

specific manner to ensure proper receptor folding, surface expression, and signaling function (Yao 

et al, 2008; Scott and Aperia, 2009; Wang et al, 2012). However, the mechanisms regulating DRIP 

targeting to DA receptors, and subsequent modulation of DA receptor trafficking and signaling are 

largely unexplored. DRIPs include receptor heterodimers, channels, scaffolds, adaptors, 

cytoskeletal and signaling proteins (Yao et al, 2008; Scott and Aperia, 2009; Wang et al, 2012; 
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Misganaw, 2021). Table 1.2. summarizes the D1-class receptors interacting proteins with non-

canonical GPCR signaling (G-proteins, GRKs, βArrs). 

2.11.1. DA Receptor Modulation of GABA and Glutamate Neurotransmission 

Dopaminergic transmission is intricately linked with both inhibitory GABAergic transmission and 

excitatory glutamatergic transmission through respective DA receptor interactions with ionotropic 

GABA and glutamate receptors (Yao et al, 2008; Scott and Aperia, 2009; Wang et al, 2012). 

GABA is the primary inhibitory neurotransmitter in the brain, exerting its function through two 

postsynaptic receptors: ionotropic GABAA receptor (GABAAR) and metabotropic GABAB 

receptor (GABABR) (Cherubini and Conti, 2001; Bowery and Smart, 2006). GABAAR mediate 

fast inhibitory synaptic transmission at the vast majority of inhibitory synapses (Cherubini and 

Conti, 2001; Bowery and Smart, 2006). GABAAR physically interacts with D5R, but not D1R, 

and the activation of this complex attenuates GABAAR-mediated inhibitory postsynaptic currents 

and D5R-mediated cAMP production (Liu et al, 2000). These findings thus suggest that 

D5R•GABAAR complex functions as a brake on both GABAergic and dopaminergic transmission. 

Glutamate is the most abundant excitatory neurotransmitter in the brain, and is capable of 

activating three ionotropic receptors: AMPAR, NMDAR and kainate receptor, and eight 

metabotropic glutamate receptors (mGluRs) (Carroll and Zukin, 2002; Cull-Candy and 

Leszkiewicz, 2004; Niciu et al, 2012). AMPAR and NMDAR are critically involved in fast 

excitatory synaptic transmission along with other important brain functions, such as synaptic 

plasticity and neurodevelopment (Carroll and Zukin, 2002; Cull-Candy and Leszkiewicz, 2004; 

Niciu et al, 2012). Indeed, NMDAR dysfunctions have been linked to various neurological 

disorders, including PD and schizophrenia, two conditions well-known to have concomitant 

impairments in dopaminergic function (Carroll and Zukin, 2002; Cull-Candy and Leszkiewicz, 

2004; Gonzalez et al, 2015).  

Excitatory synapses, rich in glutamate receptors, are most often localized on dendritic spines, a 

neuronal compartment where DA receptors are also commonly present (Carroll and Zukin, 2002; 

Kim and Sheng, 2004; Yao et al, 2008; Scott and Aperia, 2009; Wang et al, 2012). The 

postsynaptic density (PSD) is a specialized structure at the spine’s head containing a multitude of 

proteins organized by dedicated scaffolding proteins, such as PDZ (PSD95, drosophila Disc large, 

and tight junction Zona occludens-1)-containing proteins (Carroll and Zukin, 2002; Kim and 
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Sheng, 2004). These scaffolding proteins are especially critical for proper glutamate receptor 

localization, trafficking and signaling within the PSD, and could also conceivably anchor DA 

receptors to facilitate integration of dopaminergic and glutamatergic transmission (Carroll and 

Zukin, 2002; Kim and Sheng, 2004; Yao et al, 2008; Scott and Aperia, 2009; Wang et al, 2012; 

Dunn and Ferguson, 2015; Zhu et al, 2016; Won et al, 2017). 

2.11.2. Modulation of D1R•NMDAR Complex 

NMDAR is one of the most extensively studied DRIPs in the context of its interactions with both 

D1R and D2R, which play a crucial role in maintaining optimal balance of dopaminergic-

glutamatergic transmission, independently of classical second messenger signaling (Liu et al, 

2006; Yao et al, 2008; Wang et al, 2012). Through a series of studies from different research 

groups led by Fang Liu, Anita Aperia, and Christina Missale, several important findings were 

made concerning the relationship between D1R and NMDAR: i) D1R and NMDAR are 

colocalized in the PSD; ii) D1R, but not D5R, physically interact with NMDAR via their CT; iii) 

NMDAR regulates the cellular distribution of D1R at the plasma membrane; iv) NMDAR 

activation increases surface expression and cAMP production of D1R, while abolishing agonist-

induced D1R endocytosis; v) NMDAR activation traps diffusible D1R in spines, as well increases 

the number of D1R-positive spines; vi) D1R activation suppresses NMDAR-mediated currents by 

decreasing NMDAR synaptic trafficking; vii) D1R activation exerts a neuroprotective effect by 

attenuating NMDAR-induced apoptosis through a PI3K-dependent mechanism (Scott et al, 2002; 

Lee et al, 2002; Fiorentini et al, 2003; Pei et al, 2004; Scott et al, 2006; Kruusmagi, et al. 2009; 

Wang et al, 2012). These findings clearly demonstrate a great importance for D1R•NMDAR 

complex in linking together dopaminergic and glutamatergic neurotransmission.  

2.11.3. Modulation of D1R•mGluR5 Complex 

Metabotropic glutamate type 5 (mGlu5) is highly expressed in brain, and particularly colocalized 

with D1R in striatonigral pathway (Sebastianutto and Cenci, 2018). Several lines of evidence 

indicate that antagonism of mGluR5 is of special interest for the treatment of LID (Mela et al, 

2007; Sebastianutto and Cenci, 2018). A recent study from Cenci’s and Perroy’s group suggests 

that D1R and mGluR5 form a heterodimer in vivo and in vitro, and activation of D1R•mGluR5 

complex coupled to Gαq promotes cAMP production and Ca2+ release by their respective agonist 

(Sebastianutto et al, 2020). This suggests that the allosteric interaction between D1R and mGluR5 
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allows biased signaling for D1R through Gαq-PLC-Ca2+ pathway (Sebastianutto et al, 2020). 

Interestingly, endogenous D1R•mGluR5 interaction is significantly increased in DA-denervated 

striatum, and further recruitment is observed following L-DOPA treatment (Sebastianutto et al, 

2020). D1R•mGluR5 synergistically activates PLC signaling, and the inhibition of PLC or 

mGluR5 reduces D1R-mediated dyskinesia (Sebastianutto et al, 2020). These findings 

demonstrated the importance of the physiological D1R•mGluR5 complex and disrupting this 

complex potentially provide promising therapeutic approach for LID treatment. 

2.12. Subcellular Neuronal Localization of D1-Class Receptors 

D1-class receptor subtypes expressed or co-expressed in different brain regions and have 

significant impact on neuronal plasticity (Bergson et al, 1995b). Both D1R and D5R are highly 

mobile, primarily transported via lateral diffusion in the dendritic tree, and are localized 

postsynaptically at the dendritic spines (Scott et al, 2002; Scott et al, 2006; Kruusmägi et al, 2009). 

Both receptor subtypes are abundant in the dendrites, but D1R is highly localized in spine’s head, 

while D5R is more expressed in spines’ neck (Bergson et al, 1995b; Scott et al, 2006; Kruusmägi 

et al, 2009). Differences in subcellular localization of D1R and D5R within the spines imply that 

both have different, not redundant, physiological functions within pyramidal neurons (Scott et al, 

2006; Kruusmägi et al, 2009).  

D1R and D5R differentially interact with glutamatergic and GABAergic receptors to modulate 

synaptic plasticity (Liu et al, 2000; Scott et al, 2002). Activation of NMDAR in striatal neuronal 

culture was shown to restrict the mobility of D1R and increase the formation of D1R-positive 

spines, while having no effect on D5R diffusion or spine localization (Scott et al, 2002; Scott et 

al, 2006; Kruusmägi et al, 2009). D1R functionally interacts and colocalizes with NMDAR in the 

PSD and demonstrates a direct modulation of fast excitatory synaptic transmission (Lee et al, 

2002). In contrast, the GABAAR colocalizes with D5R in hippocampal neuronal culture, and the 

physical association between GABAAR and D5R, but not D1R, dynamically regulates the 

inhibitory synaptic transmission (Liu et al, 2000).  

By using high resolution single-molecule imaging approach, Laurent Groc and colleagues showed 

that D1R and D5R are highly dynamic at the surface of hippocampal neurons and have different 

interactome signatures in the synapse (Ladepeche et al, 2013a, b; Maingret and Groc, 2021).
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Table 1.2. Summary of D1-Class Receptor Interacting Proteins with non-Canonical GPCR Signaling (G-

proteins, GRKs, βArrs). Other functions may have been reported by these DRIPs that were not discussed in this 

summary table. H3R: Histamine 3 receptor; σ1R: Sigma-1 receptor; PSD95: Post-synaptic density 95 protein; 

SynGAP: Synaptic Ras GTPase-activating protein; GSK-3β: Glycogen synthase kinase-3β; DRiP78: Dopamine 

receptor interacting protein-78; γ-COP: gamma subunit of the coatomer protein complex; NF-M: Neurofilament-M; 

NSF: N-ethylmaleimide-sensitive factor; NSC-1: Neuronal calcium sensor-; SNX-1: Sorting Nexin-1. 

 

D1R-Interacting 

Protein 

Interacting 

Domain 

 

DRIP Functions References 

D1R•D2R 

 

 • Interaction demonstrated in vitro, in vivo (brain), and postmortem 

tissues.  

• D1R and D2R coactivation of D1R•D2R heteromer leads to Gαq-

mediated PKC and Ca2+ signaling.  

• Desensitization of D1R•D2R heteromer is mediated by activation of 

D1R or D2R.  

• D1R•D2R heteromer exerts tonic inhibitory control of basal natural 

and cocaine reward.  

 

(Lee et al, 2004; So et 

al, 2007; Pei et al, 2010; 

Perreault et al, 2016; 
Rico et al, 2017; Hasbi 

et al, 2018; Hasbi et al, 

2020a; Hasbi et al 
2020b) 

D1R•D3R  • Interaction demonstrated in vitro and in vivo (brain).  

• D3R stimulation increases D1R agonist affinity. 

• Ligand-induced changes in Gαs and Gαi coupling to the D1R•D3R 

heteromer.  

• D3R activation decreases D1R-mediated cAMP production. 

• D1R and D3R coactivation inhibits the level of AC signaling. 

• D1R and D3R coactivation potentiates recruitment of βArr1. 

• D1R and D3R coactivation positively modulates PKA-ERK1/2 

signaling. 

• βArr1/2 are required for activation of Erk1/2 induced with D1R and 

D3R stimulation. 

• D3R activation in the D1R•D3R heteromer switches D1R-mediated 

MAPK activation from a G-protein dependent to a G-protein 

independent mechanism in vitro.  

• Chronic l-DOPA increases D3R expression in the DA-depleted dorsal 

striatum.  

 

(Fiorentini et al, 2008; 

Marcellino et al, 2008; 

Guitart et al, 2014; Solís 
et al, 2017; Guitart et al, 

2019; Bono 2023) 

D1R•A1R  • Interaction demonstrated in vitro and in vivo.   

• Coactivation of D1R and A1R decreases D1R-mediated cAMP.  

• A1R activation of D1R•A1R. potentiates D1R-mediated 

desensitization. 

 

(Ferré et al, 1998; Ginés 

et al, 2000; Torvinen et 
al, 2002; Cao et al, 

2007) 

D1R•NMDAR  

(GluN1, GluN2A, 

GluN2B) 

 

 
 

D1R-CT 

GluN1-CT 

 

D1R-CT 

GluN2A-CT 
 

 

• Interaction demonstrated in vitro and in vivo (brain).  

• D1R activation of D1R•NMDAR complex potentiates D1R-mediated 

cAMP, and coactivation leads to further enhancement.   

• D1R activation of D1R•NMDAR complex decreases NMDAR-

mediated EPSCs.  

• NMDAR activation of D1R•NMDAR complex facilitates D1R 

surface expression and abolish D1R-mediated endocytosis.  

• NMDAR activation of D1R•NMDAR complex increases the number 

of D1R-positive spines.  

• D1R activation of D1R•NMDAR complex facilitates NMDAR-

mediated-LTP in hippocampus.  

 

(Lee et al, 2002; 

Fiorentini et al, 2003; 
Pei et al, 2004; Scott et 

al, 2006) 

D1R•mGluR5 

 

 • Interaction demonstrated in vitro, ex vivo, and in vivo.  

• Heterodimer of D1R•mGluR5 couples to Gαq, and D1R activation 

increases D1R-mediated intracellular Ca2+ release.  

• Endogenous D1R•mGlu5 clusters are increased in the DA-

denervated striatum, and further enhancement following L-DOPA 

treatment.  

 

(Sebastianutto et al, 

2020) 

D1R•H3R  • Interaction demonstrated in vitro and in vivo (brain). 

• Activation of D1R or H3R in D1R•H3R complex signals toward 

MAPK pathway.  

• Activation of D1R in D1R•H3 complex couples to Gαi pathway.  

 

(Ferrada et al, 2009; 
Moreno et al, 2011; 

Rodríguez-Ruiz et al, 

2017) 
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D1R•H3R•NMDAR  • Interaction demonstrated in vitro and in vivo (brain). 

• Antagonism activity of D1R and H3R reduced NMDA-mediated 

excitotoxicity.   

 

(Rodríguez-Ruiz et al, 
2017) 

D1R•µOR  • Interaction demonstrated in vitro and in vivo (brain). 

• µOR surface expression is enhanced due to heterodimerization of 

D1R•µOR.  

• D1R antagonist inhibited μOR-mediated ERK1/2 phosphorylation 

and c-Fos induction levels.  

• D1R antagonist inhibited morphine-induced locomotor activity.  

 

(Juhasz et al, 2008; Tao 

et al, 2017) 

D1R•σ1R  • Interaction demonstrated in vitro. 

• Expression of D1R facilitates the translocation and colocalization of 

σ1R from ER to plasma membrane, and cocaine further increases 

the colocalized D1R•σ1R.  

• Cocaine potentiate D1R-mediated cAMP that is dependent on σ1R.  

• SKF81297 and cocaine induced MAPK activation of D1R, that is 

dependent on the function of σ1R. 

 

(Navarro et al, 2010) 

D1R•PSD95 D1R-CT 

PSD95-NT 
• Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 inhibits (or did not alter) D1R-mediated cAMP production. 

• PSD95 does not alter D1R desensitization but enhances D1R 

resensitization. 

• NT-PSD95 facilitates constitutive D1R internalization in dynamin-

dependent fashion. 

• PSD95 accelerates membrane D1R recovery via enhancement of 

receptor recycling. 

• Enhanced behavioral responses to D1R agonists in PSD95-KO mice. 

 

(Zhang et al, 2007; 

Zhang et al, 2009; Sun 

et al, 2009) 

D1R•PSD95•NMDAR D1R-CT • Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 and NMDAR-GluN1 subunit bind to an overlapping region 

on the D1R-CT. 

• PSD95 inhibits D1R•NMDAR-GluN1 interaction. 

• Removal of PSD95 enhances D1R•NMDAR-GluN1 association. 

• PSD95 removes NMDAR inhibition of D1R internalization. 

• PSD95 blocks NMDAR modulation of D1R signaling. 

 

(Zhang et al, 2009) 

D1R•SynGAP D1R-IL3 • Interaction demonstrated in vitro and in vivo (brain). 

• SynGAP enhances D1R-mediated cAMP, PKA, p38 MAPK 

signaling.  

• SynGAP increases cell surface localization of D1R.   

• Disruption of D1R•SynGAP complex inhibits GABAergic 

interneuron migration, promotes actin depolymerization, and 

changes microtubule dynamics.  

 

(Su et al, 2019) 

D1R•GSK-3β D1R-CT • Interaction demonstrated in vitro and in vivo (brain). 

• inhibition of GSK‐3β decreases the association between D1R 

and GSK‐3β. 

• Inhibition of GSK-3β decreases the binding expression of D1R.  

• Inhibition of GSK-3β attenuates D1R‐mediated Gαs protein 

activation. 

• Inhibition of GSK-3β reduces D1R-mediated endocytosis, 

desensitization, and βArr2 translocation to D1R. 

 

(Wang et al, 2017) 

D1R•DRiP78 

 

D1R-CT • Interaction demonstrated in vitro. 

• DRiP78 exports D1R to ER. 

• DriP78 decreases ligand binding. 

 

(Bermak et al, 2001) 

D1R•γ-COP 

 

D1R-CT • Interaction demonstrated in vitro.  

• γ-COP transports D1R to ER. 

 

Bermak et al, 2002) 

D1R•Calnexin  • Interaction demonstrated in vitro. 

• Calnexin functions as ER retention protein and chaperone for D1R.  

• Calnexin decreases D1R binding expression. 

• Calnexin inhibits D1R-mediated cAMP production.  

 

(Free et al, 2007) 
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D1R•Calveolin-1 

 

 • Interaction demonstrated in vitro and in vivo (brain). 

• Agonist-induced translocation of D1R into caveolin-1-enriched 

fractions. 

• D1R internalizes through a caveolar pathway.  

 

(Kong et al, 2007) 

D1R•Calveolin-2 

 

 • Interaction demonstrated in vitro. 

• Colocalization of D1R with Calveolin-2 observed in renal proximal 

tubule cells. 

• Activation of D1R enhances-AC in lipid rafts than in non-raft plasma 

membranes. 

•  

(Yu et al, 2004) 

D1R•NF-M 

 

D1R-IL3 • Interaction demonstrated in vitro. 

• NF-M decreases D1R binding expression.  

• NF-M inhibits D1R-mediated cAMP signaling.  

• NF-M promotes constitutive endocytosis of D1R.  

(Kim et al, 2002) 

D1R•NSF 

 

D1R-CT 

 
• Interaction demonstrated in vitro. 

• Possibly modulates D1R recycling. 

 

(Heydorn et al, 2004) 

   

 

 

 

D5R-Interacting 

Protein 

Interacting 

Domain 

 

DRIP Functions References 

D5R•D2R  • Interaction demonstrated in vitro and in vivo (brain). 

• D1R and D2R coactivation of D1R•D2R complex leads to Gαq-

mediated PKC and Ca2+ signaling.  

• D2R activation of D5R•D2R attenuates D5R-mediates Ca2+ signaling.  

 

(So et al, 2009) 

D5R•GABAAR-γ2 

subunit 

D5R-CT • Interaction demonstrated in vitro and in vivo (brain). 

• D5R activation of D5R•GABAAR complex increases D5R-mediated 

cAMP, and coactivation leads to lesser effect.  

• D5R activation of D5R•GABAAR complex inhibit GABAAR -

mediated currents.  

 

(Liu et al, 2000) 

D5R•PSD95 

 

 • Interaction demonstrated in vitro. 

• No mechanism was proposed. 

 

(Sun et al, 2009) 

NSC-1 

 

D5R-CT • Interaction demonstrated using yeast two-hybrid system.  

• No mechanism was proposed. 

 

(Kabbani et al, 2002) 

NSF 
 

D5R-CT 

 
• Interaction demonstrated in vitro. 

• Possibly modulates D5R recycling. 

 

(Heydorn et al, 2004) 

SNX-1 

 

D5R • Interaction demonstrated in vitro. 

• Possibly modulates D5R lysosomal targeting. 

 

(Heydorn et al, 2004) 

NF-M D5R-IL3 • Interaction demonstrated using yeast two-hybrid system.  

• NF-M has no effect on D5R binding expression.  

• NF-M has no effect on D5R-mediated cAMP signaling.  

 

(Kim et al, 2002) 
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Direct surface interaction between D1R•NMDAR and D5R•GABAAR dynamically regulate the 

trafficking distribution at the surface of hippocampal neurons (Ladepeche et al, 2013a, b; Maingret 

and Groc, 2021). D5R are expressed at excitatory and inhibitory synapses between hippocampal 

neurons, however, higher density D5R clusters are formed when co-expressed with GABAAR 

(Maingret and Groc, 2021). Within the PSD vicinity, D1R surface trafficking is reduced, 

suggesting the presence of a mechanism that interferes with D1R surface dynamics (Ladepeche et 

al, 2013a, b). The postsynaptic density protein 95 (PSD95) is a highly scaffolding protein enriched 

in the PSD (Kim and Sheng, 2004). Interestingly, the diffusion of D1R within PSD95 clusters has 

been shown to be significantly restricted, further implying the existence of a regulatory mechanism 

that regulates the synaptic retention for D1R (Ladepeche et al, 2013a). Additionally, in vivo binary 

D1R•PSD95 and ternary D1R•NMDAR•PSD95 complexes regulate the trafficking of NMDAR 

(Zhang et al, 2007; Zhang et al, 2009). Synaptic D1R surface trafficking regulated by direct 

interaction with NMDAR is independent from PSD95; this interaction anchors D1R and NMDAR 

to PSD (Ladepeche et al, 2013a). However, no colocalization has been observed between D1R and 

AMPAR (Ladepeche et al, 2013b).  

PDZ-containing proteins, such as PSD95, physically interact with and regulate the shuttling of 

NMDAR and AMPAR to synapses (Müller et al, 1996; Sans et al, 2003; Elias et al, 2008; Chen et 

al, 2012). Whether D1R and D5R preferentially interact with excitatory and inhibitory proteins, 

respectively, at the synapses remains to be biochemically examined. Hippocampal expression of 

NMDAR-GluN2B subunit was shown to be significantly reduced in D5R KO-mice, implying an 

important role for D5R in glutamatergic pathway (Moraga-Amaro et al, 2016). The observed 

differences in the trafficking behavior of D1-class receptor subtypes modulate synaptic plasticity 

to regulate dopaminergic•glutamatergic and dopaminergic•GABAergic neurotransmissions. 

2.13. Thesis Rationale: Investigating Novel D1-Class-Interacting Proteins 

As already described in earlier sections of the introduction, D1-class receptors critically regulate 

numerous physiological and pathological processes. Nonetheless, one of the most vexing 

challenges in studying D1-class receptor subtypes remains the inability to pharmacologically 

discriminate between D1R and D5R, and thus the lack of means to determine potential functional 

differences between these receptors in vivo. Although D1R and D5R share 80% homology in their 

TM domains, they exhibit notable differences within their IL3 and CT regions that could impart 
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each receptor with unique signaling and trafficking properties, part of which might conceivably be 

the result of interacting with distinct protein binding partners within their respective signaling 

complexes.  

In light of all this, and the role of neuronal proteins in modulating DA responsiveness, the Tiberi 

lab sought to identify novel D1-class interacting proteins. We utilized yeast two-hybrid screens 

and a human brain cDNA library to address whether IL3- and CT-derived baits of D1R and D5R 

enable subtype-specific interactions. Screens with bait derived from IL3 of each receptor identified 

a potential novel binding partner specific to D1R (hD1R-IL3-Bait: Thr213-Val270), called 

synapse-associated protein 102 (SAP102). Interestingly, parallel studies done by other labs showed 

that a structural and functional homolog of SAP102—PSD95—also forms a complex with D1R, 

albeit through its CT (Zhang et al, 2007; Sun et al, 2009). These findings thus led me to posit an 

overarching hypothesis that SAP102 and PSD95 act as distinct modulator of D1R signaling 

complex functional properties. The primary aim of my Ph.D. studies was to develop a 

mechanistic understanding of how IL3•SAP102 and CT•PSD95 interactions impact D1R 

signaling properties. Secondly, I also investigated the possible role of PSD95 as a modulator 

of D5R functional properties. Lastly, in light of a recent study demonstrating that several 

PDZ-containing proteins including PSD95 interact with βArr2, a canonical modulator of 

GPCR signaling and trafficking properties, the third and final part of my experimental work 

focused on uncovering a possible role for SAP102 and PSD95 in D1R recruitment of βArr2. 

The following section provides a systematic overview of the properties and functions of SAP102 

and PSD95, including their established interactions with the glutamatergic and dopaminergic 

systems. 
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3. Membrane-Associated Guanylate Kinases (MAGUKs) 

SAP102 and PSD95 (previously known as SAP90) are scaffolding proteins belonging to the PSD95 

subfamily of the membrane-associated guanylate kinases (PSD-MAGUKs), which also include 

postsynaptic density protein 93 (PSD93; “chapsyn-110”) and synapse-associated protein 97 

(SAP97; “hdlg”) (Cho et al, 1992; Kistner et al, 1993; Lue et al, 1994; Müller et al, 1995; Kornau 

et al, 1995; Niethammer et al, 1996; Müller et al, 1996; Kim et al, 1996). These proteins, which 

I’ll refer to as PSD-MAGUKs, are predominantly located within dendritic spines and highly 

enriched in PSD; thus, they have a fundamental role in synaptic function (Kim and Sheng, 2004; 

Xu, 2011; Dunn and Ferguson, 2015; Won et al, 2017). Several different subfamilies of MAGUKs 

are also found to regulate the dynamics of pre- and post-synaptic signaling, synaptic vesicles, and 

cell polarity maintenance (Dunn and Ferguson, 2015; Zhu et al, 2016).  

Pioneering research from Mary Kennedy, Craig Garner, and Morgan Sheng identified how PSD-

MAGUKs regulate synapses through scaffolding the assembly of supercomplexes comprised of 

neurotransmitter receptors, ion channels, cell-adhesion molecules, and cytoplasmic signaling 

proteins (Garner et al, 2000; Kim and Sheng, 2004; Kennedy, 2013; Zhu et al, 2016). Cytoplasmic 

proteins within these complexes influence the activity of the interacting membrane proteins by 

controlling their surface localization and intrinsic functional properties (Kim and Sheng, 2004; Xu, 

2011; Dunn and Ferguson, 2015; Zhu et al, 2016; Won et al, 2017).     

3.1. Function of PSD-MAGUKs 

PSD-MAGUKs act as scaffolds at the PSD to bind and stabilize protein complexes at synapses 

and to regulate excitatory postsynaptic receptors and ion channels required for synaptic 

development and plasticity. While each PSD-MAGUK protein has unique properties, they can 

functionally compensate for one another. PSD-MAGUKs undergo multimerization to enhance the 

assembly and synaptic clustering of large multimolecular complexes, which are essential in 

regulating synaptic transmission (Nakagawa et al, 2004; Kim and Sheng, 2004). Although the 

PSD-MAGUK proteins have similar structures and overlapping functions, they exhibit differing 

patterns of developmental expression, subcellular localization, palmitoylation, and protein-protein 

interactions (Dunn and Ferguson, 2015; Zhu et al, 2016). 
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3.2. Structure of PSD-MAGUKs 

The structure of PSD-MAGUK protein consist of an NT and three highly conserved PDZ-domains 

followed by a Src-homology-3 (SH3) domain and a catalytically inactive guanylate kinase (GK) 

domain (Kim and Sheng, 2004; Xu, 2011; Dunn and Ferguson, 2015; Zhu et al, 2016; Won et al, 

2017). Fig. 1.19. illustrate the structural components of PSD-MAGUK proteins. The NT is the 

most divergent region among PSD-MAGUK proteins, and is an important contributor to the 

differential synaptic targeting and trafficking observed between subfamily members (Dunn and 

Ferguson, 2015; Zhu et al, 2016). PSD95 and PSD93 both contain two cysteine residues within 

NT, however, synaptic targeting of PSD95, but not PSD93, requires palmitoylation at these sites 

(El-Husseini et al, 2000a; Firestein et al, 2000). In contrast, the NT of SAP97 and SAP102 are 

important for synaptic targeting, yet both do not undergo NT palmitoylation (Firestein et al, 2000). 

Strikingly, imaging studies with chimeric PSD95 constructs showed that the NT of PSD93 and 

SAP102 can substitute for palmitoylation normally required for the synaptic targeting of PSD95 

(Firestein et al, 2000). Unlike PSD95, SAP102 require SH3 and GK domains for synaptic 

localization (Zheng et al, 2010). Interestingly, SAP97 contains a L27 (Lin-2 and Lin-7) domain in 

NT capable of multimerization with itself and other L27 domain-containing proteins such as 

calcium-calmodulin-dependent serine kinase (CASK) (Kim and Sheng, 2004; Dunn and Ferguson, 

2015; Zhu et al, 2016). PDZ domains are modular protein interaction domains that are specialized 

mainly for binding to short motifs (-ESDV or -ESEV) at distal CT of target proteins as well other 

internal motifs (Kim and Sheng, 2004; Dunn and Ferguson, 2015; Zhu et al, 2016). This imparts 

PDZ domains with scaffolding properties and gives them a central role in the assembly, trafficking 

and anchoring of large multiprotein complexes (Zhu et al, 2016). The SH3 and GK domains bind 

to various cytoskeletal and intracellular signaling proteins, in addition to forming a canonical 

intramolecular SH3-GK interaction (McGee et al, 1999; Shin et al, 2000; Wu et al, 2000; McGee 

et al, 2001; Kim and Sheng, 2004; Wei et al, 2015). 

3.3. Expression of PSD-MAGUKs 

PSD-MAGUK proteins are widely expressed at synapses within different brain regions, e.g., 

hippocampus, striatum, and cortex, where they contribute to physiological regulation of dynamic 

synaptic networks (Cho et al, 1992; Kistner et al, 1993; Lue et al, 1994; Müller et al, 1995; Müller 

et al, 1996; Kim et al, 1996). Indeed, aberrant changes in these networks due to altered   
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Fig. 1.19. Structure of the PSD-MAGUK Proteins.  

PSD-MAGUK proteins contain three PDZ domains, followed by SH3 and a GK domains. PDZ: postsynaptic density 

protein 95/disc large tumor suppressor/zona occludens domain; SH3: Src homology 3; GK: guanylate kinase domain; 

L27: Lin-2 and Lin-7 domain; I1: insert 1 of SAP102, I2: insert 2 of SAP102. Created with BioRender.com. 
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synaptosome architecture is linked to neuropsychiatric disorders (Bayés et al, 2011; Soler et al, 

2018).  

3.3.1. Subcellular Localization and Mobility of SAP102 and PSD95 

SAP102 and PSD95 exhibit differences in their subcellular localization and mobility within spines. 

While SAP102 and PSD95 colocalize to and are highly enriched within spines, PSD95 is most 

abundant at the PSD, whereas SAP102 is predominantly localized extrasynaptically (Chen et al, 

2008; Zheng et al, 2010; Santuy et al, 2020). Synaptic clustering in the dendritic spines is 

differentially modulated by PSD95 and SAP102 through PDZ-dependent and -independent 

mechanisms, respectively (Zheng et al, 2010). For instance, PSD95 mutants decreased the synaptic 

clustering of pyramidal hippocampal neurons, but enhanced with SAP102 mutants (Nonaka et al, 

2006; Minatohara et al, 2013). Moreover, unlike PSD95, SAP102 is not palmitoylated, making it 

highly mobile in spines and capable of shuttling NMDARs in and out of the synapse (Chen et al, 

2012). CK2-mediated phosphorylation of SAP102-Ser632 decreases SAP102 synaptic mobility 

while simultaneously increasing its synaptic enrichment (Wei et al, 2018). The mobility of spine-

localized SAP102 is partly actin-dependent, while the mobility of spine-localized PSD95 is largely 

actin-independent (Zheng et al, 2010). Overall, these differing properties of SAP102 and PSD95 

suggest that they have distinct roles in synapse organization.  

3.3.2. Architecture of the Brain Synaptome 

Single-synapse-resolution maps in double-homozygous knockin SAP102-mKO2 and PSD95-

eGFP mice across the whole brain synaptome revealed differential developmental distribution of 

SAP102 and PSD95 (Zhu et al, 2018; Cizeron et al, 2020). This work by Seth Grant and colleagues 

showed that there are unique distributions of SAP102 and PSD95 punctum density (number of 

puncta per area), intensity (reflecting protein amount), size (reflecting PSD size), and 

colocalization throughout the brain (Zhu et al, 2018; Cizeron et al, 2020). Indeed, SAP102 and 

PSD95 have distinct anatomical distributions, within each brain region displaying a distinct 

signature of synapse subtypes (Broadhead et al, 2016; Roy et al, 2018; Zhu et al, 2018; Cizeron et 

al, 2020; Curranet al, 2021; Bulovaite et al, 2022). This organized synaptic diversity in SAP102 

and PSD95 content throughout the brain suggests an important underlying role for these two PSD-

MAGUKs in determining overall brain physiology and behavior. Fig. 1.20. shows the lifespan 

expression of SAP102 and PSD95.  
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Fig. 1.20. Life-Span Distribution of SAP102 and PSD95.  

Distribution of PSD95-eGFP (green) and SAP102-mKO2 (magenta) expression in the whole brain (i), hippocampus 

(ii), and molecular layer of the dentate gyrus (iii) at 10 ages across the mouse postnatal life span. “From [Cizeron et 

al. A Brainwide Atlas of Synapses Across the Mouse Life Span. Science. 2020]. Reprinted with permission from 

AAAS.”  
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3.4. Genes Encoding PSD-MAGUKs 

The discs large homologue (DLG) genes encode multiple isoforms of PSD-MAGUK proteins 

through alternate NT promoter usage and alternative splicing within the SH-GK domain linkers 

(Soler et al, 2018). The DLG1 gene is located on chromosome 3q29 and encodes SAP97. There 

are two isoforms of SAP97, α and β, which differ in NT sequence and have opposing effects on 

synaptic targeting (Lue et al, 1994; Schlüter et al, 2006; Goodman et al, 2017; Soler et al, 2018). 

The SAP97 β isoform is most abundant and contains a L27 domain, whereas the SAP97 α isoform 

lacks this domain and instead contains two cysteine residues that can be palmitoylated (Schlüter 

et al, 2006). The DLG2 gene is located on chromosome 11q14.1 and encodes PSD93. Six different 

PSD93 isoforms have been characterized in mouse hippocampus (Krüger et al, 2013; Soler et al, 

2018). The DLG3 gene is located on chromosome Xq13.1 and encodes SAP102. Alternative 

splicing gives rise to additional two isoforms of rodent SAP102: an 18aa I1 insert within NT, and 

a 14aa I2 insert within SH-GK linker, whereas the human Dlg3 gene is lacking the presence of 

these two functional short inserts (Müller et al, 1996; Soler et al, 2018). The DLG4 gene encodes 

PSD95 and is located on chromosome 17p13.1. Like SAP97, PSD95 has two isoforms, α and β, 

that differ based on the presence or lack of a L27 domain in their NT, and exhibit distinct effects 

on synaptic targeting. However, in contrast to SAP97, the α isoform of PSD95 predominates over 

the β isoform (Chetkovich et al, 2002; Schlüter et al, 2006; Soler et al, 2018). Ultimately, the 

different isoforms of each PSD-MAGUK may have distinct roles in various cellular contexts. 

3.5. Regulation of Glutamatergic Signaling by PSD-MAGUKs 

PSD-MAGUKs are critical regulators of glutamatergic receptor localization. In the case of 

NMDARs and kainate receptors, PSD-MAGUKs accomplish this through direct receptor-

MAGUK physical interactions. (Müller et al, 1995; Kornau et al, 1995; Niethammer et al, 1996; 

Müller et al, 1996; Kim et al, 1996; Masuko et al, 1999; Carroll and Zukin, 2002; Kim and Sheng, 

2004; Al-Hallaq et al, 2007; Zhu et al, 2016). In contrast, with the exception of SAP97, PSD-

MAGUKs do not bind directly to AMPARs (Zhu et al, 2016). Instead, they localize AMPARs at 

the synapse through interactions with various intermediary proteins including stargazin, 

transmembrane AMPA regulatory proteins (TARP), and synaptic Ras GTPase activating protein 

(SynGAP) (Kim and Sheng, 2004; Zhu et al, 2016; Leonard et al, 1998; Kim et al, 1998; Chen et 

al, 1998; Schnell et al, 2002; Cai et al, 2002; Dakoji et al, 2003; Cia et al, 2006; Zhu et al, 2016). 
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The CT of AMPAR, however, binds to glutamate-receptor-interacting protein/AMPAR-binding 

protein (GRIP) and to protein interacting with C kinase 1 (PICK1) (Kim and Sheng, 2004). SAP97 

and PSD95 also increase surface expression of GluR1-containing AMPAR, and furthermore, 

interact with A-kinase-anchoring protein 79/150 (AKAP79/150) to modulate the downstream 

signaling of synaptic AMPARs (El-Husseini et al, 2000b; Colledge et al, 2000; Regalado et al, 

2006; Chen et al, 2015; Zhu et al, 2016; Chen et al, 2021). Interestingly, SAP97 additionally affects 

presynaptic functions. In particular, overexpression of SAP97 promotes activity of the active zone 

protein Bassoon and the vesicle proteins synapsin and synaptophysin, thus suggesting that SAP97 

may coordinates different transsynaptic protein interactions (Regalado et al, 2006). PSD-

MAGUKs also interact with receptor and non-receptor tyrosine kinases, channels, neuronal nitric 

oxide synthase (nNOS), cell adhesion proteins (e.g. neuroligin), and other scaffolding guanylate 

kinase domain-associated protein (GKAP), all of which are essential for glutamatergic plasticity 

(Kim et al, 1995; Brenman et al, 1996; Irie et al, 1997; Komiyama et al, 2002; Kalia LV, Salter, 

2003; Seabold et al, 2003; Dosemeci et al, 2007; Murata et al, 2013; Frank et al, 2016). 

3.5.1. Developmental Regulation of Synapses: Roles of SAP102 and PSD95 

SAP102 and PSD95 have distinct roles during synaptogenesis and synapse maturation. SAP102 is 

the predominant DLG protein of immature synapses, suggesting its principal function concerns 

synapse formation (Carroll and Zukin, 2002; van Zundert et al, 2004). Throughout development, 

PSD95, among other DLG proteins, is increasingly expressed to regulate mature synapses. 

Expression of the two major GluN2 subunits of NMDAR is also developmentally regulated. 

GluN2B-containing NMDARs are predominantly expressed during early synaptic development, 

however, as synapses progress toward maturation, GluN2A-containing NMDARs become favored 

(Sheng et al, 1994; Carroll and Zukin, 2002; van Zundert et al, 2004). Interestingly, PSD95 and 

SAP102 are preferentially associated with GluN2A- and GluN2B-containing NMDARs, 

respectively (Carroll and Zukin, 2002; van Zundert et al, 2004). Indeed, PSD95 and SAP102 are 

important for enabling the developmental shift in synaptic NMDAR subunit composition; PSD95 

associated with GluN2A-containing NMDARs could conceivably displace GluN2B-containing 

NMDAR•SAP102 complexes to extrasynaptic sites as synapses mature (Sans et al, 2000; Lu et al, 

2001; Carroll and Zukin, 2002; Ehlers, 2003; van Zundert et al, 2004; Elias et al, 2008). Fig. 1.21. 

depicts the developmental association between NMDAR subunits with SAP102 and PSD95. 
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Fig. 1.21. Developmental Association between NMDAR Subunits with SAP102 and PSD95 at Excitatory 

Synapses.  

At the neonatal stage, SAP102 is predominately associated with GluN2B-containing NMDAR. Throughout 

development, PSD95 is prevalently associated with GluN2A-containing NMDAR. Created with BioRender.com.
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3.5.2. Regulation of NMDAR Trafficking by SAP102 and PSD95 

PSD-MAGUKs have multifaceted functions in regulating glutamatergic synaptic plasticity. Proper 

localization of PSD-MAGUKs at the PSD is essential to facilitate transduction of glutamatergic 

signaling. PDZ-mediated interactions of PSD-MAGUKs with CT of different NMDAR subunits 

influence their localization, signaling, and trafficking (Kornau et al, 1995; Niethammer et al, 1996; 

Müller et al, 1996; Lau et al, 1996; Sans et al, 2000; Lim et al, 2002; Al-Hallaq et al, 2007; Cousins 

et al, 2008). Unlike PSD95, SAP102 mutants of PDZ-domains decreased the synaptic clustering 

of both GluN2A- and GluN2B-containing NMDAR (Nonaka et al, 2006; Minatohara et al, 2013). 

Interestingly, alternative splicing of SAP102 is also a critical modulator of NMDAR subunits at 

the synaptic membrane. The PDZ-independent interaction between the I1 isoform of SAP102 and 

GluN2B mediates synaptic clearance of GluN2B subunits. In contrast, the I2 isoform negatively 

modulates surface localization of GluN2A- but not GluN2B-containing NMDARs (Chen et al, 

2011; Wei et al, 2015). 

SAP102 and PSD95 differentially modulate NMDAR trafficking. Overexpression of PSD95 

drives the maturation and formation of glutamatergic synapses by increasing postsynaptic 

clustering of NMDAR, enhancing development of presynaptic terminals, and increasing the 

number and size of dendritic spines (El-Husseini et al, 2000b). Surface GluN2B-containing 

NMDARs are highly mobile and undergo robust endocytosis compared to surface GluN2A-

containing receptors (Barria and Malinow, 2002; Lavezzari et al, 2004; Groc et al, 2006). PSD95, 

but not SAP102, increases GluN2A and GluN2B subunit expression, thereby enhancing surface 

expression of GluN2A- and GluN2B-containing NMDARs (Cousins et al, 2008). PSD95 stabilizes 

NMDAR at the plasma membrane, disruption of GluN2B-containing NMDAR•PSD95 complex 

promotes rapid internalization of NMDAR (Roche et al, 2001; Rácz et al, 2004; Kennedy and 

Ehlers, 2006). Interestingly, SAP102, but not PSD95, is trafficked together with endocytosed 

NMDARs (Washbourne et al, 2004). The exocyst complex subunit Sec8 regulates normal delivery 

of SAP102•GluN2B to the cell surface (Sans et al, 2003). This preferential interaction of SAP102 

for GluN2B is also important for synaptic clearance of GluN2B-containing NMDARs out of the 

synapse (Chen et al, 2012). 

Synaptic GluN2B surface expression is also affected following CK2-mediated phosphorylation of 

GluN2B-Ser1480, which interestingly disrupts SAP102•NMDAR and PSD95•NMDAR 
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interactions, ultimately reducing GluN2B-containing NMDAR levels at the synapse (Chung et al, 

2004). SAP102 and PSD95 also interact with mammalian homologue of Drosophila melanogaster 

partner of inscuteable (mPins) through their SH3 and GK domains, which promotes the formation 

of a ternary complex with NMDAR (Sans et al, 2005). mPins enhance the trafficking of SAP102 

and NMDARs to the synaptic membrane (Sans et al, 2005). Overall, the above findings 

demonstrate the importance of SAP102 and PSD95 for proper NMDAR localization and synaptic 

plasticity. 

3.5.3. Regulation of Glutamatergic Transmission by SAP102 and PSD95 

Extensive studies from Roger Nicoll and Richard Huganir demonstrated how PSD-MAGUKs 

regulate the synaptic trafficking of glutamatergic receptors to and from synapses to control the 

strength of excitatory synaptic transmission and orchestrate activity-dependent modulation of 

synaptic AMPAR and NMDAR functions. Overexpression of PSD-MAGUK enhance AMPAR-

EPSCs (excitatory postsynaptic currents), but do not affect NMDAR-EPSCs (El-Husseini et al, 

2000b; Béïque and Andrade, 2003; Ehrlich and Malinow, 2004; Nakagawa et al, 2004; Elias et al, 

2006; Béïque et al, 2006; Schlüter et al, 2006; Elias et al, 2008; Howard et al, 2010). 

Overexpression of SAP102, exceptionally, increases the amplitudes of both AMPAR and 

NMDAR EPSCs during synaptogenesis, but has no effect on glutamate receptor function in mature 

synapses (Elias et al, 2008). SAP102-knockdown (KD), however, reduced both AMPAR- and 

NMDAR-EPSC amplitudes during early synapse development, without impacting mature 

synapses (Elias et al, 2008). In contrast, PSD95 overexpression enhanced AMPAR-EPSCs, but 

has no effect on NMDAR function, during both synaptogenesis and synapse maturation (Béïque 

and Andrade, 2003; Béïque et al, 2006; Elias et al, 2008). The AMPAR amplitudes in PSD95-KD 

was not altered in early development but was reduced during synapse maturation (Elias et al, 2008; 

Bonnet et al, 2013). Unsurprisingly, triple-KD of SAP102, PSD95, and PSD93 greatly reduce 

synaptic transmission mediated by both AMPAR and NMDAR, and leads to a significant number 

of silent synapses (Chen et al, 2015). SAP102 and PSD95 are required during synapse 

development for normal NMDAR current decay. Indeed, they are conceivably involved in the 

characteristic switch in NMDAR subunit composition that largely determines NMDAR current 

kinetics; namely, a shift from primarily GluN2B-containing synaptic NMDAR during early 

developmental stages to predominantly GluN2A-containing synaptic NMDAR throughout later 



123 

 

stages of development toward synapse maturation (Lu et al, 2001; Béïque et al, 2006; Elias et al, 

2008; Crocker-Buque et al, 2016). Overall, in a manner consistent with their differing 

developmental expression patterns, these findings suggest that during early stages of synaptic 

differentiation, SAP102 is the primary PSD-MAGUK responsible for modulation of synaptic 

AMPAR transmission and clustering, while PSD95 and PSD93 appear most important for 

regulating the targeting and anchoring of AMPAR at mature synapses (Carroll and Zukin, 2002; 

van Zundert et al, 2004; Elias and Nicoll, 2007).  

PSD-MAGUKs also play essential roles in the regulation of silent synapses and LTP (Levy et al, 

2015; Chen et al, 2021). Genetic deletion of PSD-MAGUK protein yields a greater proportion of 

inactive synapses that only contain NMDAR, known as silent synapses (Béïque et al, 2006; 

Carlisle et al, 2008; Bonnet et al, 2013). In mice selectively lacking PSD95, high and low 

frequency stimulation leading to hippocampal NMDAR-dependent LTP is increased relative to 

wild-type littermates (Migaud et al, 1998). In contrast, only low frequency stimulation leading to 

hippocampal NMDAR-dependent LTP is enhanced within SAP102 KO-mice (Cuthbert et al, 

2007). These findings implicate PSD-MAGUKs as important regulators of AMPAR trafficking 

underlying long-term synaptic plasticity (Elias and Nicoll, 2007). 

3.6. SAP102 and PSD95: Physiological and Pathophysiological Roles  

PSD-MAGUKs are critical for maintaining normal intracellular signaling pathways. Genetic 

deletion experiments demonstrate that SAP102 and PSD95 exhibit redundancy of function and the 

ability to compensate for the loss of each other (Migaud et al, 1998; Cuthbert et al, 2007). Indeed, 

SAP102 hippocampal expression is elevated in PSD95 KO-mice, while SAP102 KO-mice display 

a greater number of PSD95•NMDAR complex, relative to their WT counterparts (Migaud et al, 

1998; Cuthbert et al, 2007). In contrast, mice with double-KO of SAP102 and PSD95 die 

prenatally (Cuthbert et al, 2007). Together, these findings highlight that SAP102 and PSD95 have 

overlapping, essential functions, with the presence of at least one of them necessary for postnatal 

survival. These results also imply that SAP102 and PSD95 compete for interaction with the same 

population of NMDAR. 

While SAP102 and PSD95 KO-mice have normal dendritic spine volume, they display increased 

spine length (filopodia-like) (Beique et al, 2006; Vickers et al, 2006; Murata et al, 2013; Chen et 

al, 2015). Such alteration in spines have impact on synaptic information processing and plasticity, 
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ultimately affecting memory formation (Bayés et al, 2011). SAP102 KO-mice exhibit elevated 

basal ERK1/2 activation, which contributes to the enhanced LTP also observed in these mice 

(Cuthbert et al, 2007). In contrast, NMDAR-mediated ERK1/2 activation is attenuated in SAP102 

KO-mice (Cuthbert et al, 2007). The altered signaling and plasticity ultimately impart these mice 

with impaired cognition, learning, and memory (Migaud et al, 1998; Cuthbert et al, 2007; 

Nithianantharajah et al, 2013).  

Synaptic activation of NMDAR and the resultant downstream signaling effects are modulated by 

PSD-MAGUKs, and represent important molecular mechanisms underlying learning and memory 

(Soler et al, 2018). Synaptome mapping shows that SAP102 and PSD95 are crucial for higher 

cognitive functions, and that disruption of their normal function at glutamatergic synapses 

throughout different brain regions causes synaptic abnormalities implicated in various psychiatric 

disorders (Fernández et al, 2009; Bayés et al, 2011; Broadhead et al, 2016; Roy et al, 2018; Zhu et 

al, 2018; Cizeron et al, 2020; Curran et al, 2021; Bulovaite et al, 2022). For instance, mutation in 

DLG3 gene within or just before the third PDZ domain impairs the ability of SAP102 to anchor 

and modulate synaptic NMDAR signaling, and is associated with non-syndromic mental 

retardation (Tarpey et al, 2004; Zanni et al, 2010; Kumar et al, 2016; Sandestig et al, 2020). 

Changes in thalamocortical synaptic function early in development caused by mutations in 

SAP102 have also been linked to intellectual disability (Crocker-Buque et al, 2016). Similarly, 

mutations in DLG4 gene might dysregulate NMDAR activity, and are associated with 

schizophrenia and autism-spectrum disorders (Feyder et al, 2010). Additionally, postmortem 

analysis shows altered expression levels of striatal and cortical SAP102 and PSD95 in bipolar 

disease, schizophrenia, and major depression (Toyooka et al, 2002; Kristiansen and Meador-

Woodruff, 2005; Kristiansen et al, 2006; McCullumsmith et al, 2006). 

Alterations in SAP102 and PSD95 function may also contribute to the underlying pathophysiology 

of individuals with drug addiction. Strikingly, a single cocaine injection during adolescence is 

sufficient to shift cortical dendritic spines toward a filopodia-like morphology, which is associated 

with a dysfunctional reduction in the synaptic expression level of NMDAR, AMPAR, SAP102, 

and PSD95, ultimately leading to impaired glutamatergic signaling (Caffino et al, 2018). 
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3.7. Interplay between GPCR•PSD-MAGUK  

In addition to their modulation of glutamatergic function, PSD-MAGUKs also regulate GPCR 

signaling and trafficking processes that are physiologically important for receptor responsiveness 

(Dunn and Ferguson, 2015). Table 1.3. summarizes the proposed functions of GPCRs interacting 

with PSD-MAGUK proteins.   

β1 adrenergic receptor (β1AR) is the first GPCR reported to interact with PSD-MAGUKs (Hu et 

al, 2000). Among adrenergic receptors, PSD95 selectively interacts with β1AR, but not with β2AR 

(Hu et al, 2000). PSD95 inhibits agonist-mediated endocytosis of β1AR, while showing no impact 

on β1AR-induced cAMP accumulation (Hu et al, 2000; Xu et al, 2001). PSD95 additionally 

facilitates the formation of a complex between β1AR and NMDAR (Hu et al, 2000). SAP97 also 

interacts with β1AR and enables the formation of β1AR•SAP97•AKAP79•PKA quaternary 

complex (Gardner et al, 2007). Interestingly, SAP97 and PSD95 exert different effects on β1AR 

trafficking; PSD95, but not SAP97, significantly inhibit agonist-mediated internalization and 

recycling of β1AR (Hu et al, 2000; Gardner et al, 2007; Nooh et al, 2014). 

PSD95 also interacts with 5-HT2A receptor (5-HT2AR) and 5-HT2C receptor (5-HT2CR), with 

greater binding affinity observed for 5-HT2CR (Bécamel et al, 2002; Xia et al, 2003a, b; Bécamel 

et al, 2004; Gavarini et al, 2006). PSD95 potentiates Gαq-mediated intracellular signaling of both 

5-HT2AR and 5-HT2CR, but differentially regulates the trafficking of each receptor (Xia et al, 

2003a; Gavarini et al, 2006). PSD95 promotes agonist-independent and dependent internalization 

for 5-HT2CR, but inhibits 5-HT2AR endocytosis (Xia et al, 2003a; Gavarini et al, 2006). In vivo 

studies suggest that PSD95 is crucial for maintaining 5-HT2AR and 5-HT2CR expression by 

promoting their targeting to the PSD within apical dendrites and stabilizing their turnover (Xia et 

al, 2003b; Abbas et al, 2009). PSD95 is also an important contributor to 5-HT2AR-mediated 

ERK1/2 and GSK3β phosphorylation, along with 5-HT2cR-mediated induction of c-fos, as 

evidenced by the inhibition of these signaling pathways within PSD95 KO-mice (Abbas et al, 

2009). Interestingly, SAP97 also interacts with 5-HT2CR and 5-HT2AR, binding both receptors 

with equal affinity, while SAP102 interacts selectively with 5-HT2CR (Bécamel et al, 2004; Dunn 

et al, 2014). SAP97 regulates 5-HT2AR-mediated Gαq/11 signaling and ERK1/2 phosphorylation, 

but antagonizes the internalization of 5-HT2AR (Dunn et al, 2014). The signaling mechanisms of 

SAP97 and SAP102 in regulating 5-HT2cR has yet to be determined. 
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Interestingly, corticotropin-releasing factor receptor 1 (CRFR1, also known as CRHR1) is the only 

GPCR reported to interact with each member of PSD-MAGUKs, mediated via PDZ-domain 

mechanism (Dunn et al, 2013; Bender et al, 2015; Dunn et al, 2016). PSD-MAGUKs promotes the 

synaptic clustering of CRFR1 in transfected hippocampal culture (Bender et al, 2015). While 

PSD95 and SAP97 have no effect on CRFR1-mediated cAMP production, both suppress CRFR1 

endocytosis but SAP97 promotes CRFR1-mediated ERK1/2 signaling (Dunn et al, 2013; Dunn et 

al, 2016). The role of PSD93 and SAP102 in CRHR1 trafficking remains to be examined. 

Finally, SAP102 interacts with A2AR in a manner that modulates A2AR-mediated ERK1/2 

signaling without affecting cAMP production, and restricts its movement between synaptic 

compartments (Thurner et al, 2014). Together, these findings demonstrate that PSD-MAGUK 

proteins play important regulatory roles in GPCR signaling and trafficking.  

3.7.1. The Interaction of PDZ-Containing Protein with Gγ Subunit  

As discussed in the previous section, PSD-MAGUKs modulate the signaling of GPCR-mediated 

G-protein subunits. Interestingly, a study reported the complex formation of Gγ13 with PSD95, 

SAP97, and another PDZ-containing protein, Veli-2, thus could efficiently target heterotrimeric 

G-proteins to regulate GPCR signaling (Li et al, 2006). Gγ2, Gγ5, Gγ8, and Gγ12, among the Gγ 

subunits that contain class-I PDZ-binding motif in their CT sequence, yet no report has shown 

physical interaction with PDZ-containing proteins. Whether Gα and/or Gβ participate in the 

complex formation with PDZ-containing protein, remain to be examined.  

3.7.2. The Role of PSD-MAGUK in GPCR•GRK Phosphorylation   

GRKs are important regulators for GPCRs desensitization and phosphorylation, however, their 

role in the GPCR•MAGUK complex remains to be fully investigated. A study showed that GRK2 

and GRK5 associate with β1AR•PSD95 and enhance the receptor phosphorylation, and this 

complex is not affected by βArrs (Hu et al, 2002). Expression of GRK5, but not GRK2, decreases 

PSD95 binding to β1AR, in a matter dependent on the kinase activity of GRK5 (Hu et al, 2002). 

Another study showed that GRK5 promotes dissociation of cardiac β1AR•SAP97 complex and 

β1AR•CaMKII signaling in heart failure (Xu et al, 2020). Together, these findings suggest a 

potential role of GRK•MAGUK in regulating the GPCR function.
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Table 1.2. Summary of the complex functions of GPCR interacting with PSD-MAGUK proteins.  

Other functions may have been reported by these GPCRs interacting MAGUK proteins that were not discussed in 

this summary table. GPR30: G-protein coupled estrogen receptor; SSTR: somatostatin receptor. 

 

GPCR•MAGUK 

 

Complex Function Reference 

D1R•PSD95 • Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 inhibits (or did not alter) D1R-mediated cAMP production. 

• PSD95 does not alter D1R desensitization, but enhances D1R resensitization. 

• NT-PSD95 facilitates constitutive D1R internalization in dynamin-dependent 

fashion. 

• PSD95 accelerates membrane D1R recovery via enhancement of receptor recycling. 

• Enhanced behavioral responses to D1R agonists in PSD95-KO mice. 

 

(Zhang et al, 2007; 

Zhang et al, 2009; 

Sun et al, 2009) 

D1R•PSD95•NMDAR • Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 and NMDAR-GluN1 subunit bind to an overlapping region on the D1R-CT. 

• PSD95 inhibits D1R•NMDAR-GluN1 interaction. 

• Removal of PSD95 enhances D1R•NMDAR-GluN1 association. 

• PSD95 removes NMDAR inhibition of D1R internalization. 

• PSD95 blocks NMDAR modulation of D1R signaling. 

 

(Zhang et al, 

2009) 

β1AR•PSD95 

 

• Interaction demonstrated in vitro and in vivo (brain and heart).  

• PSD95 associates specifically with the β1AR (but not β2AR) in vitro and in cells. 

• PSD95 colocalizes with the β1AR in HEK-293 cells. 

• PSD95 decreases β1AR internalization and recycling.  

• PSD95 have no effect on β1AR-induced cAMP or β1AR desensitization. 

• PSD95 facilitates the formation of a cellular complex between β1AR and NMDAR. 

• Expression of GRK5 decreases PSD95 binding to β1AR. 

• GRK2 and GRK5 can associate with β1AR and enhance its phosphorylation. 

• GRK5 kinase activity is required to regulate the β1AR association with PSD95. 

• GRK5 regulates β1AR•PSD95 association by phosphorylation of β1AR. 

• β1AR•PSD95 association is not affected by βArrs.  

 

(Hu et al, 2000; 
Xu et al, 2001; Hu 

et al, 2002; 

Gardner et al, 
2007) 

 

 

β1AR•SAP97 

 

• Interaction demonstrated in vitro and in vivo (brain and heart).  

• SAP97 has no effect agonist-mediated internalization of β1AR.  

• SAP97 has no effect (or regulate) β1AR recycling.  

• Enable the formation of β1AR•SAP97•AKAP79•PKA. 

 

(Gardner et al, 
2007; Nooh et al, 

2013; Nooh et al, 

2014) 

5-HT2AR•PSD95 • Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 potentiates Gαq-mediated IP3 of 5-HT2AR.  

• PSD95 has no effect on agonist-dependent desensitization of 5-HT2AR. 

• PSD95 inhibits agonist-induced internalization of 5-HT2AR. 

• PSD95 enhances 5-HT2AR-mediated ERK1/2 activation and GSK3β 

phosphorylation. 

• PSD95 promotes cell surface clustering of 5-HT2AR. 

• PSD95 is essential for maintaining normal 5-HT2AR expression in vivo. 

• PSD95 regulates 5-HT2AR turnover. 

• PSD95 is required for the polarized sorting of 5-HT2AR to the apical dendrites of 

pyramidal neuron. 

• 5-HT2AR-mediated head-twitch behavior is attenuated in PSD95 null mice. 

 

(Bécamel et al, 

2004; Xia et al, 

2003; Abbas et al, 
2009) 

5-HT2AR•SAP97 • Interaction demonstrated in vitro and in vivo (brain). 

• SAP97 colocalization with 5-HT2AR at the plasma membrane.  

• SAP97 antagonizes the internalization of 5-HT2AR. 

• SAP97 enhances Gαq-mediated IP3 of 5-HT2AR. 

• SAP97 regulates 5-HT2AR-mediated ERK1/2 activation. 

 

(Dunn et al, 2014) 

5-HT2CR•PSD95 • Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 is essential for maintaining normal 5-HT2CR. expression in vivo.  

• PSD95 is required for 5-HT2CR signaling in vivo (enhances c-fos). 

• PSD95 potentiates Gαq-mediated IP3 of 5-HT2CR. 

• PSD95 facilitates agonist-dependent and independent endocytosis of 5-HT2CR. 

 

(Bécamel et al, 

2002; Bécamel et 
al, 2004; Gavarini 

et al, 2006; Abbas 

et al, 2009) 
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5-HT2CR•SAP97 • Interaction identified by mass spectrometry.  

• No mechanism was proposed.  

 

(Bécamel et al, 
2004) 

5-HT2CR•SAP102 

 

• Interaction identified by mass spectrometry.  

• No mechanism was proposed.  

 

(Bécamel et al, 
2004) 

CRFR1•PSD95 • Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 increases the synaptic clustering of CRFR1 that is dependent on PDZ-

binding motif of CRFR1. 

• PSD95 has no effect on CRFR1-mediated cAMP signaling. 

• Alterations in PSD95 expression did not significantly affect CRFR1-mediated 

ERK1/2 signaling. 

• PSD95 suppresses CRFR1 endocytosis via the CRFR1 PDZ-binding motif.  

• PSD95 antagonizes agonist-induced βArr2 recruitment to CRFR1. 

• PSD95 is not independently involved in CRFR1-mediated sensitization of 5-HT2AR 

signaling. 

 

(Bender et al, 

2015 

Dunn et al, 2016) 

CRFR1•SAP97 • Interaction demonstrated in vitro and in vivo (brain). 

• SAP97 increases the synaptic clustering of CRFR1 that is dependent on PDZ-

binding motif of CRFR1. 

• SAP97 antagonizes CRFR1 endocytosis in a PDZ-binding motif-dependent manner, 

• SAP97 colocalizes with internalized CRFR1.  

• SAP97 has no effect on CRFR1-mediated cAMP signaling.  

• SAP97 enhances CRFR1-mediated ERK1/2 phosphorylation that is dependent on 

endogenous SAP97 expression.  

 

(Dunn et al, 2013 

Bender et al, 

2015) 

CRFR1•PSD93 

 

• Interaction demonstrated in vitro. 

• PSD93 increases the synaptic clustering of CRFR1 that is dependent on PDZ-

binding motif of CRFR1. 

 

(Bender et al, 

2015) 

CRFR1•SAP102 

 

• Interaction demonstrated in vitro. 

• SAP102 increases the synaptic clustering of CRFR1 that is dependent on PDZ-

binding motif of CRFR1. 

 

(Bender et al, 

2015) 

A2AR•SAP102 • Interaction demonstrated in vitro. 

• SAP102 has no effect on agonist-mediated cAMP of A2AR. 

• SAP102 enhances agonist-induced ERK1/2 activation of A2AR.  

• SAP102 increases the mobility of the agonist-activated A2AR but abolishes agonist-

induced change in the effective diffusion coefficients.  

• SAP102 precluded access of the A2AR to the compartment with restricted mobility.  

 

(Thurner et al, 

2014) 

GPR30•PSD95 • Interaction demonstrated in vitro and in vivo (brain). 

• PSD95 association increases surface expression of GPR30 at the plasma membrane.  

• GPR30•PSD95•AKAP5 complex is localized in the plasma membrane. 

 

(Akama et al, 

2013; Broselid et 

al, 2014) 

GPR30•SAP97 • Interaction demonstrated in vitro. 

• No mechanism was proposed. 

 

(Broselid et al, 

2014) 

SSTR1•SAP97 • Interaction demonstrated in vitro and in vivo (brain). 

• Colocalization and possible functional interaction of SAP97 and SSTR1 in growth 

cones of cultured mouse cortical neurons.  

 

(Cia et al, 2009) 
 

SSTR1•PSD95 • Interaction demonstrated in vitro and in vivo (brain). 

• No mechanism was proposed. 

 

(Christenn et al, 

2007) 

SSTR1•PSD93 • Interaction identified using peptide affinity purification.   

• No mechanism was proposed. 

 

(Christenn et al, 
2007) 

SSTR4•PSD95 • Interaction demonstrated in vitro and in vivo (brain). 

• Colocalization of SSTR4•PSD95 in somatodendritic hippocampal neurons.  

• PSD95 has no effect on agonist-induced endocytosis of SSTR4.  

 

(Christenn et al, 

2007) 

SSTR4•PSD93 • Interaction identified using peptide affinity purification.   

• No mechanism was proposed. 

 

(Christenn et al, 
2007) 
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3.7.3. The Role of PDZ Domains in GPCR•β-arrestin2 Signaling  

PDZ-containing proteins are important modulators of GPCR•β-arrestin2 signaling complex. A 

recent study reported that βArr2 interacts with different PDZ-containing proteins, including 

PSD95 via its PDZ1 domain (Gupta et al, 2019). Indeed, βArr2•PSD95 was detected in 

hippocampal culture, and the neuronal scaffolding of βArr2•PSD95 complex participates in the 

downstream activation of JNK3, independently of GPCR activation (Musi et al, 2022). Yet, despite 

its affinity for βArr2, PSD95 antagonizes agonist-stimulated βArr2 recruitment to CRFR1 (Dunn 

et al, 2016). Interestingly, this finding contrasts with the effect of another βArr2-interacting PDZ-

containing protein called Na+/H+ exchange regulatory factor 1 (NHERF1), which promotes βArr2 

recruitment to parathyroid hormone receptor 1 (PTHR1) (Klenk et al, 2010). These findings 

suggest that the scaffolding properties of PDZ-containing proteins modulate receptor-mediated 

βArr2 recruitment and signaling.  

3.8. Regulation of Dopaminergic Signaling: Roles of SAP102 and PSD95 

Caron’s lab identified PSD95 as an important regulator of DA-mediated behavior and synaptic 

plasticity. By utilizing mutant mouse models known to elicit heightened sensitivity to 

psychostimulant; DAT-/-, NET-/-, and VMAT2+/-, and mice chronically treated with cocaine, 

genomic microarray profiling of striatal transcripts show that PSD95 is significantly reduced in 

basal ganglia, but unchanged in hippocampus and cortex (Yao et al, 2004). Furthermore, a different 

study found that repeated amphetamine treatment also reduces striatal PSD95 level (Mao et al, 

2009). Interestingly, among PSD-MAGUK proteins, the reduced expression level reported in these 

studies was specific to PSD95, with normal striatal expression observed for SAP102, SAP97 and 

PSD93 (Yao et al, 2004; Mao et al, 2009). Yao and colleagues argued that lower PSD95 levels in 

these experimental models led to overactive D1R, a previously established central tenet of 

psychostimulant hyperactivity. Subsequent findings demonstrated that PSD95-KO display a 

reduced locomotor activity and elicit substantial behavioral response to D1-class agonist and the 

psychostimulants cocaine and amphetamine (Yao et al, 2004; Zhang et al, 2007; Zhang et al, 2014).  

Moreover, the medial PFC (mPFC) expression of synaptic and extrasynaptic AMPAR subunits 

(GluA1, GluA2, and GluA3), and their anchoring proteins (SAP97 and GRIP) were significantly 

reduced in DAT-deficient rats, and in an opposing fashion, PSD95 expression was enhanced 
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(Targa et al, 2023). These findings suggest that DA overactivity displayed in DAT-KO alters the 

homeostatic plasticity of the glutamate synapse in the mPFC and dysregulates AMPAR trafficking.  

3.8.1. D1R•PSD95 Complex 

In vitro and in vivo coimmunoprecipitation and GST-pulldown assays suggest that CT of D1R 

physically interacts with NT of PSD95. (Zhang et al, 2007; Sun et al, 2009). Importantly, this 

complex is observed in purified PSD, suggesting that D1R and PSD95 are highly enriched in this 

region (Zhang et al, 2007). However, whether PSD95 exerts regulatory effects on D1R-mediated 

trafficking and signaling remains incompletely understood due to several discrepancies between 

studies. Zhang and colleagues show that PSD95 inhibits D1R-mediated cAMP accumulation, and 

PSD enhances constitutive, dynamin-dependent endocytosis of D1R (Zhang et al, 2007). 

Expectedly, truncation of NT-PSD95 abolishes the constitutive D1R endocytosis facilitated by 

PSD95, while deleting other PSD95 domains has no effect in this regard (Zhang et al, 2007). The 

selective reduction of D1R surface expression, without a change in total expression, suggests that 

PSD95 promotes cellular redistribution of D1R toward greater intracellular localization (Zhang et 

al, 2007). Interestingly, PSD95 also interacts with G-protein γ subunit, which could conceivably 

affect G-protein coupling to D1R, downstream cAMP production, and/or uncoupling of G protein 

from activated D1R to initiate receptor desensitization (Li et al, 2006; Zhang et al, 2007). In 

contrast, Sun and colleagues report no effect of PSD95 on D1R-mediated cAMP production, G-

protein activation, or desensitization, but show that PSD95 promotes agonist-induced D1R 

resensitization. Interestingly PSD95 also accelerates the recycling of internalized D1R, 

independent of receptor synthesis (Sun et al, 2009). These differing findings between research 

groups on the particular roles played by PSD95 in D1R signaling and trafficking may in part be 

accounted for by differences in experimental procedures.  

3.8.2. D1R•NMDAR•PSD95 Complex 

PSD95 plays an important role in regulating interactions between D1R and NMDAR. Indeed, 

biochemical and imaging studies reveal tripartite D1R•NMDAR•PSD95 complexes in vitro and in 

vivo, mediated via a distinct but overlapping region within the CT of D1R (Zhang et al, 2009). In 

complexes containing only D1R and NMDAR, D1R is immobilized in the plasma membrane, 

displays little constitutive endocytosis, and exhibits reduced cAMP production when D1R is 

activated (Fiorentini et al, 2003). However, when PSD95 is co-expressed with D1R and NMDAR 
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in heterologous cells, D1R experiences robust constitutive and agonist-induced internalization, and 

significantly enhanced cAMP production upon D1R activation, presumably due to formation of 

D1R•NMDAR•PSD95 complexes (Zhang et al, 2009). Additionally, D1R activation within the 

context of such tripartite complexes—in particular, those with GluN2B-containing-NMDAR—

facilitates NMDAR-mediated-Ca2+ influx in HEK293 cells (Gu et al, 2007). D1R activation also 

potentiates cortical NMDAR-mediated EPSCs in PSD95 mutant mice (Zhang et al, 2014). 

Furthermore, activation of GluN2B-containing NMDAR complexed with D1R alone enhances 

D1R-mediated cAMP accumulation, while activation of GluN2B-containing NMDAR in the 

context of D1R•NMDAR•PSD95 complexes has no effect on D1R-mediated cAMP production, 

highlighting a function for PSD95 in dampening NMDAR-mediated enhancement of canonical 

D1R signaling (Zhang et al, 2009). Overall, the above findings demonstrate a clear role for PSD95 

in modulating the functional interplay between D1R and NMDAR.  

3.8.3. L-DOPA-Induced Dyskinesia: Roles of SAP102 and PSD95  

SAP102 and PSD95 differentially contribute to the D1R-mediated signaling alterations that 

underlie LID. Reduced level of striatal PSD95, SAP102, SAP97 and GluN2B-containing 

NMDARs are exhibited within 6-OHDA-lesioned rats relative to sham-lesioned rats (Picconi et 

al, 2004; Nash et al, 2005; Gardoni et al, 2006). Chronic L-DOPA treatment rescues the level of 

PSD95, SAP102, and SAP97, but not GluN2B, within rats experiencing LID compared to sham-

lesioned rats (Gardoni et al, 2006). Striatal GluN2A-containing NMDAR expression was not 

altered in 6-OHDA lesioned-mice, but was enhanced following L-DOPA treatment (Gardoni et al, 

2006). While PSD95, SAP102, and SAP97 interactions with GluN2A subunit were unchanged, a 

profound disruption of the association of PSD95•GluN2B, SAP102•GluN2B, and SAP97•GluN2B 

complexes were observed in this experimental parkinsonian model (Gardoni et al, 2006). L-DOPA 

administration, however, rescue the abundance of PSD95•GluN2B and SAP97•GluN2B 

complexes to control level, but is inefficient to restore the level of SAP102•GluN2B complex 

(Gardoni et al, 2006). These findings suggest a critical role of SAP102•GluN2B complex 

formation for the correct delivery of GluN2B-containing NMDARs to the synapse, and in LID 

development observed in this experimental parkinsonian model (Gardoni et al, 2009). 

Moreover, levels of striatal PSD95 and D1R•PSD95 complex are massively increased in 

dyskinetic MPTP-lesioned macaques (Porras et al, 2012). Interestingly, downregulation of striatal 
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PSD95 in the MPTP-treated macaque markedly alleviates dyskinesia and alters synaptic D1R 

surface content and trafficking (Porras et al, 2012). These findings suggest that striatal alterations 

in the D1R•PSD95 signaling complex are crucial for the development and severity of LID (Porras 

et al, 2012). PSD95 also modulates D1R-mediated ERK1/2 activation in the context of LID. 

Elevated D1R-mediated ERK1/2 activation in dyskinetic 6-OHDA-lesioned mice and PSD95 KD 

reduces the level of ERK1/2 phosphorylation, which suggest that PSD95 is a contributing factor 

to the pathologically increased D1R-mediated ERK1/2 activation in LID (Porras et al, 2012). It is 

likely, however, that D1R-mediated LID dysfunction involves altered physical and functional 

interactions of D1R•PSD95•NMDAR complex. Importantly, no studies have directly assessed a 

potential role for SAP102 in regulating D1R function in parkinsonian models.  
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4. Thesis Objectives: Investigating the Role of D1-Class Receptor Interactions 

with SAP102 and PSD95  

GPCRs, including D1-class receptors, serve as hubs that assemble a wide array of non G-protein 

signaling partners, such as the PSD-MAGUKs: SAP102 and PSD95, which contribute to the 

regulation of the receptor function. Dysfunction of normal interactions with such signaling partners 

can lead to altered receptor function and pathophysiological states. Indeed, dysfunctional PSD95 

and SAP102 are strongly implicated in diseases with dopaminergic dysfunction—especially those 

with well-characterized D1-class receptor involvement—including PD and LID. In light of this, a 

thorough investigation into the mechanistic interplay between PSD95, SAP102 and D1-class 

receptors is warranted. Although SAP102 and PSD95 have similar structure, they display distinct 

functionalities in the modulation of glutamatergic transmission. Importantly, the macromolecular 

organizations that integrate the dopaminergic-glutamatergic transmission in both physiology and 

disease are highly sophisticated and require further study to fully appreciate the mechanisms 

governing the formation of DA receptor signaling complexes, especially as it pertains to their 

linkage with glutamate receptors. While studies reported the expression and regulation of SAP102 

in DA system, there is no evidence yet for functional interactions between DA receptors and 

SAP102. Owing to these facts, it is clearly vital to further our understanding of the potential roles 

played by SAP102 and PSD95 in these processes that have the potential for novel therapeutic 

modulation in dopaminergic diseases.  

As noted earlier, the Tiberi lab utilized proteomic yeast two-hybrid screens to identify SAP102 as 

a potential subtype-selective interactor with D1R. In particular, the yeast two-hybrid screens 

suggest that SAP102 domains located downstream of PDZ2 potentially interact with IL3-D1R. 

Interestingly, in vitro studies from the Tiberi lab found that SAP102 switches the mechanism of 

D1R-mediated ERK1/2 activation from a PKA-independent to PKA-dependent pathway (Mischuk 

et al., in preparation). Taking into account these findings and the established D1R•PSD95 

relationship, I hypothesized that SAP102 and PSD95 not only both interact with D1R, but 

also act to differentially regulate D1R function properties. I aimed to study the role of 

SAP102 and PSD95 in regulating D1R by i) mapping the binary D1R•SAP102 and 

D1R•PSD95 interactions in vivo and in vitro, and ii) assessing the effect of SAP102 and PSD95 

on signaling, phosphorylation, and trafficking mechanisms of D1R. 
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Furthermore, the role of PSD95 in regulating D5R function has yet to be established. Sun and 

colleagues showed that, in addition to D1R, PSD95 constitutively interacts with D2R and D5R in 

heterologous cells, without further elucidating the specific region of D5R participating in the 

interaction or the significance of these complexes in downstream signaling and trafficking 

functions (Sun et al, 2009). Another research group reported that distal CT of D5R did not 

pulldown PSD95 from striatal lysate (Kruusmagi et al, 2009; Blom et al, 2012). Interactions 

between PSD95 and other regions of D5R, such as IL3 and proximal CT, have yet to be 

investigated. Interestingly, D5R is implicated as an important player in hippocampal NMDAR 

signaling as evidenced by the reduced expression of GluN2B-containing NMDAR within 

hippocampus of D5R-KO mice (Moraga-Amaro et al, 2016). These findings thus suggest that D5R 

is not only a regulator of inhibitory GABAergic transmission through its interaction with 

GABAAR, but also an important modulator of excitatory glutamatergic transmission via its 

apparent effect on NMDAR function. I argue that these findings support the possibility of D5R 

linkage to PSD95 in a manner crucial for normal synaptic NMDAR expression and signaling. 

Thus, I hypothesized that PSD95 interact with D5R and regulate D5R functions. I aimed to 

investigate this by i) mapping the D5R•PSD95 interaction in vivo and in vitro, and ii) assessing 

the effect of PSD95 on D5R signaling and trafficking mechanisms. 

Finally, βArr2 recruitment by D1R is shown to modulate D1R signaling properties and has 

promising clinical applications. Interestingly, a recent study suggested that βArr2 interacts with 

PSD95 (Gupta et al, 2019; Musi et al, 2022). These findings, taken together with the known 

importance of βArr2 in D1R trafficking, open the possibility that βArr2 is an actuator for the 

interplay between D1R•SAP102 and D1R•PSD95 complexes. Whether βArr1 also associates with 

PSD-MAGUK has yet to be examined. I posit that SAP102 and PSD95 modulate D1R•βArr2 

trafficking properties. I aimed to study i) the binary interaction between 

βArr1•SAP102/PSD95 and βArr2•SAP102/PSD95 in vitro and in vivo, ii) the ternary complex 

of D1R•SAP102/PSD95•βArr2 and iii) the effect of D1R•SAP102/PSD95•βArr2 complexes 

on D1R trafficking properties.  

In conclusion, given the importance of SAP102 and PSD95 in regulating NMDAR function, and 

by deciphering the mechanistic details of SAP102 and PSD95 involvement in D1-class receptor 

function, critical information will reveal potential intersection between dopaminergic and 
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glutamatergic mechanisms. Results from these studies may inform rational drug design of new 

therapeutic approaches for the treatment of dopaminergic disorders.  

As my thesis seeks to gain a mechanistic understanding of the scaffolding glutamatergic proteins 

of SAP102 and PSD95 interacting with D1-class receptors, the results of these 

hypotheses/objectives addressed above will be presented in the form of three thematically distinct 

manuscripts in Chapter Three: Results, titled as:  

I) Synapse Associated Protein 102 (SAP102) and Postsynaptic Density 95 (PSD95) 

Differentially Modulate Dopamine D1 Receptor. 

II) Postsynaptic Density 95 (PSD95) Modulates Dopamine D5 Receptor. 

III) Synapse-Associated Protein 102 (SAP102) and Postsynaptic Density 95 (PSD95) 

Facilitate β-arrestin2 (βArr2) Signaling of Dopamine D1 Receptor.  
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CHAPTER TWO: MATERIALS AND METHODS 
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1. Key Reagents or Resources 

Table 2.1 summarizes reagents and resources utilized in my thesis studies. Table 2.2. lists the 

antibodies used in different experimental approached in my thesis.  

2. DNA Constructs 

The list of different DNA plasmids utilized in transient transfection of mammalian cells are 

described in Table 2.3. Fig. 2.1 illustrates the mutant forms of D1R and D5R used in my thesis 

studies. 

2.1. Construction of Flag-D5R-C375 

Untagged-D5R truncated tail at C375 construct was generated using a PCR overlap extension 

strategy as described by the Tiberi Lab (Plouffle et al, 2010). Flag-D5R-C375 was constructed 

through digesting untagged D5R-C375-pCMV5 with EcoRI and EagI and subcloning the 

fragments (~1200 bp) into readily available FLAG-D5R-pCMV5 linearized with the same 

enzymes. DNA sequences from untagged-D5R-C375 and FLAG-D5R-C375 were confirmed by 

automated DNA sequencing from Génome Québec (Nanuq) (Montréal, QC, Canada). 
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Table 2.1. Key Resources and Reagents. 

Experimental Model: 

Organism/Strain 

Supplier Experimental Model: 

Organism/Strain 

Supplier 

Sprague-Dawley rats  

(Kindly provided by Dr. Béïque 

lab) 

(Charles River Laboratories, 

MA, USA) 

CD1 mice (022) 

(Kindly provided by Dr. Ferguson 

lab) 

Charles River Laboratories 

Experimental Model: Cell 

Lines 

Supplier Experimental Model: Cell Lines Supplier 

HEK293 cells  

 

ATCC (Manassas, VA, USA) HEK293T-Glo cells (Kindly provided by Dr. 

Giguère lab) 

HTLA cells 

 
(Kindly provided by Dr. 
Giguère lab) 

HTL cells (Kindly provided by Dr. 
Giguère lab)  

Culture Reagents 

 

Supplier Culture Reagents Supplier 

Eagle’s Minimal Essential 

Medium (EMEM) 

Wisent Bioproducts (Saint-

Jean-Baptiste, QC, Canada).  

Dulbecco’s Modified Eagle 

Medium (DMEM) 

Corning, Canada 

EMEM (without phenol red) Wisent Bioproducts DMEM (without phenol red) Wisent Bioproducts 

 

Fetal Bovin Serum (FBS) Thermo Fisher Scientific  Bovine Calf Serum (BCS) 

 

Thermo Fisher Scientific  

Phosphate-Buffered Saline 

(PBS) 

Wisent Bioproducts 0.25% Trypsin 

ethylenediaminetetraacetic acid 
(EDTA) 

Thermo Fisher Scientific  

Gentamycin 

 

Fisher Scientific  Puromycin Thermo Fisher Scientific  

Hygromycin Millipore Sigma (Oakville, 
ON, Canada). 

Hanks’ Balanced Salt Solution 
(HPSS) 

Thermo Fisher Scientific  

Neurobasal media 

 

Thermo Fisher Scientific  B27 Supplement  Thermo Fisher Scientific  

N2 Supplement Thermo Fisher Scientific  GlutaMAX 
 

Thermo Fisher Scientific  

Hyclone Penicillin-Streptomycin Fisher Scientific  Poly-L-Lysine   

 

Millipore Sigma 

µ-Slide 4 Well Ibidi  8 Well Chamber, removable Ibidi 
 

Ibidi 35 mm #1.5 glass bottom 

dishes 

Ibidi Millicell Cell Culture Insert Thermo Fisher Scientific 

1.0 μm Gold Microcarriers 
(1652263) 

Bio-Rad laboratories 
(Mississauga, ON, Canada  

100 mm culture dishes  Sarstedt  

6-, 12-, and 24-well plates, and 

150 mm culture dishes 

Fisher Scientific  Nunc 96- and 384-well clear 

bottom, white plates 

Thermo Fisher Scientific  

Chemical Reagents 

 

Supplier Chemical Reagents Supplier 

[3H]-SCH23390 PerkinElmer (Boston, MA, 

USA). 

Sodium L-Ascorbate (Ascorbic 

acid “AA”) 

Millipore Sigma 

DA hydrochloride Millipore Sigma (+)-SCH23390 hydrochloride Millipore Sigma 

 

Dihydrexidine (DHX) Bio-Techne 

(Toronto, ON, Canada) 

(+)-SKF81297 hydrobromide Bio-Techne 

 

Cis-Flupentixol dihydrochloride Millipore Sigma Thiothixene Millipore Sigma 

 

(+)-Butaclamol hydrochloride Millipore Sigma Thioridazine hydrochloride Millipore Sigma 

 

Forskolin (FSK) 

 

Millipore Sigma Trypsin inhibitor Millipore Sigma 

Aprotinin 

 

Millipore Sigma Benzamidine Millipore Sigma 

Leupeptin 

 

Millipore Sigma Pepstatin A Millipore Sigma 

Phenylmethylsulfonyl Fluoride 

(PMSF) 

Millipore Sigma DNase 

 

Millipore Sigma 

DTT (Dithiothreitol) 

 

Millipore Sigma Ammonium Persulfate (APS) Bio-Rad laboratories 

IPTG (Isopropyl ß-D-1-
thiogalactopyranoside) 

Wisent Bioproducts D-Luciferin Sodium Salt  Bio-Techne 

Coelenterazine 400a  

(DeepBlueC) 

Nanolight technology 

 

Coelenterazine h 

 

Nanolight technology 
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Tween-20 
 

Bio-Rad laboratories Triton X-100 Bio-Rad laboratories 

Cytiva HyClone Bovin Serum 

Albumin (BSA) 

Fisher Scientific  HEPES [4-(2hydroxyethyl)-1-

piperazineethanesulfonic acid] 

buffer 

Fisher Scientific  

Saponin  Fisher Scientific  TEMED (Tetramethyl-

ethylenediamine) 

Bio-Rad laboratories 

Ultrapure Acrylamide 

 

Thermo Fisher Scientific Ultrapure N,N'-

methylenebisacrylamide 

Thermo Fisher Scientific 

Commercial Assays 

 

Supplier Commercial Assays Supplier 

DC Protein Assay Kit Bio-Rad laboratories Bradford Protein Assay Dye 

Reagent Concentrate 

Bio-Rad laboratories 

O-phenylenediamine 

dihydrochloride (OPD) 

Thermo Fisher Scientific  Pierce stable peroxide substrate 

buffer 

Thermo Fisher Scientific  

Prolong Glass Antifade 

Mountant with NucBlue Stain 

Thermo Fisher Scientific  Amersham ECL GE Healthcare (Mississauga, 

ON, Canada 

Duolink In Situ PLA Probe 

Anti-Mouse PLUS 

Millipore Sigma 

(DUO92001) 

Duolink In Situ PLA Probe Anti-

Rabbit MINUS  

Millipore Sigma 

(DUO92005) 

Duolink In Situ Detection 

Reagents FarRed 

Millipore Sigma 

(DUO92013) 

Duolink In Situ Mounting 

Medium with DAPI 

Millipore Sigma 

(DUO82040) 

Miscellaneous Materials Supplier 

 

Miscellaneous Materials Supplier 

pGEX4T1 vector  GE Healthcare  Overexpress C41 (DE3) Chem 

comp cells 

Millipore Sigma 

Costume-made primers used to 

generate the fusion proteins  

Thermo Fisher Scientific  Phusion high fidelity DNA 

polymerase and dNTPs 

Thermo Fisher Scientific 

Restriction enzymes Fermentas Life Sciences 
(Burlingto, ON, Canada)  

Restriction enzymes New England Biolabs 
(Pickering, ON, Canada) 

Polyvinylidene Difluoride 

(PVDF) membrane 

Bio-Rad laboratories Precision Plus Dual Color 

Standards 

Bio-Rad laboratories 

5X Transfer buffer Bio-Rad laboratories Paraformaldehyde Aqueous 
Solution 

Electron Microscopy Sciences 
(Hatfield, PA, USA) 

Bio-Safe Degradable 

Scintillation Cocktail 

Research Products 

International (Mount Prospect, 

IL, USA) 

Glutathione Sepharose 4B Millipore Sigma 

Instruments 

 

Supplier Instruments 

 

Supplier 

Trans-Blot Turbo System  

 

Bio-Rad laboratories Micro Chemi DNR Bio-Imaging 

System 

Frogga Bio Scientific Solution 

(Concord, ON, Canada) 

Brandel M-48 Semi-Automated 

Harvesting System 

Brandel Beckman LS 6500 Liquid 

Scintillation Counter. 

Beckman Coulter 

Bekman Optima TLX 

Ultracentrifuge and TLA100.3 
Rotor 

Beckman Coulter  SpectraMaxM5 Molecular Devices  

BioTek Synergy Neo2 Plate 

Reader  

Agilent Technologies BioTek Synergy H1 Multi-Mode 

Plate Reader 

Agilent Technologies 

Bio Mate 3 Spectrophotometer  Thermo Scientific  MX-TS Tissue Slicer  Siskiyou (Grants Pass, OR, 
USA) 

Helios Gene Gun System  

 

Bio-Rad laboratories MicroBeta Plate Reader 

 

Perkin Elmer 

Software 

 

Supplier Software 

 

Supplier 

GraphPad 

  

Prism Gel Capture Chemi Acquisition 

Software 

Frogga Bio Scientific Solution 

Fiji  NIH ImageJ 

 

NIH 

Gen5 software v3.11  

 

BioTek Instruments IMARIS  Oxford Instruments  

Zeiss Zen software: Lite, Blue, 

Desk 
Zeiss  

 
BioRender 

 

BioRender 
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Table 2.2. List of the Antibodies.     

Primary Antibodies  

 
 

Supplier Cat# Epitope Working 

Dilution  

Rabbit monoclonal SAP102 (A7R8L) 

antibody  

Cell Signaling 

Technology 
(Danvers, MA, USA) 

47421 Synthetic peptide corresponding to 

residues near the CT of human 
SAP102 protein. 

WB (1:1000) 

Mouse monoclonal SAP102 (S19-2) antibody Invitrogen  MA5-

27707 

Fusion protein amino acids 1-120 

of rat SAP102 

IP (1:200) 

WB (1:1000) 

PLA (1:100) 
IF (1:200) 

Rabbit monoclonal PSD95 (D27E11) XP® 

antibody  

Cell Signaling 

Technology 

3450 Synthetic peptide corresponding to 

residues surrounding Gln53 of 
human PSD95. 

WB (1/1000) 

Mouse monoclonal PSD95 antibody (clone 

7E3-1B8)   

Millipore Sigma P246 Recombinant rat PSD95.  

 

IP (1:200) 

WB (1:1000) 
PLA (1:100) 

IF (1/200) 

Rat monoclonal D1R antibody (clone 1-1-F11 

s.E6) 

Millipore Sigma D2944 Recombinant fusion protein 

containing the CT 97 amino acid of 
human D1 dopamine receptor. 

IP (1:200) 

IF (1:200) 
WB (1:500) 

Rabbit monoclonal Anti-Dopamine Receptor 

D1 antibody (Recombinant)   

Abcam (Cambridge, 

MA, USA) 

ab81296 A synthetic peptide within Human 

Dopamine Receptor D1 aa 400 to 
CT  

PLA (1:100) 

Rabbit pT354-D1 (phospho-Dopamine 

Receptor 1 polyclonal Antibody) 

7TM Antibodies  N/A A synthetic phosphopeptide 

derived from human D1 around the 

phosphorylation site of Thr354. 

WB (1:1000) 

Mouse Anti-Dopamine D1B (D5R) Receptor 

Antibody, clone SG4-D1B 

 

Millipore Sigma MAB5292 Recombinant rat D1b Receptor, CT IP (1:200) 

Rabbit polyclonal Anti-DRD5 (D5R) 
antibody 

 

Abcam ab32620 A synthetic peptide within Human 
DRD5 aa 450 to the CT 

PLA (1:100) 
WB (1:1000) 

Rabbit monoclonal phosphor ERK1/2 
(D13.14.4E) XP® antibody [Phospho-p44/42 

MAPK (Erk1/2) (Thr202/Tyr204)]  

Cell Signaling 
Technology 

4370 Synthetic phosphopeptide 
corresponding to Thr202/Tyr204 of 

human p44 MAP kinase. 

WB (1:1000) 

Rabbit monoclonal total ERK1/2 (137F5) 

antibody  
[p44/42 MAPK (Erk1/2)] 

Cell Signaling 

Technology 

4695 Synthetic peptide corresponding to 

residues near the C-terminus of 
human p44 MAP kinase. 

WB (1:1000) 

Rabbit monoclonal α-Tubulin (11H10) 

antibody  

Cell Signaling 

Technology 

2125 Synthetic peptide corresponding to 

the amino terminus of human α-
tubulin protein. 

WB (1:2000) 

Rabbit monoclonal β-Arrestin 1 (D7Z3W) 

XP® antibody 

Cell Signaling 

Technology 

30036 Synthetic peptide corresponding to 

residues surrounding Arg363 of 
human β-arrestin 1 protein. 

IP (1:200) 

WB (1:1000) 

Rabbit monoclonal β-Arrestin 2 (C16D9) 

antibody  

Cell Signaling 

Technology 

3857 Monoclonal antibody is produced 

by immunizing animals with 

recombinant human β-arrestin 2. 

IP (1:200) 

WB (1:1000) 

Mouse monoclonal Dynamin-I (3G4B6) 

antibody  

Cell Signaling 

Technology 

4565 Monoclonal antibody is produced 

by immunizing animals with a 

recombinant CT fragment of 
human dynamin-I. 

WB (1:1000) 

Rabbit monoclonal NMDA Receptor 1 

(GluN1) (D65B7) 

 

Cell Signaling 

Technology 

5704 Synthetic peptide corresponding to 

residues surrounding Pro660 of the 

human NMDA Receptor 1. 

WB (1:1000) 

Rabbit NMDA Receptor 2A (GluN2A) 

Antibody  

 

Cell Signaling 

Technology 

4205 Synthetic peptide corresponding to 

residues surrounding Asn1174 of 

human NMDAR2A. 

WB (1:1000) 

Rabbit monoclonal NMDA Receptor 2B 
(GluN2B) (D8E10) 

 

Cell Signaling 
Technology 

14544 Synthetic peptide corresponding to 
residues surrounding Asp1253 of 

human NMDA Receptor 2B 

(GluN2B) protein. 

WB (1:1000) 

Rabbit monoclonal Synaptophysin (D8F6H) 

XP® antibody 

 

Cell Signaling 

Technology 

25056 Synthetic peptide corresponding to 

residues surrounding Gly299 of 

human Synaptophysin protein. 

WB (1:1000) 

Chicken polyclonal MAP2 Antibody Invitrogen PA1-

10005 

Mix of recombinant human 

constructs of projection domain 

sequences, amino acids 235-1588. 

IF (1:400) 
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Normal Rabbit IgG Polyclonal Antibody 

 

 

Millipore Sigma 12-370 
 

 IP (1:200) 

Normal Mouse IgG 

 
 

Santa Cruz 

Biotechnology 

SC-2025  IP (1:200) 

Normal rat IgG 

 
 

Santa Cruz 

Biotechnology 

SC-2026  IP (1:200) 

Mouse anti-FLAG® M2 monoclonal 

antibody 

 

Millipore Sigma F3165  IF (1:400) 

Rabbit anti-HA polyclonal antibody 

 

 

Millipore Sigma H6908  IF (1:400) 

     
 

Primary Antibodies Conjugated-HRP 

 
 

Supplier Cat# Working Dilution 

 

 

Mouse anti-FLAG® M2-monoclonal 

antibody-HRP 

 

Millipore Sigma A8592 WB (1:2000) 

ELISA (1:20,000) 

 

Mouse monoclonal Anti-HA−Peroxidase 

antibody 

Millipore Sigma H6533-

1VL 

 

WB (1:2000) 

 

 

Rabbit GFP Polyclonal Antibody, HRP 

 

 

Invitrogen A10260 WB (1:2000) 

 

 

GST Tag Polyclonal Antibody, HRP 
 

 

Thermo Fisher 
Scientific 

A190-
122P 

WB (1:20,000) 
 

 

     
 

Primary Antibodies Conjugated-Agarose 

 

 

Supplier Cat# Application  

Anti-FLAG® M2 Affinity Gel 

(mouse monoclonal antibody- agarose) 

 

Millipore Sigma A2220 

 

IP (50 µl/reaction)  

Pierce™ Anti-HA Agarose (Mouse 
monoclonal antibody) 

 

Thermo Fisher 
Scientific 

26181 IP (50 µl/reaction)  

Protein A/G PLUS-Agarose 

 

 

Santa Cruz 
Biotechnology 

SC-2003 IP (50 µl/reaction)  

 

 

    

Secondary Antibodies Conjugated-HRP 

 

 

Supplier Cat# Working Dilution 

  

 

anti-Rabbit IgG, peroxidase-linked species-

specific whole antibody (from donkey) 

Secondary Antibody, Cytiva 

Fisher Scientific  45000682 WB (1:5000)  

anti-Mouse IgG, peroxidase-linked species-
specific whole antibody (from sheep) 

Secondary Antibody, Cytiva 

Fisher Scientific  45000679 
 

WB (1:5000)  

Amersham ECL Rat IgG, HRP-linked whole 
antibody (from goat) 

 

GE Healthcare NA935 WB (1:5000)  

 

 

    

Secondary Antibodies Conjugated-Alexa 

Fluor  

 

Supplier Cat# Working Dilution 

 

 

Chicken anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 

Fluor™ 488 

Invitrogen A-21441 IF (1:800)  
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Chicken anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 

Fluor™ 488 

Invitrogen A-21200 IF (1:800)  

Goat anti-Chicken IgY (H+L) Secondary 

Antibody, Alexa Fluor™ 488 
 

Invitrogen A-11039 

 

IF (1:800)  

Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ 568 
 

Invitrogen A-11004 IF (1:800)  

Goat anti-Rat IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ 568 

 

Invitrogen A-11077 

 

IF (1:800)  

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor™ 594 

Invitrogen A-11037 IF (1:800)  

Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa 

Fluor™ 594 

Invitrogen A-11032 IF (1:800)  

Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa 

Fluor™ 647 

Invitrogen A-31573 IF (1:800)  
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Table 2.3. List of the DNA Plasmids.    

DNA  Subcloned Vector Source  DNA  

 

Subcloned Vector Source  

pCMV5 

 

Empty pCMV5 vector Tiberi’s lab pCDNA3.1 Empty pCDNA3.1 vector Tiberi’s lab 

D1R untagged human D1R (hD1R) 

cloned in pCMV5 

Tiberi’s lab D5R untagged human D5R 

(hD5R) cloned in pCMV5 

Tiberi’s lab 

HA-D1R HA-tagged hD1R cloned in 

pCMV5 

Tiberi’s lab HA-D5R 

 

HA-tagged hD5R cloned in 

pCMV5 

Tiberi’s lab 

Flag-D1R Flag-tagged hD1R cloned in 

pCMV5 

Tiberi’s lab Flag-D5R Flag-tagged hD5R cloned in 

pCMV5 

Tiberi’s lab 

D1R-GFP hD1R fused with GFP2 cloned 

in pCMV5 

Tiberi’s lab D5R-GFP hD5R fused with GFP2 

cloned in pCMV5 

Tiberi’s lab 

D1R-Rluc hD1R fused with Rluc cloned 
in pCMV5 

Tiberi’s lab D5R-Rluc hD5R fused with Rluc 
cloned in pCMV5 

Tiberi’s lab 

D1R-Tango Flag-tagged hD1R cloned in 

tango vector  

Dr. Patrick 

Giguère 

D5R-Tango Flag-tagged hD5R cloned in 

tango vector 

Addgene: 66272 

(Dr. Bryan Roth) 

Flag-D1R-

ΔIL3N 

 

Flag-tagged hD1R mutant (lack 
the aa Q224-T245) cloned in 

pCMV5 

Tiberi’s lab Flag-D5R-

ΔIL3N 

Flag-tagged hD5R mutant 
(lack the aa Q255-S275) 

cloned in pCMV5 

Tiberi’s lab 

Flag-D1R-

ΔIL3C 

 

Flag-tagged hD1R mutant (lack 

the aa G246-K265) cloned in 
pCMV5 

Tiberi’s lab Flag-D5R-

ΔIL3C 

Flag-tagged hD5R mutant 

(lack the aa A276-K289) 
cloned in pCMV5 

Tiberi’s lab 

Flag-D1R-

ΔCT 

 

Flag-tagged hD1R mutant (lack 

the aa C347-T446) cloned in 
pCMV5 

Tiberi’s lab Flag-D5R-

ΔCT 

Flag-tagged hD5R mutant 

(lack the aa C375-H477) 
cloned in pCMV5 

Tiberi’s lab 

Flag-SAP102 Flag-tagged rat SAP102 

(rSAP102) cloned in pCMV5 

Tiberi’s lab Flag-PSD95 Rat PSD95 (rPSD95)-Flag-

tagged cloned in pCDNA5  

Addgene: 15463 

(Dr. Wei-dong 

Yao) 

HA-SAP102 HA-tagged rSAP102 cloned in 

pCMV5 

Tiberi’s lab PSD95-RFP rPSD95 cloned in pTagRFP 

vector 

Addgene: 52671 

(Dr. Johannes 

Hell) 

SAP102-GFP Human SAP102 cloned in 
pCMV6-AC-GFP vector 

Origene: 
RG210860 

PSD95-GFP rPSD95 in pEGFP-N1 
vector 

Dr. Richard 
Bergeron  

HA-GbR2-

GFP10 

GABAB subtype GbR2-fused 

GFP subcloned in pcDNA3.1 

Dr. Micheal 

Bouvier  

mCherry  Dr. Jean-Claude 

Béïque 

βArr1 Untagged βArr1 subcloned in 
pCMV5 

Dr. Robert 
Lefkowitz 

βArr2 Untagged βArr2 subcloned 
in pCMV5 

Dr. Robert 
Lefkowitz 

βArr1-YFP 

 

βArr1 fused YFP Dr. Stéphane 

Laporte 

βArr2-YFP βArr2 fused YFP Dr. Stéphane 

Laporte 

Flag-βArr2 Flag-tagged βArr2  Dr. Stephen 

Ferguson 

βArr2-V54D Untagged mutant form of 

βArr2 subcloned in pCMV5 

Dr. Marc Caron 

βArr1-

TEV219 

βArr1 fused TEV219 

subcloned in pCDNA6 

Dr. Patrick 

Giguère 

βArr2-

TEV219 

βArr2 fused TEV219 

subcloned in pCDNA6 

Dr. Patrick 

Giguère 

HA-dynamin 

I-K44A 

Mutant form of dynamin Dr. Sandra 

Schmid 
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A-1 B-1 

A-2 B-2 

Flag-D1R-IL3N (lack the aa Q224-T245) Flag-D5R-IL3N (lack the aa Q255-S275) 

Flag-D1R-IL3C (lack the aa G246-K265) Flag-D5R-IL3C (lack the aa A276-K289) 
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Fig. 2.1. Schematic Representation of Mutant Forms of Flag-D1R and Flag-D5R. Highlighted circles depict the 

deleted amino acids of Flag-hD1R (A) and Flag-hD5R (B). Created by gpcrdb.org.  

  

A-3 B-3 

Flag-D1R-CT (lack the aa C347-T446) Flag-D5R-CT (lack the aa C375-H477) 



146 

 

3. Construction and Purification of Recombinant GST-Fusion Proteins 

3.1. Construction of GST-fusion proteins for D1R and D5R 

The IL3 (R219-K272) and CT (R338-T446) fragments of human D1R (UniProt: P21728), and the 

IL3 (R247-K296) and CT (F361-H477) fragments of human D5R (UniProt: P21918) were 

amplified by PCR using either hD1R or hD5R in pCMV5 as templates and custom-made primers. 

The PCR amplicons were digested with BamHI and SalI, except the D1R-CT amplicon, which 

was digested with BamHI and EcoRI, and ligated into the pGEX4T-1 vector linearized with the 

corresponding enzymes. DNA sequences from GST-tagged D1R and D5R were confirmed by 

automated DNA sequencing from Génome Québec (Nanuq). Fig. 2.2. illustrates the GST-

constructs of D1R and D5R utilized in my thesis. Table 2.4 lists the oligonucleotides used to 

generate the different GST-D1R and D5R fusion proteins.  

3.2. Construction of GST-fusion proteins for SAP102 

The NT-PDZ1 (M1-M243), PDZ1 (N139-M243), PDZ2 (P237-A340), PDZ3 (E395-K494), SH3 

(E486-H657), and GK (E649-L849) domains of rat SAP102 (UniProt: Q62936) were amplified by 

PCR using rSAP102 in pCMV5 as a template and custom-made primers. PCR amplicons were 

digested with EcoRI and SalI, and ligated into the pGEX4T-1 vector linearized with the same 

enzymes. DNA sequences of GST-tagged SAP102 fusion proteins were confirmed by automated 

DNA sequencing from Génome Québec (Nanuq). Fig. 2.3. illustrates the GST-constructs of 

SAP102 utilized in my thesis. Table 2.4 lists the oligonucleotides used to generate SAP102 fusion 

proteins.  

3.3. Purification of GST-Fusion Proteins of D1R, D5R, and SAP102 

The pGEX-4T1 constructs discussed above were cloned in the OverExpressTM C41(DE3) 

competent cells and bacterial GST-tagged fusion proteins produced as indicated by the 

manufacturer. Glutathione-Sepharose 4B was used for protein purification, and the purified 

recombinant proteins were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue R-250 

staining and immunoblotting using an anti-GST antibody. 
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Fig. 2.2. Schematic Representation of the GST-Constructs of Purified Regions for D1R and D5R. Highlighted 

circles depict the purified regions of hD1R (A) and hD5R (B). Created by gpcrdb.org. 

A-2 B-2 

A-1 B-1 

GST-D1R-IL3 (aa R219-K272) GST-D5R-IL3 (aa R247-K296) 

GST-D1R-CT (aa R338-T446) GST-D5R-CT (aa F361-H477) 
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Fig. 2.3. Schematic Representation of the GST-Constructs of Purified Domains for SAP102.  

Created with BioRender.com.  
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Table 2.4. List of the Primers.   

Sequences of oligonucleotide primers used for the generation of i) IL3 and CT fusion proteins of D1R and D5R, and 

ii) NT, PDZ1, PDZ2, PDZ3, SH3, and GK fusion proteins of SAP102. Corresponding amino acid for the each fusion 

protein, is shown. Restriction enzymes used to subcloned these purified protein in PGEX4.1 are listed in the brackets. 

Detailed methods are described in material and method, section 3.   

 

Fusion Protein  

  
Oligonuceluotide Primers   

D1R-purified proteins 

 
 

D1R-IL3 (R219-K272)  

(BamHI/SalI) 
Forward: 5’- CTAG GGATCC AGG ATT GCT CAG AAA CAA ATA CGG CGC ATT -3’ 

Reverse: 5’- CTAG GTCGAC ACGCGT TCA CTT CAG GAC TTT AGT TTC TCT -3’ 
D1R-CT (R338-T446) 

(BamHI/EcoRI) 
Forward: 5’- CTAG GGATCC CGG AAG GCA TTT TCA ACC CTC TTA GGA TGC -3’  

Reverse: 5’- CTAG GAATTC ACGCGT TCA GGT TGG GTG CTG ACC GTT TTG -3’ 
D5R-purified proteins 

 
 

D5R-IL3 (R247-K296) 

(BamHI/SalI) 
Forward:  5’- CTAG GGATCC CGC ATC TAC CGC ATC GCC CAG GTG CAG ATC -3’ 

Reverse:  5’- CTAG GTCGAC ACGCGT TCA CTT GAG AAC CTT GGT CTC CTT -3’ 
D5R-CT (F361-H477) 

(BamHI/SalI) 
Forward:  5’- CTAG GGATCC TTC AAC GCC GAC AAA CAG AAG GTG TTT GCC -3’ 

Reverse:  5’- CTAG GTCGAC ACGCGT TCA ATG GAA TCC ATT CGG GGT GAA -3’ 
SAP102-purified 

proteins 
 

NT-PDZ1 domains 

(M1-M243), 

(EcoRI/SalI) 

Forward: 5’- CTAG GAATTC CAC AAG CAC CAG CAC TGC TGT AAG TGC CCC - 3’  

Reverse: 5’- CTAG GTCGAC TCA CAT GAT AGT CTC AGG TGG GGG CTG TCG - 3’ 

PDZ1 domain (N139-

M243), (EcoRI/SalI) 
Forward: 5’- CTAG GAATTC GGC AGT GAT GGC ATG TTC AAG TAT GAG GAG - 3’  

Reverse: 5’- CTAG GTCGAC TCA CAT GAT AGT CTC AGG TGG GGG CTG TCG - 3’  
PDZ2 domain (P237-

A340), (EcoRI/SalI) 
Forward: 5’- CTAG GAATTC CAG CCC CCA CCT GAG ACT ATC ATG GAG GTC - 3’ 

Reverse: 5’- CTAG GTCGAC TCA AGC ATA CAT GTC GTT GAG GTG GAG ACT - 3’ 
PDZ3 domain (E395-

K494), (EcoRI/SalI) 
Forward: 5’- CTAG GAATTC GAA GAC TTT ACC AGA GAG CCC CGC AAG ATC - 3’ 

Reverse: 5’- CTAG GTCGAC TCA CTT GGA TTC AAA GCG ACT GTA CTC TTC - 3’ 
SH3 domain (E486-

H657),(EcoRI/SalI) 
Forward: 5’- CTAG GAATTC GAA GAG TAC AGT CGC TTT GAA TCC AAG ATC - 3’ 

Reverse: 5’- CTAG GTCGAC TCA ATG AAT TTC TTG TCG TGT CAC TGG CTC - 3’ 
GK domain (E649-

L849), (EcoRI/SalI) 
Forward: 5’- CTAG GAATTC GAG CCA GTG ACA CGA CAA GAA ATT CAT TAT - 3’ 

Reverse: 5’- CTAG GTCGAC TCA GAG TTT TTC AGG GGA TGG GAC CCA AAT- 3’ 



150 

 

4. Brain Tissue Homogenization 

Hippocampal, striatal, and cortical tissues were collected from Sprague-Dawley rats from postnatal 

day 2 (P2), P8, P21, and from the adult dam (~P60) (kindly provided by Dr. Béïque’s lab). In 

accordance with protocol approved by the University of Ottawa's Animal Care Committee 

(Protocol: CMM-1711), animals were anesthetized in an isoflurane infused chamber, decapitated, 

and hippocampi, striatal, and cortical tissues were collected and quickly snap frozen in liquid 

nitrogen. 

4.1. Subcellular Fractionation of Brain Tissues from Adult Rats 

The biochemical fractionation of cortical tissues was processed as previously described following 

sequential centrifugation with minor modification (Carling et al, 1980). All steps were performed 

on ice setting, ice-cold buffers, and 4°C centrifugation. Cortical tissues of rat (P21, male) were 

thawed on ice and homogenized using a Dounce tissue homogenizer (10-15 strokes) in a 

homogenization buffer (20 mM Tris-HCl (pH 7.4); 5 mM EDTA; 1mM EGTA; 1mM NaHCO3; 

1mM MgCl2; 0.5mM CaCl2; 10 mM NaF; 2 mM Na3VO4) and protease inhibitors (10 μg/ml 

benzamidine, 10 μg/ml soybean trypsin inhibitor, 20 μg/ml PMSF, 10 μg/ml leupeptin, 2 μg/ml 

aprotinin, 1 μg/ml pepstatin A) containing 320 mM sucrose. The total homogenates were 

transferred to microcentrifuge tubes and rotated end-over-end for 30 min, followed by 

centrifugation at 800 g for 10 min, and the resultant supernatants (S1) were subjected to further 

centrifugation for 15 min at 10,000 g. The second pellet (P2) was subjected to hypoosmotic lysis 

by suspending it in homogenization buffer containing 36 mM sucrose. The P2 suspension was left 

on ice with occasional mixing and subsequently centrifuged at 25,000 g for 30 min. The resultant 

pellet (crude synaptosomal membrane-P3) was solubilized in ice-cold RIPA buffer (50 mM Tris 

(pH 8.0); 150 mM NaCl; 0.1% (W/V) SDS; 5 mM of EDTA; 1% (w/v) NP-40; 0.5% (w/v) Na 

deoxycholate; 10 mM NaF; 10 mM disodium pyrophosphate) with protease inhibitors (RIPA+) at 

4°C by rotation for 30 min, then centrifuged for 10 min at 16,000 g. The supernatant LP1 were 

collected, and the P4 pellets were resuspended in the homogenization buffer containing 320 mM 

sucrose. The suspension was layered on top of a discontinuous sucrose gradient containing 

0.8M/1.0M/1.2M sucrose. Ultracentrifugation at 82,500 g for 2 h were performed using in a 

Bekman Optima TLX Ultracentrifuge using a TLA100.3 rotor. The fractions yielded at the 

0.8M/1.0M sucrose interface (vesicular fraction, VesF), the 1.0M/1.2M sucrose interface 
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(synaptosomal membrane fraction, SMF), and the pellet (ER/microsomes/mitochondrial-P5) were 

collected using a needle syringe. After SMF collection, samples were resuspended in 

homogenization buffer containing 0.5% Triton X-100 and 160 mM sucrose, and centrifuged for 

20 min at 32,000 g. The resulting pellets (P6) were resuspended in homogenization buffer without 

sucrose and was layered on top of a discontinuous sucrose gradient containing 1.0M/1.5M/2.0M 

sucrose. Ultracentrifugation at 200,000 g for 2 h was performed in a Bekman Optima TLX 

Ultracentrifuge using a TLA100.3 rotor. The fractions yielded at the 1.5M/2.0M sucrose interface 

(PSD fraction) were collected using a needle syringe, resuspended in homogenization buffer 

containing 0.5% Triton X-100, recentrifuged again at 200,000 g for 20 min, and supernatant of the 

PSD-enriched fraction was collected. Protein concentration of different fractions was measured 

using Bio-Rad DC protein assays and BSA as a protein standard. Aliquots were mixed with 50 μl 

of SDS-loading buffer (25 mM Tris-HCl (pH 6.5); 10% [v/v] glycerol; 8% [w/v] sodium dodecyl 

sulfate [SDS]; 5% [v/v] β-mercaptoethanol; and 0.004% [w/v] bromophenol blue) and stored at -

20°C until further analysis. Fig. 2.4 summarizes the subcellular fractionation strategy of brain 

tissue by ultracentrifugation procedure. Moreover, hippocampal, and cortical LP1 fractions were 

prepared from P2, P8, P21, and P60. Aliquots of 50 μg proteins were prepared in sample buffer 

and kept at -20°C until further analysis. 

4.2. in vivo Immunoprecipitation 

LP1 fractions of hippocampal, striatal, and cortical lysates were collected, solubilized for 60 min, 

and processed for immunoprecipitation experiments. Protein concentration of lysates was 

measured using Bio-Rad DC protein assays. Lysates of hippocampus (0.5 mg), striatum (1 mg), 

and cortex (1.5 mg) were subjected to immunoprecipitation with 5 μg/ml of selected antibodies 

(indicated in figure legend of corresponding results), and incubated at 4oC by rotation overnight. 

The following day, 50 μl of protein A/G plus agarose were added to the immunoprecipitated 

samples and incubated at 4oC by rotation overnight. Beads were then pelleted, washed four times 

with 1 ml of ice-cold RIPA+ buffer with protease inhibitors. The protein complexes were eluted 

by adding 50 μl of SDS-loading buffer and stored at -20°C until further analysis. In addition, prior 

to addition of antibodies, inputs of 50 μg of proteins from lysates were prepared in loading buffer 

and stored at -20°C. 
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Fig. 2.4.  Schematic Summary for the Subcellular Fractionation Procedure by Ultracentrifugation. 
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4.3. in vivo GST-Pulldown Assay 

Cortical lysates (LP1 fraction) were collected and processed for GST-pulldown assay, by 

incubating 1 mg of lysates with purified GST protein (5 μg of purified protein + 25 μl of 

glutathione sepharose® 4B resin). Samples were incubated at 4oC by rotation overnight, then  

washed four times with 1 ml ice-cold RIPA+ buffer. Samples were then eluted and kept at -20°C 

until further analysis. Inputs of 50 μg of proteins from lysates were prepared in loading buffer. 

5. Immunoblotting  

Eluted and input samples from coimmunoprecipitation and GST-pulldown experiments were 

boiled briefly for 5 min prior to loading onto 10% (v/v) acrylamide gels for SDS-PAGE. Bio-Rad 

Trans-Blot Turbo System and transfer buffer (Bio-Rad) were used to transfer proteins onto PVDF 

membranes at 25 V for 10 min. Membranes were then incubated in blotto solution (50 mM Tris-

HCl (pH 8.0); 80 mM NaCl; 2 mM CaCl2; 5% [w/v] nonfat dry milk; 0.2% [v/v] NP-40; and 

0.02% [w/v] NaN3) overnight on a rocking platform shaker at 4°C. The following day, membranes 

were rinsed three time with Tris-buffered saline containing Tween-20 (TBS-T) (20 mM Tris-HCl 

(pH 7.4); 137 mM NaCl; and 0.2% [v/v] Tween-20), then incubated with desired antibodies diluted 

in TBS on a rocking platform shaker at 4°C overnight. Table 2.3. lists the antibodies and dilutions 

used according to the experimental plan. The following day, membranes were washed three times 

with TBS-T for 10 min and incubated for 1 hour at room temperature (RT) with appropriate 

secondary HRP-conjugated antibodies (rabbit, mouse, or rat) diluted in TBS-T (1:5000). 

Membranes were then washed three times with TBS-T for 30 min and protein bands were 

visualized using ECL reagents. Images were acquired using MicroChemi DNR Bio-Imaging 

System and GelCapture Chemi acquisition software. It is worth mentioning that for some 

experiments membranes were reprobed with different antibodies to measure input levels. To do 

so, membranes were incubated with stripping buffer (500 mM glacial acetic acid; 100 mM β-

mercaptoethanol; and 0.5 % [w/v] SDS) for 20 min to remove bound antibodies. Membranes were 

then briefly washed with TBS-T and incubated with blotto buffer, and appropriate antibody added 

to reprobe protein of interest (immunoprecipitated protein, input or loading control). The 

densitometric analysis of protein bands was performed using ImageJ software, as described in the 

legend of the corresponding figures. 
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6. Hippocampal Organotypic Cultures 

Organotypic slices (kindly provided by Dr. Béïque’s lab) were prepared from both male and female 

Sprague-Dawley rats (P8) using the interface method (Soares et al, 2014). In accordance with 

protocol approved by the University of Ottawa's Animal Care Committee (Protocol: CMM-1711), 

animals were anesthetized in an isoflurane infused chamber, decapitated, and hippocampi were 

removed in ice cold cutting solution: 119 mM choline chloride, 2.5 mM KCl, 4.3 mM MgSO4, 1 

mM CaCl2, 1 mM NaH2PO4–H2O, 1.3 mM Na-ascorbate, 11 mM glucose, 1 mM kynurenic acid, 

26.2 mM NaHCO3, saturated with 95% O2 and 5% CO2 (pH = 7.3; 295-310 mOsm/L). Transverse 

slices were cut at 400 μm thickness using a MX-TS tissue slicer and cultured on 0.4 mm millicell 

culture inserts at a temperature of 34oC. Every third day media was changed. 

6.1. Immunostaining of Hippocampal Organotypic Cultures 

At day in vitro 28 (DIV28), organotypic cultures were processed for immunostaining as described 

(Gogolla et al, 2006). Briefly, hippocampal slices were fixed by adding 4% paraformaldehyde 

dissolved in PBS (4% PFA/PBS) above and beneath the membrane insert for 5 min, followed by 

the addition of 20% methanol, then slices were permeabilized by adding 0.5% triton X-100 in PBS 

overnight at 4°C. Blocking solution (20% BSA in PBS), primary antibody, and secondary antibody 

were added to the slices, and each step was incubated overnight at 4°C. The primary and secondary 

antibody were diluted in 5% BSA in PBS. After washing step, slices were mounted (ProLong 

mountant with NucBlue stain) on glass slide and stored at 4°C in dark box. Confocal laser imaging 

was performed using a Zeiss LSM880 AxioObserver Z1 confocal microscope with AiryScan 

FAST module, using a 63x/1.4 NA, oil immersion Plan-Apo objective, and Zen Blue 2.3 software. 

Image z-stack acquisition was performed under the same confocal setting, using laser lines at 

wavelength: 405nm, 488nm, and 561nm. 

6.2. Biolistic DNA Transfection of Hippocampal Organotypic Cultures 

Organotypic slices were biolistic transfected using a gene gun method (Soares et al, 2014). 

Hippocampal slices were transfected at DIV7 using a Helios handheld gene gun (Bio-Rad). 

Cartridges for the gene gun were prepared in advance by precipitating 50 μg of cDNA plasmid 

onto 8-10 mg of gold microparticles (1.0 μm diameter; Bio-Rad) at a ratio of 80/20 by weight of 

D1R-GFP and mCherry plasmids, respectively. The precipitation step was performed in a 0.1 M 
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KH2PO4 buffer solution containing 0.05 mM protamine sulfate. The DNA-gold precipitate was 

washed and suspended three times in 100% ethanol before loading in the tubing station. Once the 

cartridges were dried and cut, they were placed in a sealed container with desiccant pellets at 4°C 

until used. The DNA-coated gold particles were delivered to the slice using ~180 psi of helium air 

pressure. A modified gene gun barrel was used to protect slices from helium blast. Imaging 

experiments were performed 3 days after biolistic transfection. Simultaneous two-photon imaging 

was performed using a Zeiss LSM710 confocal microscope, using two Ti:Sapphire pulsed lasers 

(MaiTai DeepSee, Spectra Physics) tuned to 810 nm for imaging GFP and mCherry. Image 

acquisitions were performed by Zen Black 2.3 software using a Plan-Apochromat 20x/1.4 NA, 

water immersion objective. Image z-stacks were acquired under the same confocal setting along 

the z-axis.  

6.3. Protein Coimmunoprecipitation from Hippocampal Organotypic Cultures 

At DIV28, hippocampal slices were collected in glass tube containing RIPA+ buffer, homogenized 

using Brinkmann Polytron (velocity of 15,000 rpm; 40 sec), solubilized at 4°C by rotation for 1 h, 

and then centrifuged at 13,000 g for 10 min at 4°C. Protein concentration of lysates was measured 

using Bio-Rad DC protein assays. Hippocampal culture lysates containing 0.5 mg of proteins were 

subjected to immunoprecipitation using 5 μg/ml of selected antibodies, as described in the legend 

of corresponding figures. Lysates were mixed with antibodies by rotation overnight at 4°C. The 

following day, 50 μl of protein A/G plus agarose were added to the immunoprecipitated samples 

and incubated at 4oC by rotation overnight. Beads were then pelleted, washed four times with 1 ml 

of ice-cold RIPA+ buffer with protease inhibitors. The protein complexes were eluted by adding 

50 μl of SDS-loading buffer and stored at -20°C until further analysis. In addition, inputs of 50 μg 

of proteins from lysates were prepared in SDS-loading buffer and stored at -20°C. 

7. Embryonic Neuronal Cortical Cultures 

Primary embryonic neuronal cultures were prepared from embryos aged E13-14 from CD1 mice 

as previously described (Kindly provided by Dr. Ferguson’s lab) (Khacho et al, 2014). The 

experimental protocol was approved by the University of Ottawa Animal Care Committee 

(Protocol: CMMe-3346). In brief, brain cortices were extracted by removing the olfactory bulbs, 

cerebellum, and meninges. To dissociate into single cells, tissues were chemically digested with 
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trypsin and mechanically digested using flame-polished pasteur pipettes. Neurons were seeded in 

35mm glass bottom culture dish (0.75 x 106 cells/mL) or in 6-well plate (1 x 106 cells/mL) coated 

with Poly-L-lysine (PLL) for imaging and immunoblotting studies. Neurons were cultured in a 

humidified incubator at 37°C with 5% CO2 in neurobasal media containing B27; N2; 100 Units/mL 

Penicillin/Streptomycin, and GlutaMAX for 10 days in vitro. A half media change was performed 

every third day.  

7.1. Immunostaining of Embryonic Cortical Cultures 

At DIV 10, primary neuronal cultures were fixed in 4% PFA/PBS for 15 min at RT, then washed 

twice with PBS. Cells were then permeabilized in 0.5% Triton X-100 in PBS, and then incubated 

in blocking solution containing 0.5% Triton X-100 and 5% BSA in PBS for 2 h at RT. The cells 

were then incubated in primary antibodies diluted in PBS containing 0.3% Triton X-100 and 1% 

BSA overnight at 4°C, followed by incubation with corresponding species secondary fluorescent 

antibodies overnight at 4°C. The coverslips with cells were washed and mounted with ProLong 

mountant with NucBlue stain. Epifluorescence images were acquired using Zeiss AxioObserver 

Z1 (inverted) microscope with 63x/1.4 NA, oil immersion Plan-Apo objective, AxioCam MRm 

CCD, X-Cite XYLIS LED, and Zen Blue 2.3 software. Image z-stack acquisition was performed 

under the same setting, using filters: blue (Ex 395nm, Em 420nm), green (Ex 470/40nm, Em 

525/50nm), and red (Ex 545/30nm, Em 620/60nm). Images then were deconvolved using Zen 

Desk software, and colocalization analysis by ImageJ.  

7.2. In situ Proximity Ligation Assay (PLA) on Embryonic Cortical Cultures 

At DIV 10, primary neuronal cultures were fixed in 4% PFA/PBS for 15 min at RT. After washes 

with PBS, cells were permeabilized for in 0.5% Triton X-100/PBS for 15 min. Duolink PLA 

protocol was then proceeded according to the manufacturer’s instructions by adding the blocking 

buffer for 2 h at RT (Duolink in Situ PLA, Millipore Sigma). This was followed by an overnight 

incubation of primary antibodies diluted in Duolink antibody diluent (1:100, rabbit-anti D1R; 

1:100, rabbit anti-D5R; 1:100, mouse-anti SAP102; 1:100, mouse anti-PSD95) (Table 2.2). 

Amplification template oligonucleotides were hybridized to pairs of PLA probes (PLUS and 

MINUS) and circularized by ligation. Consecutive incubation of these neurons with Duolink PLA 

probes (mouse-conjugated PLUS and rabbit-conjugated MINUS, 1 h), ligation (30 min), and 

amplification (2 h) were performed in preheated humidity chamber at 37°C. The detection of the 
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amplicons was carried out using the Duolink in situ detection reagent, resulting in far red 

fluorescence signals (Cy5). After amplification, these cells were incubated with chicken anti-

MAP2 antibody (neuronal marker for dendrites) overnight at 4°C, followed by an incubation with 

secondary anti-chicken-AF488 for 4 h. At the end of incubation period, cells were washed and 

mounted with Duolink mounting media with DAPI and kept in dark at 4°C. Epifluorescence 

images were acquired using Zeiss AxioObserver Z1 (inverted) microscope with 63x/1.4 NA, oil 

immersion Plan-Apo objective, AxioCam MRm CCD, X-Cite XYLIS LED, and Zen Blue 2.3 

software. Image z-stack acquisition was performed under the same setting, using filters: blue (Ex 

395nm, Em 420nm), green (Ex 470/40nm, Em 525/50nm), and far red (Ex 640/30nm, Em 

690/50nm). Images then were deconvolved using Zen Desk software. Neuron labeling was 

performed using LabKit tool as a function in imageJ, followed by 3D image construction using 

IMARIS. PLA signals (spots) between 0.8-1.5 μm diameter were quantified, and 3D rendering 

image were generated.  

7.3. Protein Coimmunoprecipitation from Embryonic Cortical Cultures 

At DIV10, primary cortical neurons were solubilized with RIPA+ buffer at 4oC by rotation for 1 h, 

and then centrifuged at 13,000 g for 10 min at 4°C. Protein concentration of lysates was measured 

using Bio-Rad DC protein assays. 0.5 mg of cortical culture lysates were immunoprecipitated with 

5 μg/ml of desired antibodies, as described in the legend of corresponding results, and incubated 

at 4oC by rotation overnight. The following day, 50 μl of protein A/G plus agarose were added to 

the immunoprecipitated samples and incubated at 4oC by rotation overnight. Beads were then 

pelleted, washed four times with 1 ml of ice-cold RIPA+ buffer with protease inhibitors. The 

protein complexes were eluted by adding 50 μl of SDS-loading buffer and stored at -20°C until 

further analysis. In addition, inputs of 50 μg of proteins from lysates were prepared in loading 

buffer and stored at -20°C. 

8. Studies in HEK293 Cells 

Human Embryonic Kidney (HEK293) cells were cultured between passages 40-52 in EMEM 

supplemented with 10% (v/v) heat-inactivated FBS and 40 μg/ml gentamicin in a humidified 

atmosphere containing %5 CO2 incubator at 37°C. HEK293 cells were utilized for radioligand 
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binding studies, coimmunoprecipitation and GST-pulldown assays, and phosphorylation, western 

blotting, ELISA, BRET, and immunostaining studies. 

8.1. Transfection 

Cells were seeded in 100-mm culture dishes (2.5 million cells/dish) and transiently transfected 

with different DNA plasmids using a modified calcium phosphate precipitation method as 

described (Plouffe et al, 2010). The amount of D1R and D5R DNA transfected were adjusted to 

obtain low to moderate receptor expression (1-3 pmol/mg membrane proteins) in line with reported 

mouse striatal D1R expression. SAP102, PSD95, βArr1, βArr2, and dynamin constructs were 

transiently transfected with 0.5 μg, unless otherwise stated. Empty pCMV5 vector was used to 

adjust the total amount up to 5 μg DNA/dish. Cells were incubated with DNA•calcium mixture 

overnight. The next day, cells were washed with PBS, detached with trypsin, resuspended in 

appropriate media, and reseeded in culture dishes or plates. Reseeded HEK293 cells were grown 

for an additional 36-48 h (day of experiment). 

8.2. Radioligand Binding Assays 

8.2.1. Crude Membrane Preparations 

Radioligand binding assays were performed with crude membrane preparations made from 

transiently transfected HEK293 cells. On the day of the experiment, cells seeded in 100-mm (“mini 

binding” assays), or 150-mm (saturation and competition binding assays) dishes were put on ice 

and culture media removed. Cells were then washed with cold PBS, scraped in cold lysis buffer 

(10 mM Tris-HCl, pH 7.4; 5 mM EDTA, pH 8.0), and centrifuged for 20 min at 40,000 g and 4°C. 

The pellets were washed with lysis buffer and homogenized using a Brinkmann Polytron (velocity 

of 15,000 rpm for 20 sec), and homogenates centrifuged again for 20 min at 40,000 g and 4°C. 

The final pellets obtained from 100-mm dishes were homogenized in resuspension buffer (62.5 

mM Tris-HCl, pH 7.4; and 1.25 mM EDTA, pH 8.0) to perform “mini binding” assays on fresh 

membrane preparations. Final membrane pellets obtained from 150-mm dishes were homogenized 

in lysis buffer. An aliquot (0.6 ml) of membranes was added to resuspension buffer (2.4 ml) and 

used to generate saturation binding curves. The remaining of membrane preparations in lysis buffer 

were aliquoted in microcentrifuge tubes, snap frozen in liquid nitrogen and stored at -80°C for 

competition binding studies. 
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8.2.2. Binding Assays with D1-Class Radioligand [3H]-SCH23390 

Radioligand binding assays were carried out for 90-120 min with 100 μl of crude membranes in a 

final volume of 500 μl of reaction mixture containing binding buffer (50 mM Tris–HCl, pH 7.4; 

120 mM NaCl; 5 mM KCl; 4 mM MgCl2; 1.5 mM CaCl2; 1 mM EDTA, pH 8.0), 50 μl of [3H]-

SCH23390 with (to determine total binding) or without 50 μl of inverse agonist cis-flupentixol (10 

μM final, to determine non-specific binding). Membranes were harvested onto Whatman GF-C 

glass fiber filters using a Brandel M-48 semi-automated harvesting system. Filters were washed 

three times with cold washing buffer (50 mM Tris-HCl, pH 7.4; and 100 mM NaCl). [3H]-

SCH23390-bound filters were placed in Bio-Safe II biodegradable scintillation cocktail and 

radioactivity measured using a Beckman LS 6500 liquid scintillation counter. The protein 

concentration of membrane preparations was assessed using the Bio-Rad Bradford assay and BSA 

as a protein standard. 

8.2.3. Saturation and Competition Binding Assays 

Saturation binding curves were generated to assess the effect of MAGUKs on the equilibrium 

dissociation constant (Kd) and the maximal number of binding sites (Bmax) of the D1-class 

radioligand [3H]-SCH23390. HEK293 cells were transfected with 4.5 μg of untagged D1R or D5R 

alone or with 0.5 μg of HA-SAP102 or Flag-PSD95 grown in 150-mm culture dishes to make fresh 

membrane preparations as described in section 8.2.2. The saturation curves were generated using 

100 μL of fresh membrane homogenates and increasing concentrations of [3H]-SCH23390 (0.01-

8 nM) to measure total and nonspecific binding levels as described in 8.2.2. 

To determine the effect of MAGUKs on the binding of dopaminergic agonists and antagonists, 

series of competition curve studies to measure inhibitory constant (Ki) values. Frozen aliquots 

prepared from membrane homogenates used for saturation studies were thawed on ice and mixed 

in resuspension buffer and homogenized using Brinkmann Polytron (velocity of 15,000 rpm for 

20 sec). As for saturation binding curves, 100 μl of membrane preparations were incubated with a 

fixed concentration of [3H]-SCH23390 corresponding to Kd measured for the experimental 

condition and increasing concentrations of cold dopaminergic ligands (DA, DHX, SKF81297, 

thiothixene, SCH23390 and (+)-butaclamol) in a final volume of 500 μl binding reaction mixture 

as described in 8.2.2. All cold drug dilutions were prepared in milli-Q-water except DA, which 

was prepared in ascorbic acid (AA, 100 μM final) to prevent its oxidation. Binding parameters 
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from saturation (Kd, Bmax) and competition (Ki) curves were best fitted by a nonlinear regression 

using Prism 10.0.3. 

Saturation and competition studies were also performed to assess the effect of fusion proteins (Rluc 

and GFP) and Tango constructs of D1-class receptors.  

8.2.4. “Mini Binding” Assays 

To validate the low to moderate receptor expression in studies investigating the MAGUK-induced 

modulation of D1R and D5R signaling, Bmax values of [3H]-SCH23390 was determined with a 

single saturating concentration of the radioligand in the absence (total binding) and presence of 

cis-flupentixol (nonspecific binding) using fresh membranes prepared from cells seeded in 100-

mm dishes as discussed in 8.2.1. The dpm counts obtained for specific binding (total minus 

nonspecific) and membrane protein concentrations were used to calculate Bmax in pmol/mg 

membrane proteins with an equation previously described (Sedaghat et al, 2015). 

8.3. GST pulldown, Coimmunoprecipitation, and Phosphorylation Assays 

On the day of the experiment, HEK293 cells in 100-mm dishes were washed twice with cold PBS 

and solubilized in cold RIPA+ buffer with protease inhibitors (~1 ml). Solubilized lysates were 

collected in microcentrifuge tubes and rotated end-over-end for 1 h at 4°C, and then centrifuged at 

13,000 g for 15 min at 4°C to pellet insoluble material and cell debris. Protein concentration of 

lysates was measured using Bio-Rad DC protein assays and BSA as a protein standard. Prior to 

perform assays, aliquots of 20 μg proteins used input samples were mixed with loading buffer and 

stored at -20°C until used. 

For GST pulldown assays, microcentrifuge tubes containing 0.5 mg of solubilized lysates, 5 μg of 

purified GST fusion proteins and 25 μl of glutathione sepharose 4B were incubated at 4oC by 

rotation overnight. Prior to the solubilization step for immunoprecipitation studies, agonist-

induced signaling complex formation and D1R phosphorylation were assessed as follows. Culture 

media was replaced with incubation buffer (EMEM without phenol red; 20 mM HEPES; and 10 

μg/ml gentamicin) containing either AA (100 μM) or DA (10 μM, prepared in AA), and cells 

incubated for 15 min at 37°C in a humidified atmosphere containing 5% CO2. Following the 

solubilisation and input samples steps, 0.5 mg solubilized lysates were incubated with 50 μl of 

either anti-Flag agarose or anti-HA agarose beads at 4oC by rotation overnight. At the end of 
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incubation, glutathione sepharose 4B and antibody matrix beads were washed four times with cold 

RIPA+ buffer, and samples eluted with 50 μl of SDS-loading buffer. Eluted samples from GST-

pulldown and coimmunoprecipitation assays, and input samples were boiled briefly for 5 min prior 

to loading on 10% (v/v) acrylamide gels for SDS-PAGE. D1R and D5R expression were assessed 

as described in section 8.2.4. 

8.4. ERK1/2 Activation Assays 

HEK293 cells transfected with Flag-D1R, Flag-D1R+HA-SAP102, Flag-D1R+PSD95-RFP, Flag-

D5R, or Flag-D5R+PSD95-RFP, were seeded 6-well plates and grown overnight. The next day, 

cells were serum starved by replacing complete EMEM with serum-free medium containing 1% 

(w/v) BSA and 40 μg/ml gentamicin. Cells were grown in serum-free media for an additional 24 

hours prior to incubation with AA (100 μM, basal) or DA (10 μM, prepared in AA) for 5 min at 

37°C in a humidified atmosphere containing 5% CO2. Following treatment, cells were washed 

with cold PBS and then scraped from wells in lysis buffer containing protease inhibitors. Lysates 

were collected in microcentrifuge tubes and sonicated for 15 sec (20 kHz) (Fisher Brand). Protein 

concentrations in lysates were then determined using Bradford Bio-Rad protein assays. Western 

blot samples were prepared with 20 μg of lysate proteins and combined with loading buffer. The 

D1R and D5R expression was measured as described in section 8.2.4. 

8.5. Enzyme-Linked Immunosorbent Assays (ELISA) 

HEK293 cells were transfected with Flag-D1R or Flag-D5R alone, co-transfected with HA-

SAP102 or PSD95-RFP, or triple-transfected with mutant forms of dynamin (HA-dyn-1-K44A) or 

βArr2 (βArr2-V54D). For ELISA, cells were transfected with the following amounts of plasmid 

DNAs: 0.1 μg/dish of receptor, 0.5 μg of HA-SAP102 or PSD95-RFP, and 1 μg of HA-dyn-1-

K44A or βArr2-V54D. Empty pCMV5 vector was used to adjust the total amount of transfected 

DNA to 5 μg/dish. Following transfection, cells were reseeded in 12-well plates (100,000 

cells/well) and grown for 36-48 hours. 

To measure surface and total expression of receptors, culture media was aspirated, and cells 

washed with PBS and fixed with 3.7% (v/v) paraformaldehyde in PBS (3.7% PFA) for 10 min at 

RT. To assay receptor internalization, culture media was replaced with incubation buffer and cells 

were treated with either AA or DA and SKF81297 (10 μM prepared in AA) for 15min at 37°C in 
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a humidified atmosphere containing 5% CO2. For recycling assays, DA containing media were 

aspirated, and incubation buffer added to allow the receptor recovery for an additional 10-30 min 

at 37°C in a humidified atmosphere containing 5% CO2. Afterwards, media was aspirated, and 

cells washed with PBS and fixed with 3.7% PFA for 10 min at RT. 

Following PFA fixation, cells were washed twice with 0.2% (w/v) BSA in PBS (0.2% BSA) for 

10 min followed by a 30 min incubation in blocking solution 1% (w/v) BSA in PBS (1% BSA). 

Then, cells were incubated with anti-Flag-HRP antibody (1:20000) in 1% BSA for 1 h. Cells then 

were washed twice with 0.2%BSA in PBS for 10 min. To measure total expression (cell surface + 

internalized receptors), 1% (v/v) Triton-X-100 added in 0.2% or 1% BSA was included in washing 

and blocking steps. Subsequently, cells were incubated with 400 μl OPD (0.5 mg/ml dissolved in 

stable peroxide substrate buffer) and incubated in dark for 15 min. The reaction was stopped by 

adding 100 μl of 3N HCL in each well and 500 μl volume transferred to 96 well-plates. The optical 

density (OD) at 490 nm was read using a SpectraMaxM5. The background reading obtained from 

mock-transfected cells was subtracted to obtain corrected OD values. The percentage of receptor 

internalization was calculated from the difference between corrected OD values of cell surface 

receptor expression from vehicle and agonist-treated cells [(vehicle-treated−agonist-treated) / 

(vehicle-treated) × 100]. In addition, radioligand binding assays were performed to determine total 

D1R and D5R expression as described in section 8.2.4. To validate expression of SAP102, PSD95, 

βArr2-V54D and HA-dyn-1-K44A, transfected cells were reseeded in 6-well plates, and lysates 

collected and aliquoted for immunoblotting as described in section 5. 

8.6. Immunostaining  

HEK293 cells transiently transfected with HA-D1R, HA-D5R, Flag-SAP102, Flag-PSD95, βArr2-

YFP, or different combination of these plasmids, as specified in the figure legends, were seeded 

on 12-mm diameter coverslips in a 24-well plate (50,000 cells/well). 36-48 hr after splitting, cells 

were fixed with 4% PFA/PBS for 10 min at RT. Coverslips were incubated twice with 0.37% 

glycine and 0.27% ammonium chloride in PBS for 10min at RT, blocked with 0.2% saponin/1% 

BSA/PBS for 30 min at RT. Excess blocking solution was decanted and coverslips were incubated 

overnight with corresponding antibodies: mouse monoclonal Flag-M2 antibody (1:400) and rabbit 

monoclonal HA antibody (1:400). Cells were then washed twice with 0.2% saponin/1% BSA/PBS 

followed by 4 h incubation in the dark with secondary antibodies conjugated-fluorophore 
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corresponding to species of primary antibodies, as described in figure legends. Coverslips were 

washed twice and treated with Prolong mountant with NucBlue reagent. Epifluorescence images 

were acquired using Zeiss AxioImager M2 microscope with 63x/1.4 NA, oil immersion Plan-Apo 

objective, AxioCam MRm CCD, X-Cite XYLIS LED, and Zen Blue 2.3 software. Image z-stack 

acquisition was performed under the same setting, using filters: blue (Ex 390/22nm, Em 

460/50nm), green (Ex 470/20nm, Em 517/25nm), yellow (Ex 500/25nm, Em 535/30nm), red (Ex 

560/40nm, Em 630/75nm), and far red (Ex 640/30nm, Em 690/50nm). Images then were 

deconvolved using Zen Desk software.  

8.7. Bioluminescence Resonance Energy Transfer (BRET) 

8.7.1. BRET1 

BRET1 experiments were performed in HEK293 cells transfected with energy donor D1R-Rluc 

(0.5 µg), or co-transfected with energy acceptor βArr2-YFP alone (1.5 µg), or in the presence of 

Flag-SAP102 or Flag-PSD95 (1.5 µg). The following day, cells were reseeded (30,000 cells/well) 

into poly-L-lysine (PLL; 25 μg/ml)-coated 96-well clear bottom white-plates and cultured for 36-

48 h. The day of the experiment, media were removed from the plates, and replaced with 60 µL of 

HBSS buffer, followed by the addition of 20 µL of DA at a 4X concentration. Plates were 

incubated at 37 °C for 30 min in a humidified atmosphere containing 5% CO2 followed by addition 

of 20 µL of coelenterazine h in each well (5 µM/well). BRET1 signals were collected on a Synergy 

Neo2 plate reader (BioTek) using 460/40-nm (luciferase) and 540/25-nm (YFP) band pass filters. 

BRET ratio was determined by calculating the ratio of light that passed by the 540/25 filter to that 

passed by the 460/40 filter. In addition, radioligand binding assays were used to determine D1R 

expression as described in section 8.2.4. To validate βArr2, SAP102 or PSD95 expression, 

transfected cells were reseeded in 6-well plates, and lysates were collected and aliquoted for 

immunoblotting analysis as described in section 5. 

8.7.2. BRET2  

BRET2 experiments were performed in HEK293 cells transfected with energy donor D1R-Rluc 

and D5R-Rluc (0.5 µg) alone and with energy acceptor SAP102-GFP and PSD95-GFP (1.5 µg). 

As a negative control, GABABR type 2 subunit (HA-GbR2-GFP10) was co-transfected with D1R-

Rluc and D5R-Rluc. The following day, cells were reseeded (30,000 cells/well) into PLL-coated 
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96-well clear bottom white-plates and cultured for 36-48 h. On the day of the experiment, media 

was removed and replaced with 60 µL of HBSS buffer, followed by addition of 20 µL of single or 

serial dilution of DA at a 4X concentration. Plates were incubated at 37 °C for 30 min in a 

humidified atmosphere containing 5% CO2, and 20 µL of coelenterazine 400a (Deep Blue C) was 

added to each well (5 µM/well). BRET2 signals were collected on a Synergy Neo2 plate reader 

(BioTek) using 410/80-nm (luciferase) and 515/30-nm (GFP) band pass filters. BRET ratio was 

determined by calculating the ratio of light that passed by the 515/30 filter to that passed by the 

410/80 filter. Mini binding assays were used to determine D1R and D5R levels, as described above. 

9. Studies in HEK293T-GloSensor Cells 

HEK293T-GloSensor cells stably expressing the luciferase-based cAMP biosensor, GloSensor 

(kindly provided by Dr. Giguère Lab), were cultured between passages 10-40 in DMEM 

supplemented with 5% (v/v) heat-inactivated FBS, 5% (v/v) heat-inactivated BCS, 40 μg/ml 

gentamicin, and 10 μg/ml puromycin at 37°C in a humidified atmosphere containing 5% CO2. 

9.1. cAMP Measurement-GloSensor Assays  

HEK293T-GloSensor cells were seeded in 100-mm culture dishes (2.5 million cells/dish) and 

transiently transfected with untagged-D1R or untagged-D5R (0.05 μg) or co-transfected with HA-

SAP102 and flag-PSD95 (0.5 μg). The total amount of transfected DNA was consistently kept as 

5 μg/dish by adding empty vector. In the following day, cells were reseeded (30,000 cells/well) 

into PLL-coated 96-well clear bottom white-plates. After 24 hours, the media was removed and 

replaced with 0.3 mg/ml luciferin (dissolved in 1X HBSS + 20 mM HEPES; pH 7.4) for 15 min 

at RT in dark. Cells were either stimulated with increasing concentrations of DA or SKF81297, or 

single dose of 10 μM of DA for 15 min. The luminescence activity was measured using Synergy 

H1 Multi-Mode Plate Reader. The relative luminescence units (RLU) for individual dose-response 

curves of different ligands (DA, SKF81297) were analyzed to obtain the potency of the half 

maximal effective concentration (EC50) and ligand-induced maximal activation (Emax) of AC. The 

raw RLU for each well was subtracted from basal (non-treated cell) of their respective condition, 

then normalized as a percent of the Emax obtained from the receptor alone (D1R or D5R), and the 

curve was best-fitted with shared slope parameter using Prism (10.0.3). Normalized values from 

different experiments were averaged and curves were analyzed again using a simultaneous 
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nonlinear curve fitting with a shared slope parameter. In addition, mini binding assays were 

performed to determine D1R and D5R levels. To validate expression of transfected SAP102, 

PSD95, transfected cells were reseeded in 6-well plates, and lysates were collected and aliquoted 

for immunoblotting analysis as described in section 5. 

10. Studies in HTLA Cells 

HEK293T cells stably expressing human βArr2 fused to Tobacco Etch Virus (TEV) protease and 

a luciferase reported gene for tetracycline-controlled transcriptional activation (tTA)-driven 

luciferase, known as HTLA cells (kindly provided by Dr. Giguère with permission of Dr. Richard 

Axel) were maintained in DMEM supplemented with 5% (v/v) heat-inactivated FBS, 5% (v/v) 

heat-inactivated BCS, 40 μg/ml gentamicin, 2.5 μg/ml of puromycin and 50 μg/ml of hygromycin. 

HTLA cells were grown between 10-40 passages in 5% CO2 incubator at 37°C to perform Presto-

Tango Assays for βArr2 recruitment.  

10.1. βArr2 Recruitment-Presto Tango Assays 

HTLA cells were seeded in 100-mm culture dishes (2.5 million cells/dish) and transiently 

transfected with D1R-Tango or D5R-Tango (4 μg) alone or co-transfected with HA-SAP102 or 

PSD95-RFP (1 μg). Empty vector was used to adjust the total amount of transfected DNA to 5 μg 

DNA/dish. Following transfection, 45 μl of cells were seeded in PLL-coated 384-well clear bottom 

white-plates (20,000 cells/well), as described previously (Laroche and Giguère, 2019). After 

approximately 8 h to allow cell adherence, cells were stimulated overnight with 20 μl/well of 

increasing concentration of ligands (DA and DHX; prepared at a concentration of 3X) diluted in 

HBSS (pH 7.4) to induce luciferase expression. In the following day, media was removed by 

flicking the 384-well plate and taping it gently, and 40 μl of Glo reagent mix added (final 

concentrations in well: 108 mM Tris–HCl, 42 mM Tris-Base, 75 mM NaCl, 3 mM MgCl2, 5 mM 

DTT, 0.2 mM coenzyme A, 0.14 mg/ml D-luciferin , 1.1 mM ATP, 0.25% v/v Triton X-100, 2 

mM sodium hydrosulfite). After 10 min incubation at RT, luminescence was measured using 

Synergy H1 Multi-Mode Plate Reader. RLU values for dose-response curves done with different 

ligands (DA and DHX) were analyzed to obtain the EC50 and ligand-induced Emax of βArr2. The 

raw RLU for each well was subtracted from basal (non-treated cell) of their respective condition, 

then normalized as a percent of the Emax obtained from the receptor alone (D1R or D5R), and the 
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curve was best-fitted with shared slope parameter using Prism (10.0.3). Normalized values from 

experiments were averaged and curves were analyzed again using a simultaneous nonlinear curve 

fitting with a shared slope parameter. D1R and D5R levels were assessed using mini binding assays 

(8.2.4), while SAP102 and PSD95 expression was validated by immunoblotting of lysate aliquots 

prepared from transfected cells seeded in 6-well plates as described above. 

11. Studies in HTL Cells 

HEK293T stably expressing a luciferase reporter gene, known as HTL cells (kindly provided by 

Dr. Giguère with permission of Dr. Richard Axel) were maintained in DMEM supplemented with 

5% FBS, 5% BCS, 40 μg/ml gentamicin, 2.5 μg/mL of puromycin and 50 μg/mL of hygromycin. 

HTL cells were grown between 10-30 passages in a 5% CO2 incubator at 37°C. These cells were 

utilized to measure βarr1 and βarr2 recruitment by engineering a modified variant of TEV, S219V-

stop (TEV219) carries a stabilizing point mutation and truncation to remove the auto-inhibitory C-

terminal region of TEV. 

11.1. βArrs Recruitment-Tango Assays 

HTL cells were seeded in 100-mm culture dishes (2.5 million cells/dish) and transiently transfected 

with D1R-Tango or D5R-Tango (4 μg) with HA-βArr1-TEV219 (1 μg) or HA-βArr2-TEV219 (1 

μg). Following transfection, 45 μl of cells were seeded in PLL-coated 384-well clear bottom white-

plates (20,000 cells/well) and allowed to adhere for ~8 h as described previously (Laroche and 

Giguère, 2019). Cells were then stimulated overnight with increasing concentration of ligands (20 

μl/well: DA and DHX; at a concentration of 3X) diluted in HBSS (pH 7.4) to induce luciferase 

expression following βArr1 and βArr2 recruitment. The following day, media was removed by 

flicking the 384-well plate and taping it gently, and 40 μl of Glo reagent mix were added. After 10 

min incubation at RT, luminescence was measured using Synergy H1 Multi-Mode Plate Reader. 

Determination of corrected RLU values, best curve fitting of dose-response curves, and validation 

of receptor and βArr1/2 expression were done essentially as described for assays in HTLA cells 

(Section 10.1). 
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12. Statistical Analysis 

Prism (version 10.0.3) was used for statistical analyses and nonlinear curve fitting. All data are 

expressed as arithmetic mean ± SEM. For coimmunoprecipitation, phosphorylation, and ERK1/2 

assays, immunoreactive bands were quantified using imageJ software as described in figure 

legends. For radioligand binding assays, nonlinear regression curve fitting was used to measure 

Kd, Ki, and Bmax of [3H]-SCH23390 and cold dopaminergic ligands. One-sample t test, unpaired-t 

test and one-way ANOVA were performed as indicated in figure legends using p≤0.05 as threshold 

for statistical significance. 
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CHAPTER THREE: RESULTS 
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MANUSCRIPT I: Synapse Associated Protein 102 (SAP102) and 

Postsynaptic Density 95 (PSD95) Differentially Modulate Dopamine 

D1 Receptor 

 

 



170 

 

Synapse Associated Protein 102 (SAP102) and Postsynaptic Density 95 

(PSD95) Differentially Modulate Dopamine D1 Receptor 
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Rationale 

Postsynaptic D1R localized in dendritic spine of neurons critically modulates numerous 

physiological behaviors (Beaulieu and Gainetdinov, 2011). The molecular underpinnings that 

shape the neuronal signaling and trafficking properties of D1R leading to the modulation of brain 

functions remain unclear. To address this issue, we performed yeast two-hybrid screens using IL3 

of D1R and D5R and identified SAP102 as a D1R-specific interacting partner (data not shown). 

As previous studies showed that PSD95 specifically interacts with the CT of D1R to modulate its 

functional properties (Zhang et al, 2007; Sun et al, 2009), I hypothesize that SAP102 and PSD95 

differentially regulate D1R signaling and trafficking properties. I aim to study the distinct 

roles of SAP102 and PSD95 in regulating D1R by i) mapping the D1R•SAP102 and 

D1R•PSD95 interaction in vivo and in vitro, and ii) assessing the effect of SAP102 and PSD95 

on D1R-mediated signaling, phosphorylation, and trafficking mechanisms. 
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Results 

1. SAP102 and PSD95 Interact with D1R 

1.1. Subcellular Fractionation of D1R and SAP102 

To examine the subcellular distribution of D1R that is optimal for coimmunoprecipitation 

experiments, protein fractionation by sequential density gradient ultracentrifugation was 

performed from solubilized cortical lysates (Sprague-Dawley rat-P21) (Carlin et al, 1980). 50 µg 

of fractionation samples were separated on 10% SDS-PAGE for immunoblot analysis. The 

subcellular fractionation analysis shows that D1R and SAP102 were highly enriched in the crude 

synaptosome membrane (LP1) fractions (Supplementary Fig. 3.1A). Postsynaptic GluN1-

containing NMDAR and SAP102 were also detected at high levels in the PSD fraction with the 

presence of low levels of presynaptic synaptophysin (Supplementary Fig. 3.1A). In the purified 

PSD, I also detected D1R, however, due to the low yield of purified PSD, coimmunoprecipitation 

studies were performed from LP1 preparations (Supplementary Fig. 3.1A).  

1.2. In vivo D1R•SAP102 and D1R•PSD95 Complexes 

To investigate whether SAP102 associates with D1R in vivo, coimmunoprecipitation was 

performed from male and female brain tissues (Sprague-Dawley rat-P21). As the D1R•PSD95 

complex is known to be detected in native tissue, it was included as a positive control (Zhang et 

al, 2007; Sun et al, 2009). Hippocampal, striatal, and cortical lysates were immunoprecipitated 

with D1R antibody, followed by immunoblotting with SAP102 and PSD95 antibodies. Results 

showed that in addition to the input, the endogenous immunoreactivity of SAP102 and PSD95 

were detected in D1R immunocomplexes from these different brain tissues (Fig. 3.1A). 

Conversely, striatal lysates were immunoprecipitated with SAP102 and PSD95 antibodies, 

followed by immunoblotting with D1R antibody. Results showed that in addition to input, D1R 

immunoreactivity was observed in SAP102 and PSD95 immunocomplexes (Fig. 3.1B). These 

findings suggest the existence of the native D1R•SAP102 and D1R•PSD95 complexes.  
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Fig. 3.1. SAP102 and PSD95 Interact with D1R, in vivo. (A) Solubilized lysates from hippocampus (0.5 mg), 

striatum (1 mg), and cortex (1.5 mg) of rat (P21) were subjected to an immunoprecipitation procedure using rat-D1R 

antibody and resolved immunocomplexes probed with rabbit-SAP102 and rabbit-PSD95 antibodies. Normal rat IgG 

were used as a negative control. 50 µg of lysate were loaded to the gels as input. Blot is a representative of an 

experiment repeated three times. (B) Solubilized lysates from striatum (1 mg) of rat (P21) were subjected to an 

immunoprecipitation procedure using mouse-SAP102 and mouse-PSD95 and resolved immunocomplexes probed 

with rat-D1R antibody. Normal mouse IgG were used as a negative control. 50 µg of lysate were loaded to the gels as 

input. Blot is a representative of an experiment repeated three times. (C) Solubilized lysates from hippocampus (0.5 

mg) and striatum (1 mg) of rat (P8) were subjected to an immunoprecipitation procedure using rat-D1R antibody and 

resolved immunocomplexes probed with rabbit-SAP102 and rabbit-PSD95 antibodies. Normal rat IgG were used as 

a negative control. 50 µg of lysate were loaded to the gels as input. Blot is a representative of an experiment repeated 

three times. (D) Solubilized lysates from hippocampus (0.5 mg) and striatum (1 mg) of rat (P60) were subjected to an 

immunoprecipitation procedure using rat-D1R antibody and resolved immunocomplexes probed with rabbit-SAP102 

and rabbit-PSD95 antibodies. Normal rat IgG were used as a negative control. 50 µg of lysate were loaded to the gels 

as input. Blot is a representative of an experiment repeated two times. (E) Solubilized lysates from striatum (1 mg) of 

rat (P8) were subjected to an immunoprecipitation procedure using mouse-SAP102 and mouse-PSD95 and resolved 

immunocomplexes probed with rat-D1R antibody. Normal mouse IgG were used as a negative control. 50 µg of lysate 

were loaded to the gels as input. Blot is a representative of an experiment repeated three times. 
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1.3. Developmental D1R•SAP102 and D1R•PSD95 Complexes  

Unlike SAP102 and PSD95, few studies examined the developmental expression for D1R using 

radioautography, immunocytochemistry and mRNA in situ hybridization (Schambra et al, 1994; 

Araki et al, 2007; Rothmond et al, 2012). Herein, I assessed the differential protein expression 

patterns of D1R, SAP102, PSD95, and NMDAR subunits (GluN1, GluN2A, GluN2B) in the 

hippocampus and cortex from neonatal P3, P8, P21, P60 (Dam) (Sprague-Dawley rat). 

Immunoblot analysis showed that SAP102, PSD95, and NMDAR subunits are expressed 

throughout development, but SAP102 and GluN2B predominates earlier in development 

(Supplementary Fig. 3.1B) (Sans et al, 2000). In a similar manner to PSD95 and GluN2A subunit, 

the expression of D1R is gradually increasing throughout development (Supplementary Fig. 3.1B) 

(Sans et al, 2000). 

These findings led me to assess whether the native D1R•SAP102 and D1R•PSD95 complexes at 

earlier stages of brain development are observed. Immunoprecipitation of D1R from hippocampal 

and striatal lysates (P8), as well preparation from (P60), were performed. Results showed the 

existence of native endogenous D1R•SAP102 and D1R•PSD95 complexes (Fig. 3.1C, D). 

Conversely, SAP102 and PSD95 were immunoprecipitated from striatal lysates (P8) and D1R 

immunoreactivity was observed from SAP102 and PSD95 immunocomplexes (Fig. 3.1E). 

Collectively, Fig 3.1 shows the importance of these physiological interactions throughout brain 

development. As SAP102 and PSD95 are important for enabling the developmental shift in 

synaptic NMDAR subunit composition; herein both are important for regulating D1R interaction, 

independently (Sans et al, 2000). 

1.4. Subcellular Hippocampal Localization of D1R•SAP102 and D1R•PSD95 Complexes  

Because SAP102 and PSD95 are major components for PSD, immunostaining experiments were 

performed in hippocampal organotypic culture (Sprague-Dawley rat, P8-DIV28) to confirm the 

localization of endogenous D1R, SAP102, and PSD95 (Gogolla et al, 2006; Soares et al, 2014). 

Confocal airyscan microscopy revealed that subcellular immunolabelling of D1R, SAP102, 

PSD95 is mostly localized in dendrites and concentrated in dendritic spines (Fig. 3.2A, B). 

Interestingly, labelled D1R co-localized with discrete immunopositive SAP102 and PSD95 

clusters in dendrites and spines of hippocampal neurons (Fig. 3.2A, B).  
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Fig. 3.2. Subcellular localization of D1R•SAP102 and D1R•PSD95 from Hippocampal Organotypic Cultures. 

(A, B) Representative confocal images of hippocampal organotypic culture (Sprague-Dawley rat, P8, DIV28) 

immunostained with primary antibodies: rat anti-D1R, mouse anti-SAP102, or mouse anti-PSD95, followed by 

secondary fluorophore antibodies: anti-rat conjugated Alexa Fluor-568 and anti-mouse conjugated Alexa Fluor-488. 

Images were acquired using confocal-airy scan microscope with 63x magnification. The image is a representative of 

an experiment repeated two times. (C) Solubilized lysates from hippocampal organotypic cultures (0.5 mg) were 

subjected to an immunoprecipitation procedure using rat-D1R antibody and resolved immunocomplexes probed with 

rabbit-SAP102 and rabbit-PSD-95 antibodies. Normal rat IgG were used as a negative control. 50 µg of lysate were 

loaded to the gels as input. Blot is a representative of an experiment repeated three times.  
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Moreover, coimmunoprecipitation studies were performed from these hippocampal organotypic 

cultures. Results showed that D1R forms a complex with SAP102 and PSD95 (Fig. 3.2C). 

Together, these results suggest that D1R•SAP102 and D1R•PSD95 colocalized and interact in 

hippocampal neurons, possibly in PSD. 

1.5. Subcellular Cortical Localization and Interaction of D1R•SAP102 and D1R•PSD95  

Although the results from hippocampal organotypic culture suggested the formation of 

D1R•SAP102 and D1R•PSD95 complexes in hippocampal neurons, I sought to further validate 

these findings by utilizing embryonic neuronal culture (CD1 mice, E13-14) (Khacho et al, 2014). 

Immunostaining of endogenous D1R, SAP102, and PSD95 at DIV10, revealed subcellular 

localization of these proteins in dendrites and dendritic spines (Fig. 3.3A, B). Interestingly, clusters 

of colocalized D1R•SAP102 and D1R•PSD95 were observed in these neurons (Fig. 3.3A, B). 

Moreover, coimmunoprecipitation were performed from these cortical cultures and results showed 

the formation of D1R•SAP102 and D1R•PSD95 complexes (Fig. 3.3C).  

Further, I assessed whether D1R•SAP102 and D1R•PSD95 complexes can be observed in these 

neuronal cultures by performing in situ proximity ligation assay (PLA). PLA was performed from 

cortical cultures immunostained with rabbit-anti D1R, mouse-anti SAP102, and mouse-anti 

PSD95 antibodies, followed by fluorescent-labeled complementary oligonucleotide probes 

binding to the amplicons (amplified DNA) at the site of protein-protein interactions, producing 

distinct dots of high fluorescence on the tissue (Fig. 3.4A). Interestingly, in situ PLA revealed 

abundant endogenous interacting signals of D1R•SAP102 and D1R•PSD-95, in dendrites and 

dendritic spines of cortical cultures (Fig. 3.4C, D). MAP2 antibody was included to visualize 

neuronal dendrites. Single antibody incubation of D1R in PLA experiment, however, did not 

exhibit signal generation, attesting the specificity of PLA methodology (Fig. 3.4B). These findings 

support the notion that D1R interacts with SAP102 and PSD95 in postsynaptic neurons.  
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Fig. 3.3. Subcellular localization of D1R•SAP102 and D1R•PSD95 from Embryonic Cortical Cultures.  

(A, B) Representative epifluorescence images of embryonic cortical culture (CD1 mice, E13-14, DIV10) 

immunostained with primary antibodies: rat anti-D1R, mouse anti-SAP102, or mouse anti-PSD95, followed by 
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secondary fluorophore antibodies: anti-rat conjugated Alexa Fluor-568 and anti-mouse conjugated Alexa Fluor-488. 

Images were acquired using epifluorescence microscope with 63x magnification. The image is a representative of an 

experiment performed three times. Region of interests (ROIs) of colocalized D1R•SAP102 (A-3) and D1R•PSD95 

(B-3) are shown; SAP102 and PSD95 in green, D1R in red. (C) Solubilized lysates from embryonic cortical cultures 

(0.5 mg) were subjected to an immunoprecipitation procedure using rat-D1R antibody and resolved 

immunocomplexes probed with rabbit-SAP102 and rabbit-PSD95 antibodies. Normal rat IgG were used as a negative 

control. 50 µg of lysate were loaded to the gels as input. Blot is a representative of an experiment repeated two times.  
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Fig. 3.4. in situ PLA Interaction of D1R•SAP102 and D1R•PSD95 from Embryonic Cortical Cultures.  

(A) A schematic diagram of the PLA protocol. Created with BioRender.com. (B-D) Representative epifluorescence 

images of embryonic cortical culture immunostained with primary antibodies: rabbit anti-D1R only (B), co-strained 

with mouse anti-SAP102 (C) or with mouse anti-PSD95 (D), followed by the addition of PLUS and MINUS PLA 

probes. Probes were ligated, amplified, and generated PLA signals were visualized using far red (Cy5) filter. Cells 

were also incubated with chicken anti-MAP2 antibody, followed by the anti-chicken conjugated Alexa Fluor-488. 

Images were acquired using epifluorescence microscope with 63x magnification. The image is a representative of an 

experiment performed three times. (C-2, D-2) Subset of higher magnification. (C-3, D-3) IMARIS 3D reconstructed 

image showing the PLA signals as spots.  
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2. In vitro D1R•SAP102 and D1R•PSD95 Complexes  

To investigate the functionality of SAP102 and PSD95 with D1R in vitro, coimmunoprecipitation 

studies were performed from HEK293 cells transiently transfected with empty vector (mock), HA-

D1R alone, or with either Flag-SAP102 or Flag-PSD95. Immunoblot analysis of whole-cell lysates 

showed that SAP102 and PSD95 coprecipitated with HA-D1R when both proteins are co-

expressed (Fig. 3.5A). Conversely, coimmunoprecipitation were also performed in transiently 

transfected HEK293 cells with mock, D1R-GFP alone, or with either Flag-SAP102 or Flag-

PSD95, and results showed that D1R was co-immunoprecipitated with both Flag-SAP102 and 

Flag-PSD95, suggesting these MAGUKs interacting with D1R in these mammalian cells (Fig. 

3.5B). In addition, immunostaining results were performed from transiently transfected HEK293 

cells. Results demonstrate that HA-D1R is highly expressed at cell membrane, whereas Flag-

SAP102 and Flag-PSD95 are mostly localized in cytosol (Fig. 3.5C). Interestingly, co-expressed 

D1R•SAP102 and D1R•PSD95 cells showed a localization at the cell surface and in cytosolic 

compartments (Fig. 3.5D, E). Together, these findings imply a binary interaction of D1R•SAP102 

and D1R•PSD95, in vitro. 

2.1. Orthologs of SAP102 and PSD95 Interact with D1R  

Although SAP102 is highly conserved (99.39% identity) between human (hSAP102: 817 aa) and 

rat (rSAP102: 849 aa) orthologs, I sought to determine if the additional 32 amino acid differences 

could affect the interaction (Supplementary Fig. 3.2A). Unlike SAP102, there is one amino acid 

substitution of PSD95 (724 aa) between human (S466) and rat (G466). HEK293 cells were 

transiently transfected with mock, Flag-D1R, alone, or co-transfected with HA-rSAP102 (HA-

SAP102) and hSAP102-GFP (SAP102-GFP). Followed coimmunoprecipitation, immunoblot 

analysis of whole-cell lysates showed that D1R co-immunoprecipitated with both rat and human 

orthologs of SAP102, and species differences do not have an impact on the interaction outcome 

(Supplementary Fig. 3.2B).  
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Fig. 3.5. SAP102 and PSD95 Interact with D1R, in vitro.  

(A) HEK293 cells were transfected with mock, HA-D1R alone, with Flag-SAP102, or with Flag-PSD95. Cells were 

solubilized and subjected to a sequential immunoprecipitation with anti-HA agarose matrix followed by 

immunoblotting with anti-Flag antibody. A representative experiment of N=4 is shown. Bmax values in pmol/mg 

membrane protein for [3H]-SCH23390 are HA-D1R: 2.03±0.54, HA-D1R+ Flag-SAP102: 2.17±0.18, HA-D1R+Flag-

PSD95: 2.33±0.54. (B) HEK293 cells were transfected with mock, D1R-GFP alone, with Flag-SAP102, or with Flag-

PSD95. Cells were solubilized and subjected to a sequential immunoprecipitation with anti-Flag agarose matrix 

followed by immunoblotting with anti-GFP antibody. A representative experiment of N=6 is shown. Bmax values in 

pmol/mg membrane protein for [3H]-SCH23390 are D1R-GFP: 8.27±2.32, D1R-GFP+ Flag-SAP102: 9.26±1.95, 

D1R-GFP+Flag-PSD95: 12.05±3.01. (C-E) Representative images of HEK293 cells transfected with HA-D1R, Flag-

SAP102 or Flag-PSD95 (C), co-transfected with HA-D1R+Flag-SAP102 (D), or HA-D1R+Flag-PSD95 (E), followed 

by immunostaining with primary antibodies: rabbit anti-HA and mouse anti-Flag, and secondary fluorophore 

antibodies: anti-rabbit conjugated Alexa Fluor-594 and anti-mouse conjugated Alexa Fluor-488. Images were acquired 

using epifluorescence microscope with 63x magnification. The image is a representative of an experiment performed 
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four times. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 are HA-D1R: 2.03±0.54, HA-D1R+ Flag-

SAP102: 2.17±0.18, HA-D1R+Flag-PSD95: 2.33±0.54. (F) HEK293 cells were transfected with mock, HA-SAP102, 

or co-transfected with Flag-D1R+HA-SAP102, Flag-D5R+HA-SAP102 (F-1), or transfected with mock, HA-

SAP102, Flag-D1R, Flag-D5R, or co-transfected with Flag-D1R+HA-SAP102, Flag-D5R+HA-SAP102 (F-2). Cells 

were solubilized and subjected to a sequential immunoprecipitation with anti-Flag agarose matrix followed by 

immunoblotting with rabbit-SAP102 antibody. A representative experiment of N=3 is shown. Bmax values in pmol/mg 

membrane protein for [3H]-SCH23390 for (F-1): Flag-D1R+HA-SAP102: 2.14±1.29. Flag-D5R+HA-SAP102: 

2.05±1.11, and for (F-2): Flag-D1R: 2.93±1.95, Flag-D1R+HA-SAP102: 3.10±2.08, Flag-D5R: 2.90±0.82, Flag-

D5R+HA-SAP102: 2.21±1.22. 
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2.2. SAP102 Selectively Interact with D1R, but not D5R 

To assess the specificity of SAP102 with respect to D1-class receptor subtypes, in vitro 

coimmunoprecipitation studies were performed from transiently transfected HEK293 cells with 

Flag-D1R, Flag-D5R, or co-transfected with HA-SAP102. Immunoblots showed that SAP102 

could not form a complex with D5R, neither at basal nor stimulated conditions (10 μM DA-15 

min) (Fig. 3.5F). However, D1R•SAP102 complex was observed at both conditions (Fig. 3.5F). 

Together, these results suggest that SAP102 specifically binds to D1R, but not D5R. 

2.3. The Functionality of D1R-GFP 

Since I utilized D1R-GFP in the previous experiment (Fig 3.5B), functional studies were 

performed to assess if the fused GFP (~25 kDa) to CT of D1R modulates the receptor function. 

The results showed that D1R-GFP exerts normal function as assessed by cAMP production and 

radioligand binding affinity relative to untagged D1R (Supplementary Fig. 3.3A; Supplementary 

Table 3.1). Confocal live imaging of HEK293 cells transfected with D1R-GFP revealed that D1R 

is highly localized at plasma membrane (Supplementary Fig. 3.3B). Moreover, two-photon 

imaging of hippocampal organotypic culture co-transfected with D1R-GFP and mCherry (cellular 

marker) were also performed. Results showed that D1R is highly expressed in the hippocampal 

pyramidal neurons, and highly enriched in the dendritic spines (Supplementary Fig. 3.3C). 

Together, these findings suggest that the insertion of GFP at CT of D1R does not alter the 

functionality of D1R as obtained by radioligand binding studies and cAMP, and GFP fusion is 

efficiently localizing the cellular D1R. 

3. SAP102-PDZ3 and PSD95 Interact, respectively, with IL3 and CT of D1R 

Next, I mapped the intracellular region of D1R that mediates the interaction with SAP102. It was 

reported that the CT of D1R modulates the interaction with PSD95 (Zhang et al, 2007), and our 

results from yeast two-hybrid screens suggest that IL3 of D1R is harboring the interaction domain 

for SAP102. Glutathione S-transferase (GST) fusion proteins encoding D1R-IL3 (R219-K272) 

and D1R-CT (R338-T446) were constructed and used as baits to precipitate associated interactors 

(Fig. 3.6A). HEK293 cells expressing Flag-SAP102 or Flag-PSD95 lysates were incubated with 

GST, GST-D1R-IL3 and GST-D1R-CT. Pull-down assays revealed that GST-D1R-IL3 and GST-

D1R-CT interact SAP102 and PSD95, respectively (Fig. 3.6B, C). Cortical lysates (Sprague-
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Dawley rat, P21) were also incubated with GST, GST-D1R-IL3 and GST-D1R-CT. Endogenous 

SAP102 and PSD95 form a protein complex with GST-D1R-IL3 and GST-D1R-CT, respectively 

(Fig. 3.6D, E). These findings show that SAP102 and PSD95 interact with D1R via different 

cytosolic domains. 

Additionally, our lab generated deletion mutant forms of IL3 and CT of D1R, referred to as Flag-

D1R-ΔIL3N (Q224-T245), Flag-D1R-ΔIL3C (G246-K265), and Flag-D1R-ΔCT (C347-T446) 

(Fig. 3.6F). To further confirm the intracellular region of D1R mediating the interaction with 

SAP102 and PSD95, Flag-D1R, Flag-D1R-ΔIL3N, Flag-D1R-ΔIL3C, and Flag-D1R-ΔCT were 

transiently co-transfected in HEK293 cells with either HA-SAP102 or PSD95-RFP. Following 

coimmunoprecipitation, immunoblot analysis of whole cell lysate suggested that mutant forms of 

D1R-IL3 cannot form a complex with SAP102, whereas D1R-CT truncation abrogated the 

interaction with PSD95 (Fig. 3.6G, H). These findings further support that these functional 

complexes are modulated differentially by D1R via IL3 (SAP102) and CT (PSD95), in vitro and 

in vivo. 

3.1. SAP102-PDZ3 Interacts with D1R. 

Our yeast two-hybrid screens suggested that SAP102 domains located downstream of PDZ2 

potentially interact with IL3-D1R (data not shown). GST-fusion proteins encoding different 

SAP102 domains; NT-PDZ1 (M1-M243), PDZ1 (N139-M243), PDZ2 (P237-A340), PDZ3 

(E395-K494), SH3 (E486-H657), and GK (E649-L749) were constructed and used as baits to 

pinpoint the domain mediating the interaction with D1R (Fig. 3.7A). Lysates of HEK293 cells 

transfected with D1R-GFP were incubated with these fusion proteins, and immunoblot analysis 

revealed a co-purification of GST-SAP102-PDZ3 with D1R (Fig. 3.7B). Moreover, cortical lysates 

(Sprague-Dawley rat, P21) were incubated with these fusion proteins, and the results showed that 

the endogenous D1R were able to pulldown SAP102-PDZ (Fig. 3.7C). While previous reports 

have indicated that the NT of PSD95 mediates the interaction with D1R (Zhang et al, 2007), here 

the PDZ3 domain of SAP102 facilitates the interaction with D1R.
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Fig. 3.6. SAP102 and PSD95 Interact with IL3 and CT of D1R.  

(A) Schematic diagram of D1R showing the amino acid sequence corresponding fusion protein of GST-constructs: 

GST-D1R-IL3 and GST-D1R-CT. Created by gpcrdb.org. (B, C) HEK293 cells were transfected with Flag-SAP102 

(B) or Flag-PSD95 (C) and lysate (0.5 mg) were incubated with GST, GST-D1R-IL3, and GST-D1R-CT, followed 

by immunoblotting with anti-Flag antibody. A representative experiment of N=5 is shown. (D, E) Cortical lysates (1 

mg) were incubated with GST, GST-D1R-IL3, and GST-D1R-CT, followed by immunoblotting with anti-SAP102 

and PSD95 antibodies. A representative experiment of N=5 is shown. (F) Schematic representation of deleted amino 

acid of D1R mutants: Flag-D1R-∆IL3N, Flag-D1R-∆IL3C, Flag-D1R-∆CT. Created by gpcrdb.org. (G, H) HEK293 

cells were co-transfected with Flag-tagged wild-type and mutant forms of D1R and HA-SAP102 (G) or PSD95-RFP 

(H). Cells were solubilized and subjected to a sequential immunoprecipitation with anti-Flag agarose matrix followed 

by immunoblotting with rabbit-SAP102 and rabbit-PSD95 antibodies. Blot is a representative of an experiment 

repeated four times. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 for (G) are Flag-D1R: 1.81±0.22, 

Flag-D1R+HA-SAP102: 2.28±0.63, Flag-D1R-ΔIL3N+HA-SAP102: 1.38±0.34, Flag-D1R-ΔIL3C+HA-SAP102: 

3.54±1.12. Flag-D1R-ΔCT+HA-SAP102: 3.16±0.68, and for (H) are Flag-D1R: 0.87±0.22, Flag-D1R+PSD95-RFP: 

1.27±0.47, Flag-D1R-ΔIL3N+PSD95-RFP: 0.91±0.25, Flag-D1R-ΔIL3C+PSD95-RFP: 3.11±1.17, Flag-D1R-

ΔCT+PSD95-RFP: 1.40±0.52.
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Fig. 3.7. PDZ3 Domain of SAP102 Associates with D1R.  

(A) Schematic representation showing SAP102 domains corresponding GST-constructs. Created with 

BioRender.com. (B) HEK293 cells were transfected with D1R-GFP, and lysate (0.5 mg) were incubated with GST-

constructs, followed by immunoblotting with anti-GFP antibody. A representative experiment of N=6 is shown. Bmax 

values in pmol/mg membrane protein for [3H]-SCH23390 for D1-GFP: 8.21±2.60. (C) Cortical lysates (1 mg) were 

incubated with GST-constructs of SAP102, followed by immunoblotting with rat-D1R antibody. A representative 

experiment of N=3 is shown. 
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3.2. D1R Binding Affinity is not Impacted by SAP102 or PSD95  

Previous work from our lab showed that the IL3 and CT modulate ligands binding affinities of 

D1R (Charrette, Albaker et al, in preparation; Chaar et al, 2001). As the coimmunoprecipitation 

studies showed that constitutive association of D1R with SAP102 and PSD95 via the interaction 

with IL3 and CT of D1R, respectively, I assessed whether D1R•SAP102 and D1R•PSD95 

complexes modulate the characteristic ligand binding properties of the D1R by radioligand binding 

assays. Saturation and competition studies were performed from crude membrane prepared from 

HEK293 cells transiently transfected with untagged D1R alone, or co-transfected with HA-

SAP102 or Flag-PSD95. Using D1R-class radioligand [3H]-SCH23390 with an increasing 

concentration (0.1-8 nM), SAP102 and PSD95 had no effect on both maximal binding capacity 

(Bmax) and dissociation constants of the radioligand (Kd) (Table 3.1). Competition experiments 

were also performed using D1R full agonists (DA, SKF81297, DHX), inverse agonists 

(thiothixene, butaclamol), and partial agonist (SCH23390) (Tiberi and Caron, 1994; D'Aoust and 

Tiberi, 2010). Using a constant concentration of [3H]-SCH23390 tested with increasing 

concentrations of cold D1R ligands, the inhibitory constant (Ki) of dopaminergic drugs were 

unaltered by SAP102 and PSD95. Overall, these findings indicate that SAP102 and PSD95 exert 

no effect on ligand affinity and maximal expression of D1R.
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  Saturation Curves Competition Curves  

  [3H]-SCH23390 Ki (nM) 

Receptor 
Kd 

(nM) 

Bmax 

(pmol/mg protein) 
DA SKF81297 DHX Thiothixene (+) Butaclamol SCH23390 

  N=6-8 N=6-8 N=6-8 N=6-8 N=3-4 N=6-8 N=4 N=3-4 

D1R 0.76 5.0 6766 56.3 1441 84.7 1.9 0.74 

  (0.29-1.28) (2.10-7.69) (1948-11320) (39.71-80.87) (226-2307) (37.65-161.10) (0.68-2.99) (0.55-1.00) 

D1R+SAP102 0.45 3.5 5933 37.9 375 72.4 1.8 0.52 

  (0.21-0.94) (2.06-5.00) (2628-10160) (20.09-62.94) (179-630) (23.58-120.50) (1.48-2.49) (0.23-0.74) 

D1R+PSD95 0.64 4.5 8680 49.2 714 94.6 2.0 0.77 

  (0.34-1.16) (2.65-10.15) (3261-13640) (21.60-62.35) (216-1363) (50.42-225.50) (1.41-3.56) (0.58-0.96) 

 

Table 3.1. D1R Binding Affinity is not Impacted by SAP102 or PSD95. 

Dissociation constants (Kd, Ki) and Bmax values of radioligand saturation and competition studies of [3H]-SCH23390 

performed from HEK293 cells transfected with D1R, co-transfected with HA-SAP102, or co-transfected Flag-PSD95. 

Values are expressed as arithmetic means, with minimum and maximum value in brackets. No statistical significance 

was observed using one-way ANOVA, when compared to D1R. 
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4. Stimulation of D1R Modulates the Interaction between D1R•SAP102 and D1R•PSD95 

GPCRs exist in an ensemble of dynamic conformations that can be selectively stabilized by the 

binding of a ligand (Pierce et al, 2002; Luttrell, 2006; Hilger et al, 2018). To further characterize 

D1R•SAP102 and D1R•PSD95 interactions, I examined the DA effect on D1R•SAP102 and 

D1R•PSD95 complex formation in transiently transfected HEK293 cells using 

coimmunoprecipitation and bioluminescence resonance energy transfer (BRET) studies. Firstly, 

HEK293 cells were transiently transfected with mock, Flag-D1R alone, or co-transfected with HA-

SAP102 or PSD95-RFP. Cells were stimulated with DA (10 μM-15 min), followed by 

coimmunoprecipitation. Immunoblots results showed that activation of D1R with DA substantially 

increased the abundance of SAP102 and PSD95 interacting with D1R, implying that the D1R 

under basal condition couples to SAP102 and PSD95, and the agonist stimulation facilitates the 

complex formation (Fig. 3.8A, B). 

To validate these findings, BRET2 studies were employed using live HEK293 cells transfected 

with D1R-Rluc (Renilla luciferase) alone, or with SAP102-GFP or PSD95-GFP (Fig. 3.8C). Prior 

to these experiments, functional studies of were performed for D1R-Rluc, and results suggested 

that the fusion of Rluc protein at the CT of D1R does not change dopaminergic ligand affinity, 

maximal receptor expression, or cAMP production relative to untagged D1R (Supplementary Fig. 

3.3A; Supplementary Table 3.1). To visualize the GFP fusion to SAP102 and PSD95, confocal 

imaging and immunoblotting were performed. Confocal imaging on live HEK293 cells transfected 

with SAP102-GFP and PSD95-GFP revealed intracellular localization of these MAGUKs within 

the cells (Supplementary Fig. 3.4A, B). Immunoblot analysis of transfected SAP102-GFP and 

PSD95-GFP showed that the fusion of GFP increased the molecular size of MAGUK by ~25 kDa, 

as recognized by their respective antibody (Supplementary Fig. 3.4D, E).  

BRET2 experiments were performed from HEK293 cells transfected with constant amount of 

D1R-Rluc (0.5 µg) along with increasing ratio of plasmids expressing SAP102-GFP or PSD95-

GFP (1:1, 1:3, 1:5, 1:10). The results showed increasing, but saturable BRET signals with 

D1R•SAP102 and D1R•PSD95, implying the specificity of these BRET signals (Fig. 3.8D).
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Fig. 3.8. Agonist induced-Stimulation of D1R Regulates the Interaction with SAP102 and PSD95.  

(A, B) HEK293 cells were transfected with Flag-D1R, Flag-D1R+HA-SAP102 (A) or Flag-D1R, Flag-D1R+PSD95-

RFP (B). Cells were stimulated with DA 15 min, or left untreated (vehicle: AA, denoted as -), then solubilized and 

subjected to a sequential immunoprecipitation with anti-Flag agarose matrix followed by immunoblotting with rabbit-

SAP102 or rabbit-PSD95 antibodies. A representative experiment of N=8 for (A) and N=5 for (B) is shown. (A-2, B-

2) shows a relative coimmunoprecipitation quantified in these co-transfected cells for IP-SAP102 over input-SAP102 
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(A-2) or IP-PSD95 over input-PSD95 (B-2), then stimulated cells were normalized to unstimulated cells (vehicle). *: 

p<0.05, when DA compared with control using one sample t test. Bmax values in pmol/mg membrane protein for [3H]-

SCH23390 for (A) are Flag-D1R: 3.54±0.98, Flag-D1R+HA-SAP102: 2.88±0.762, and for (B) are Flag-D1R: 

1.64±0.44, Flag-D1R+PSD95-RFP: 2.86±0.93. (C) Schematic diagram of BRET2 assay. Created with BioRender.com. 

(D-G) HEK293 cells were transfected with D1R-Rluc, or co-transfected with SAP102-GFP, PSD95-GFP, GbR2-GFP. 

Coelenterazine 400a was added, and light emission was measured from the luciferase donor and GFP acceptor at 410 

nm and 515 nm wavelength, respectively. Net BRET2 was quantified as: [(GFP emission at 515 ± 30nm) ∕ (Rluc 

emission 410 ± 80nm)]−[(emission at 515 ± 30nm)/(emission at 410 ± 80nm)] found with the D1R-Rluc expressed 

alone in the same experiment. (D) BRET saturation curve was performed by increasing the concentration of SAP102-

GFP, PSD95-GFP, and GbR2-GFP over fixed concentration of D1R-Rluc. BRET measurement were quantified from 

four independent experiments, and Bmax values in pmol/mg membrane protein for [3H]-SCH23390 for D1R-Rluc: 

2.32±1.25, D1R-Rluc+SAP102-GFP (1:1): 3.20±1.66, D1R-Rluc+SAP102-GFP (1:3): 2.37±0.89, D1R-

Rluc+SAP102-GFP (1:5): 3.05±0.89, D1R-Rluc+SAP102-GFP (1:10): 3.03±2.01, D1R-Rluc+PSD95-GFP (1:1): 

2.37±1.25, D1R-Rluc+PSD95-GFP (1:3): 3.25±2.25, D1R-Rluc+PSD95-GFP (1:5): 3.92±1.19, D1R-Rluc+PSD95-

GFP (1:10): 2.87±1.65, D1R-Rluc+GbR2-GFP (1:1): 4.28±1.68, D1R-Rluc+GbR2-GFP (1:3): 3.62±1.21, D1R-

Rluc+GbR2-GFP (1:5): 4.12±1.23, D1R-Rluc+GbR2-GFP (1:10): 3.87±1.19. (E-G) Cells were transfected with D1R-

Rluc (0.5 µg) alone or co-transfected with SAP102-GFP (1:3), or PSD95-GFP (1:3). Cells treated with AA (vehicle) 

or 10 μM DA (30 min). BRET measurements for (E, F) were quantified from four independent experiments, and Bmax 

values in pmol/mg membrane protein for [3H]-SCH23390 for D1R-Rluc: 2.85±0.81, D1R-Rluc+SAP102-GFP: 

4.91±0.57, D1R-Rluc+PSD95-GFP: 3.21±1.37. *: p<0.05, when compared using unpaired t test. (G) BRET 

measurement of cells stimulated with increasing concentration of DA. BRET measurements were quantified from four 

independent experiments, and Bmax values in pmol/mg membrane protein for [3H]-SCH23390 for D1R-Rluc: 

1.74±1.32, D1R-Rluc+SAP102-GFP: 2.71±1.12, D1R-Rluc+PSD95-GFP: 2.75±1.14. 
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GABABR subunit, GbR2 (GbR2-GFP), a negative control that lacks functional activity in the ER, 

showed no recruitment to D1R-Rluc (Fig. 3.8D). Moreover, incubation of D1R•SAP102 and 

D1R•PSD95 with DA (10 μM-30 min) modulated BRET signals, which implies an increased 

association between D1R and MAGUKs, and/or a dynamic conformational rearrangement for the 

complex to be more closely associated (stabilized) after receptor activation (Fig. 3.8E, F). Dose-

response curves of DA (0.0001 μM-100 μM) showed that D1R exhibits dose-dependent 

recruitment of SAP102 and PSD95 upon DA treatment (Fig. 3.8G). The results also show no 

difference in agonist-induced maximal recruitment (Emax) and agonist potency (EC50) between 

D1R•SAP102 and D1R•PSD95 (Fig. 3.8G). These findings suggest intricate dynamics of 

D1R•MAGUK complexes between a bioluminescent donor moiety and a fluorescent acceptor 

moiety within 100 Å, which is in the realm of most biological interactions.  

5. SAP102 and PSD95 Differentially Modulate D1R-mediated cAMP Signaling 

To assess the effect of SAP102 and PSD95 on D1R-mediated stimulation of AC and downstream 

signaling of D1R, cAMP production was measured using HEK293T cells stably expressing 

GloSensor, a luciferase-based cAMP biosensor (HEK293T-Glo) (Fig. 3.9A). As our lab employed 

this cell line for the first time, control experiments were performed in transfected cells with either 

mock or untagged-D1R. First, to investigate whether this cell line can exhibit pharmacological 

properties for D1-class receptors in mediating cAMP accumulation, I performed dose-response 

curves using increasing concentrations of DA. Result shows a dose-dependent increase of D1R-

mediated cAMP production, with negligible effect on mock-transfected cells (Supplementary Fig. 

3.5A-1). The use of an inverse agonist, cis-flupentixol (FLU-10 μM-15 min), had no effect on 

mock, but decreased the basal activity of the D1R (Supplementary Fig. 3.5A-2). Additionally, I 

stimulated these cells with an adenylyl cyclase agonist, forskolin (FSK-10 μM-15 min). The results 

showed a robust level of cAMP production following FSK stimulation of D1R relative to mock 

(Supplementary Fig. 3.5A-2). This could be explained by the possibility that under basal condition 

(no agonist) D1R constitutively couples to Gαs, which in turn mediates Gαs-primed AC and 

potentiates cAMP production. Overall, these results imply that this stable cell line is a suitable 

model to study D1R-mediated cAMP accumulation.  

HEK293T-Glo cells were transfected with untagged-D1R alone, with HA-SAP102, with Flag-

PSD95 or with both HA-SAP10 and Flag-PSD95. Overexpression of SAP102 did not alter the 
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basal cAMP levels relative to D1R, and DA activation (10 μM-15min) substantially increased 

D1R-mediated cAMP production (Fig. 3.9B, C). However, PSD95 overexpression decreased 

constitutive cAMP levels and D1R-mediated cAMP accumulation by DA relative to D1R alone, 

in agreement with previous report (Fig. 3.9B, C) (Zhang et al, 2007). A representative RLU values 

is shown in (Supplementary Fig. 3.5B). Moreover, dose-response curves using increasing 

concentrations of D1R agonists, DA and SKF81297, were performed to measure the maximum 

activation (Emax) of D1R-mediated cAMP production. SAP102 expression increased maximal 

activation of D1R-mediated intracellular cAMP accumulation, whereas PSD95 decreased the 

maximal activation of D1R-mediated cAMP production, without altering the agonist potency 

(EC50) (Fig. 3.9D, E; Table 3.2). Interestingly, co-expression of D1R together with SAP102 and 

PSD95 did not lead to changes in basal and DA-induced formation of cAMP (Fig. 3.9B-E; Table 

3.2). This suggest that co-expression of SAP102 and PSD95 in the same cellular environment 

neutralizes the effect on D1R-mediated cAMP production, leading to an intermediate (balanced) 

level of D1R-mediated cAMP production. Perhaps this phenotype is a result of D1R interaction 

with both MAGUKs, or potentially with individual MAGUK. Immunoblotting was performed to 

confirm the overexpression of SAP102 and PSD95 in these cells (Fig. 3.9F). These results suggest 

differential signaling mechanisms where SAP102 potentiates D1R-mediated cAMP production, 

and PSD95 inhibit D1R-mediated cAMP production. 

6. SAP102 and PSD95 Differentially Modulate D1R-mediated ERK1/2 Activation 

Recent studies from our lab showed that D1R-mediated ERK1/2 activation in HEK293 cells occurs 

in a biphasic pattern with an early G-protein dependent phase of large magnitude (1-10 min), 

followed by a prolonged phase of lesser magnitude that could potentially be independent of G-

protein function (10-60 min) (Mischuk et al, in preparation; Zein et al, in preparation). As SAP102 

and PSD95 differentially modulate D1R-mediated cAMP production, here I tested whether these 

MAGUKs modulate D1R-mediated ERK1/2 activation in a distinct manner. HEK293 cells were 

transfected with Flag-D1R alone, co-transfected with HA-SAP102, or with co-transfected with 

PSD95-RFP. Results suggest that following brief exposure to DA (10 μM, 5 min), SAP102 

increases D1R-mediated ERK1/2 activation (as evidenced by increased levels on pERK1/2), 

relative to cells transfected with D1R alone (Fig. 3.9G). In cells expressing PSD95, however, D1R-

mediated ERK1/2 activation was insignificant to cells expressing D1R alone (Fig. 3.9G). 
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Fig. 3.9. SAP102 and PSD95 Differentially Regulate D1R Signaling.  

(A) Schematic representation of the principle of the cAMP-GloSensor assay. Created with BioRender.com. (B-F) 

HEK293T cells stably expressing GloSensor were transfected with D1R, D1R+HA-SAP102, D1R+Flag-PSD95, and 

D1R+HA-SAP102+Flag-PSD95. Relative luminance value (RLU) for each experiment done in quadrable 

determinations for constitutive activity (B) and maximal activation of D1R (10 μM DA) (C). The values then were 

normalized to D1R alone. Each bar represents the arithmetic mean ± S.E. of normalized values relative to D1R alone 

from five independent experiments. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 are: D1R: 

2.41±0.73, D1R+HA-SAP102: 1.84±0.38, D1R+Flag-PSD95: 1.85±0.48, and D1R+HA-SAP102+Flag-PSD95: 

3.07±1.06. *, p<0.05, when compared to D1R alone using one sample t test. (D, E) Dose-response curve in response 

to increasing concentrations of DA or SKF81297 were done in quadrable determinations. RLU for each condition 

were subtracted from the basal, then the values were normalized to the maximal activation of D1R alone. The graph 

A 
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represents the dose response curve for the average doses of 5-10 independent experiments. EC50, Emax and Bmax values 

are presented in Table 3.2. (F) Representative immunoblotting analysis to validate the overexpression of SAP102 and 

PSD95. (G) HEK293 cells transfected with Flag-D1R, or co-transected with HA-SAP102, or PSD95-RFP. Cells were 

stimulated for DA (10 μM) for 5 min or left untreated (AA , denoted as -) to induce ERK1/2 activation. Cell lysates 

were then prepared and subjected to western blotting with anti-phospho ERK1/2, anti-total ERK1/2, anti α-tubulin 

(loading control), anti-SAP102, and anti-PSD95 antibodies. Blot shown is a representative of N=4. Bmax values in 

pmol/mg membrane protein for [3H]-SCH23390: Flag-D1R: 1.53±0.51, Flag-D1R+HA-SAP102: 2.60±0.70, Flag-

D1R+PSD95-RFP: 3.06±0.52. Data are presented as arithmetic mean ± SEM (n=4) of p-ERK1/2 relative to total 

ERK1/2 (G-2), and then expressed as a fold change over Flag-D1R (10 μM) (G-3). *p<0.05 when stimulated condition 

compared to Flag-D1R (10 μM) using one sample t test. 
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 Agonist Efficacy Agonist Potency Agonist Efficacy Agonist Potency Bmax 

Receptor DA EC50-DA  SKF81297 EC50-SKF81297 (pmol/mg protein) 

  (% of D1R-Emax)  (nM) (% of D1R-Emax)  (nM)  

D1R 100 1.4 100 2.4 2.9 

(N=10)   (0.02-6.95)   (0.13-15.20) (0.72-12.11) 

D1R+SAP102 135.6 * 1.4 133.7 * 1.3 2.9 

(N=10) (103.4-189.0) (0.02-4.77) (104-231.6) (0.12-5.79) (0.48-8.17) 

D1R+PSD95 70.6 * 1.7 69.7 * 0.8 1.7 

(N=6) (28.6-95.6) (0.06-5.26) (52.2-91.0) (0.12-2.71) (0.51-3.16) 

D1R+SAP102+PSD95  82.8 1.2 89.3 0.7 3.1 

 (N=5) (69.3-102.8) (0.02-2.45) (68-107.1) (0.20-1.01) (1.36-6.70) 

 

Table 3.2. SAP102 and PSD95 Differentially Regulate D1R-mediated cAMP Production. 

Best-fitted Emax and EC50 values of DA and SKF81297 for D1R-mediated cAMP production, in cells expressed with 

D1R, D1R+HA-SAP102, D1R+Flag-PSD95, and D1R+HA-SAP102+Flag-PSD95 shown in Fig. 3.9 (D, E) are 

reported, including the Bmax. Values are expressed as arithmetic means, with minimum and maximum value in 

brackets. Statistical significance; *: p<0.05, using one sample t test, was determined by comparing Emax of D1R. 
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These results suggest a positive modulation of signaling cascades for D1R mediated ERK1/2 

activation by SAP102. Together, findings from cAMP production and ERK1/2 activation studies 

imply that these MAGUKs mediate a differential effect on D1R signaling.  

7. SAP102 and PSD95 Differentially Modulate D1R Phosphorylation  

Phosphorylation is an important mechanism involved in the regulation of numerous cellular 

responses that lead to receptor desensitization (Ferguson, 2001). Previous results from our lab and 

others suggested that IL3 and CT of D1R are important in regulating D1R responsiveness (Jackson 

et al, 2002; Sedaghat and Tiberi, 2011). As SAP102 and PSD95 interact with different cytosolic 

regions of D1R, we examined the impact of these MAGUKs on DA-mediated D1R 

phosphorylation. We employed an antibody-based phosphorylation approach that recognized the 

phosphorylated residues of CT-D1R: Thr354 (pD1R-T354) and Ser372/Ser373 (pD1R-

S372/S373) (Fig. 3.10A). Prior to performing this experiment, we validated these antibodies by 

utilizing HEK293 cells transfected with mock or Flag-D1R at low and high receptor expression. 

Following agonist stimulation, D1R was immunoprecipitated and then immunoblotted with pD1R-

T354 and pD1R-Ser372/Ser373 antibodies. Results showed that these antibodies recognized 

phosphorylated D1R (low and high expression) (Supplementary Fig. 3.5C). Moreover, we also 

transfected HEK293 cells with Flag-D1R, Flag-D1R-ΔCT, or with Flag-D5R. Results indeed 

showed that pD1R-T354 and pD1R-Ser372/Ser373 antibodies recognized the full-length D1R, but 

not truncated D1R or D5R, attesting its subtype specificity and selectivity (data not shown). Next, 

HEK293 cells were transiently transfected with mock, Flag-D1R alone, or co-transfected with 

MAGUKs. Results showed that SAP102, but not PSD95, promotes agonist-induced 

phosphorylation of D1R (Fig. 3.10B). This finding implies that interacting SAP102 with D1R-IL3 

potentially modulates the extent of DA-induced receptor phosphorylation.  

8. SAP102 and PSD95 Differentially Modulate D1R Trafficking 

To examine the role of SAP102 and PSD95 on regulating D1R trafficking, ELISA were performed 

to measure the cell surface expression, total expression (surface D1R+intracellular D1R), 

internalization, and recycling, in HEK293 cells transiently transfected with mock, Flag-D1R alone, 

or with HA-SAP102 or with PSD95-RFP.  
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Fig. 3.10. SAP102 promotes D1R-induced phosphorylation.  

(A) Schematic diagram of D1R showing the phosphorylation site, Thr354 and Ser372/Ser373. Created by gpcrdb.org. 

(B, C) HEK293 cells transfected with mock, Flag-D1R, Flag-D1R+HA-SAP102, and Flag-D1R+PSD95-RFP. Cells 

were treated with vehicle (AA, denoted as -) or stimulated with 10 μM DA for 15 min, then solubilized and subjected 

to a sequential immunoprecipitation with anti-Flag agarose matrix followed by immunoblotting with rabbit anti-

phospho-D1R-Thr354 or rabbit anti-phospho-D1R-Ser372/Ser373. Bmax values in pmol/mg membrane protein for 

[3H]-SCH23390 of the representative experiment shown are: Flag-D1R: 1.78, Flag-D1R+HA-SAP102: 5.20, and Flag-

D1R+PSD95-RFP: 2.74. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 for the experments probed 

with phospho-D1R-Thr354 (N=5) are: Flag-D1R: 4.08±2.24, Flag-D1R+HA-SAP102: 7.12±2.83, and Flag-

D1R+PSD95-RFP: 5.13±2.63, whereas Bmax values for experments probed with phospho-D1R-Ser372/Ser373 (N=3) 

are: Flag-D1R: 2.50±1.04, Flag-D1R+HA-SAP102: 2.88±1.43, and Flag-D1R+PSD95-RFP: 2.77±1.13. *: p<0.05, 

using one sample t test, when compared to stimulated Flag-D1R.
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8.1. PSD95, but not SAP102, Promotes Constitutive Endocytosis of D1R 

Interestingly, SAP102 exerted no effect on D1R surface expression (Fig. 3.11A), suggesting that 

the increased production of cAMP and ERK1/2 observed in D1R•SAP102 transfected cells was 

not due to a higher cell surface expression of D1R. However, PSD95 constitutively decreased D1R 

surface expression (Fig.3.11A), which potentially explains the decreased cAMP production in 

D1R•PSD95 transfected cells, in agreement with previous report (Zhang et al, 2007). Moreover, 

total expression was measured under permeabilized conditions, and results suggested that neither 

SAP102 nor PSD95 influences total receptor expression (Fig. 3.11B). PSD95, however, enhances 

an intracellular pool of D1R (permeabilized condition minus non-permeabilized condition) (Fig. 

3.11C). These findings suggest the possibility that PSD95 promotes the constitutive endocytosis 

of D1R.   

8.2. SAP102 and PSD95 Differentially Regulate D1R-induced Endocytosis 

To investigate whether SAP102 and PSD95 regulate agonist-mediated D1R endocytosis, 

transfected cells were stimulated with either DA or SKF81297 (10 μM) for 15 min. In addition to 

the constitutive internalization of D1R from cell surface by PSD95, DA-induced D1R 

internalization was substantially increased in cells expressing PSD95 relative to D1R alone, in 

agreement with previous report (Fig. 3.11D, E) (Zhang et al, 2007). In contrast, SAP102 reduced 

D1R internalization relative to D1R alone, even though it did not have an impact on D1R 

subcellular distribution (Fig. 3.11D, E). These findings suggest that SAP102 and PSD95 

differentially modulate the internalization of D1R.  

8.3. Internalization of D1R is Dynamin and βArr2 Dependent  

The striking differences between SAP102 and PSD95 could be explained by distinct mechanisms 

employed by SAP102 and PSD95 to interact with endocytic machinery proteins, and thus 

differentially modulate D1R trafficking (e.g., recycling). To assess whether PSD95-mediated 

constitutive endocytosis of D1R is modulated by dynamin and βArr2, I used dynamin-I and βArr2 

mutants that interfere with endocytosis. Results suggested that co-expressing D1R•PSD95 with 

the negative form of dynamin-I-K44A or βArr2-V54D blocks the constitutive endocytosis, while 
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Fig. 3.11. SAP102 and PSD95 Differentially Regulate D1R Trafficking.  

HEK293 cells were transfected with mock, Flag-D1R alone, with HA-SAP102 or with PSD95-RFP. ELISA 

experiments were performed to assess surface expression (A), total expression (permeabilized cells with Triton-X) 

(B), and intracellular pool of the D1R (total were subtracted from surface) (C). Each bar represents the arithmetic 

mean ± S.E. of normalized relative to Flag-D1R alone, from nine independent experiments. *: p<0.05, when compared 

to Flag-D1R using one sample t test, relative to Flag-D1R. (D, E) Agonist induced internalization of D1R was assessed 

by the % decrease in cell surface expression following 15 mins treatment with 10 μM DA (D) or SKF81297 (E) 

relative to AA (vehicle). Bar represents the arithmetic mean ± S.E. from nine independent experiments for DA (D) 

and four independent experiments for SKF81297 (E). *: p<0.05, when compared to Flag-D1R using one-way 

ANOVA, Dunnett’s multiple comparison test. Bmax in pmol/mg membrane proteins for [3H]-SCH23390 in arithmetic 

means ± S.E. of (A-D): Flag-D1R: 2.86±0.83, Flag-D1R+HA-SAP102: 2.68±0.64, and Flag-D1R+PSD95-RFP: 

3.74±0.85, and for (E): Flag-D1R: 2.21±0.87, Flag-D1R+HA-SAP102: 2.37±0.80, and Flag-D1R+PSD95-RFP: 

1.35±0.51. (F, G) HEK293 cells were transfected with mock, Flag-D1R alone, with HA-SAP102 or with PSD95-RFP 

in the presence or absence of dynamin mutant; HA-Dyn I-K44A (F), or βArr2 mutant; βArr2-V54D (G). Surface 

expression and DA-induced internalization (10 μM-15 min) were assessed by the % decrease in cell surface expression 

relative to that of AA (vehicle). Each bar represents the arithmetic mean ± S.E. from six independent experiments. (F-

3) and (G-3) showed a representation of immunoblotting performed to validate the overexpression of mutant forms of 

dynamin and βArr2. Bmax in pmol/mg membrane proteins for [3H]-SCH23390 in arithmetic means ± S.E. for (F): Flag-

D1R: 3.18±1.13, Flag-D1R+HA-SAP102: 3.12±0.86, Flag-D1R+PSD95-RFP: 4.78±1.01, Flag-D1R+HA-Dyn I-

K44A: 1.80±0.46, Flag-D1R+HA-SAP102+HA-Dyn I-K44A: 2.32±0.54, and Flag-D1R+PSD95-RFP+HA-Dyn I-

K44A: 3.81±1.03, and for (G): Flag-D1R: 1.09±0.47, Flag-D1R+HA-SAP102: 1.51±0.60, Flag-D1R+PSD95-RFP: 

1.26±0.41, Flag-D1R+βArr2-V54D: 1.29±0.43, Flag-D1R+HA-SAP102+βArr2-V54D: 1.09±0.48, Flag-

D1R+PSD95-RFP+βArr2-V54D: 2.33±0.33. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001 using one sample 

t test, when compared to Flag-D1R (F-1) and (G-1) or unpaired t test as noted in the graph (F-2) and (G-2).
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no effect was observed on either constitutive internalization of D1R or D1R•SAP102 complex 

(Fig. 3.11F-1, G-1). Since SAP102 and PSD95 differentially modulate D1R-induced 

internalization, I assessed whether SAP102 and PSD95 alter the dynamin-βArr2 endocytic 

machinery used by D1R. HEK293 cells, endogenously expressing Dyn-I and βArr2, were 

transfected with D1R, D1R•SAP102 and D1R•PSD95 in the presence or absence of dynamin 

mutant; Dyn I-K44A, or βArr2 mutant; βArr2-V54D. Results showed that, regardless of PSD95 

and SAP102 expression, cells transfected with these mutants did not display DA-induced D1R 

internalization (Fig. 3.11F-2, G-2). Immunoblotting was performed to confirm the overexpression 

of mutant dynamin and βArr2 in these cells (Fig. 3.11F-3, G-3). These results indicate that DA-

induced internalization of D1R is dynamin and βArr2 dependent irrespective of PSD95 and 

SAP102, and PSD95-mediated constitutive endocytosis of D1R is blocked by dominant-negative 

dynamin and βArr2 mutants.  

8.4. SAP102 and PSD95 Differentially Regulate D1R Recycling 

To elucidate whether SAP102 and PSD95 modulate the post-endocytic recycling of D1R to plasma 

membrane, transfected HEK293 cells were stimulated with DA (10 μM) for 15 min to induce 

internalization, then agonist was removed, and cells were allowed to recover for 10 min and 30 

min. Results indicated that in cells lacking SAP102 or PSD95 expression, D1R can recycle back 

to surface membrane after agonist-induced internalization in a time dependent manner (Fig. 3.12A-

1). As PSD95 promotes greater D1R internalization, it also facilitates both the insertion of recycled 

receptors to plasma membrane, and D1R recovery rate, as measured by half-time, relative to cells 

expressing D1R alone (8.4 min vs. 11.8 min for D1R) (Fig. 3.12A-3, B, C). This finding in 

agreement with previous report suggesting that PSD95 promotes D1R resensitization (Sun et al, 

2009). While SAP102 inhibits D1R internalization, the smaller internalized D1R pool displays a 

decreased membrane D1R insertion and recycling, potentially explained by the lower D1R 

recovery rate in comparison to D1R alone (15.1 min vs. 11.8 min for D1R) (Fig. 3.12A-2, B, C). 

Overall, these results demonstrate different modalities of SAP102 and PSD95 towards the 

regulation of D1R trafficking, likely via distinct endosomal compartments.
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Fig. 3.12. SAP102 and PSD95 Differentially Regulate D1R Recovery to the Plasma Membrane.  

ELISA was performed from HEK293 cells transfected with mock, Flag-D1R alone, co-transfected with HA-SAP102 

or with PSD95-RFP. Cells were stimulated with 10 μM DA for 15 min, then agonist removed, and cells were allowed 

recovery for 10 and 30 min. (A) Surface expression was measured to assess the recycling receptor relative to 15 min 

10 μM DA. (B) Recycled receptors were subtracted from 15 min 10 μM DA, and the percentage of recycled receptors 

after 10, 30 min recovery were quantified. (C) Recovery rate was assessed at 10, and 30 min after agonist removal. 

Each bar represents the arithmetic mean ± S.E. from seven independent experiments, and Bmax in pmol/mg membrane 

proteins for [3H]-SCH23390: Flag-D1R: 1.92±0.50, Flag-D1R+SAP102: 2.02±0.46, and Flag-D1R+PSD95: 

2.80±0.75. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001 when compared as noted in the graph using one-way 

ANOVA, Dunnett’s multiple comparison.
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Significance 

We identified SAP102 as a novel interactor specifically for D1R, but not D5R, and SAP102-PDZ3 

and PSD95 interact with different cytosolic regions of IL3 and CT of D1R, respectively, in vivo 

and in vitro. Moreover, pre-associated complexes of D1R•SAP102 and D1R•PSD95 undergo 

conformational rearrangements leading to an association/stabilisation of the complex following 

exposure to D1R agonist. Interestingly, we found that SAP102 and PSD95 differentially regulate 

i) D1R-mediated cAMP production and ERK1/2 activation, ii) D1R-induced phosphorylation, and 

iii) D1R surface expression, internalization, and recycling, mediated via dynamin-βArr2 

dependent pathway. The distinct contrasting effect of these MAGUKs in shaping D1R mechanisms 

may lead to exploit the pharmacological potential of D1R-IL3•SAP102-PDZ3 and D1R-CT•PSD-

95-NT complexes for design of novel therapeutic approaches to mitigate abnormal D1R signaling 

function observed in various dopaminergic diseases, e.g., PD.
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Fig. 3.13. Summary of the Signaling and Trafficking Mechanisms of D1R•SAP102 and D1R•PSD95 complexes.   
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Appendix I: Supplementary Figures and Tables for Manuscript I
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Supplementary Fig. 3.1. Subcellular Fractionation and Developmental Expression of Postsynaptic Proteins.  

(A) Cortical tissues were subjected to differential centrifugation to isolate various cellular fractions. 50 μg protein 

were loaded and blots were probed with primary antibodies: rat-D1R, rabbit-SAP102, rabbit-GluNR1, rabbit-

Synaptophysin, rabbit-α-tubulin. LP1: crude synaptosomal membrane fraction, VesF: vesicular fraction, EPRF: 

ER/microsome/mitochondrial pellet, SMF: synaptosomal membrane fraction, PSD: postsynaptic density. Blot is a 

representative of an experiment repeated two times. (B) LP1 fractions from hippocampus and cortex (50 μg) were 

loaded and blots were probed with rat-D1R, rabbit-SAP102, rabbib-PSD95, rabbit-GluNR1, rabbit-GluNR2A, rabbit-

GluNR2B, and rabbit-α-tubulin as a loading marker. Blot is a representative of an experiment repeated two times.  
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Supplementary Fig. 3.2. hSAP102 and rSAP102 Form an Immunocomplex with D1R.  

(A) Alignment of amino acid sequence of human SAP102 (817 aa) and rat SAP102 (849 aa). Highlighted residues 

show similarities between SAP102 ortholog, with 99.39% identity. Alignment analysis by uniprot.org. (B) HEK293 

cells were transfected with mock, Flag-D1R alone, co-transfected with HA-SAP102, or with SAP102-GFP. Cells were 

solubilized and subjected to a sequential immunoprecipitation with anti-Flag agarose matrix followed by 

immunoblotting with rabbit-SAP102 antibody. A representative experiment of N=3 is shown. Bmax values in pmol/mg 

membrane protein for [3H]-SCH23390 are Flag-D1R: 4.70±1.98, Flag-D1R+HA-SAP102: 3.80±1.59, Flag-

D1R+SAP102-GFP: 4.13±1.91. 
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Supplementary Fig. 3.3. Functional Assessment for D1R-Fused with Rluc and GFP.  

(A) HEK293T cells stably expressing GloSensor were transfected with D1R, D1R-Rluc, D1R-GFP. Relative 

luminance value (RLU) for each experiment done in quadrable determinations to measure cAMP level of constitutive 

activity (AA, denoted as -) or maximal activation (10 μM) of D1R agonists: DA, DHX, SKF81297. Each bar represents 

the arithmetic mean ± S.E. of normalized values relative to DA from four independent experiments. Bmax values in 

pmol/mg membrane protein for [3H]-SCH23390 are D1R: 5.32±3.67, D1R-Rluc: 3.44±2.04, D1R-GFP: 6.16±2.75. *: 

p<0.05, when compared to cells treated with 10 μM DA using one sample t test. (B) Confocal live imaging of HEK293 

cells transfected with D1R-GFP using 63x magnification. The image is representative of an experiment repeated two 

times. Bmax values for D1R-GFP in pmol/mg membrane protein for [3H]-SCH23390: 4.55±2.49. (C) Two-photon live 

imaging of hippocampal organotypic slices (Sprague-Dawley rat, P8) were transfected with D1R-GFP and mCherry 

(40ug+10ug) at DIV7, and imaging were recorded at DIV10. Images were acquired using two-photon microscopy 

with 20x magnification. The image is representative of an experiment performed five times. 
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Supplementary Fig. 3.4. Assessment of the Fluorescent Proteins Fused with SAP102 and PSD95.  

(A-C) Confocal live imaging of cells transfected with SAP102-GFP, PSD95-GFP, and PSD95-RFP using 63x 

magnification. Image is a representative of an experiments repeated two times. (D, E) Immunoblot analysis of HEK293 

cells transfected with mock, HA-SAP102, and SAP102-GFP (D), or mock, PSD95-RFP, and PSD95-GFP (E). Cells 

were solubilized, subjected to SDS-Page, and probed with rabbit anti-SAP102, or rabbit-anti-PSD95. Blot is a 

representative of an experiments repeated two times.
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Supplementary Fig. 3.5. Assessment of cAMP Production and Phosphorylation of D1R.  

(A) HEK293T-Glo cells transfected with mock or D1R, and cAMP measurement were assessed at basal (constitutive), 

treated with 10 µM FSK, or 10 µM FLU (A-1), or with increasing concentrations of DA (A-2). A represintative of 

average RLU calculated in quadrable determinations in response to cAMP production is shown, and Bmax value for 

D1R= 1.79 pmol/mg of membrane proteins. (B) HEK293T-Glo cells transfected with mock, HA-SAP102, Flag-

PSD95, HA-SAP102+Flag-PSD95, D1R, D1R+HA-SAP102, D1R+Flag-PSD95, and D1R+HA-SAP102+Flag-

PSD95. cAMP measurement were assessed at basal (constitutive) (B-1) or 10 µM DA (B-2). A represintative of 

average RLU calculated in quadrable determinations in response to cAMP production is shown, corresponding to (Fig. 

3.9B, C), and Bmax values in pmol/mg membrane protein for [3H]-SCH23390: D1R: 2.43, D1R+SAP102: 1.82, 

D1R+PSD95: 1.21, D1R+SAP102+PSD95: 1.36. (C) HEK293 cells transfected with mock, Flag-D1R (0.1 μg), and 

Flag-D1R (5 μg). Cells were treated with vehicle (AA, denoteed as -) or stimulated with 10 μM DA for 15 min, then 

solubilized and subjected to a sequential immunoprecipitation with anti-Flag agarose matrix followed by 

immunoblotting with rabbit anti-phospho-D1R-Thr354 and anti-phospho-D1R-Ser372/Ser373. A representative 

experiment of N=3 is shown. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 are: Flag-D1R (0.1 μg): 

4.44±1.27, Flag-D1R (5 μg): 13.14±2.69.  
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   Saturation Curves Competition Curves  

  [3H]-SCH23390 Ki (nM) 

Receptor Kd  Bmax  DA DHX Thioridazine SCH23390 

  (nM) (pmol/mg protein)     

D1R  0.57 6.2 3426 745 44.4 0.75 

(N=4) (0.54-0.59) (4.18-7.78) (2191-5519) (582-915) (24.33-57.83) (0.36-1.33) 

D1R-Rluc 0.71 6.6 4522 821 40.3 0.75 

(N=4) (0.31-1.46) (2.15-15.62) (1647-8698) (520-1030) (22.85-55.50) (0.21-1.20) 

D1R-GFP 0.68 18.4 5423 903 60.3 0.92 

(N=4) (0.39-0.99) (3.51-36.92) (2593-10740) (774-1023) (25.64-96.50) (0.49-1.89) 

 

Supplementary Table 3.1. Functional Assessment for D1R-Fused with Rluc and GFP by Radioligand Binding. 

Dissociation constants (Kd, KI) and Bmax values of radioligand saturation and competition studies of [3H]-SCH23390 

performed from HEK293 cells transfected with D1R, D1R-Rluc, and D1R-GFP. Values are expressed as arithmetic 

means, with minimum and maximum value in brackets. No statistical significance was observed using one-way 

ANOVA, when compared to D1R.
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Postsynaptic Density 95 (PSD95) Modulates Dopamine D5 Receptor 

Statement of Author Contribution 

I would like to acknowledge the contribution of Kirk Multaz (Béïque Lab) and Jingwei Chen 
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cultures, respectively. Radioligand binding and cAMP assays for D5R fused with either GFP or 

Rluc, as well D5R-Tango construct were performed with the assistance of Meriam Zeghal. 

Appendix II contains supplementary figures and tables for manuscript II.   

Rationale 

Studies investigating crosstalk between DA, glutamate, and GABA suggest that D1R and D5R 

modulate excitatory glutamatergic and inhibitory GABAergic ionotropic receptors, respectively 

(Liu et al, 2000; Scott et al, 2002). As MAGUKs have been specifically associated with 

glutamatergic neurotransmission, my work described in the previous section and studies from other 

groups have demonstrated that the CT of D1R partakes in the formation of a complex with PSD95 

and modulation of glutamate function (Zhang et al, 2007; Zhang et al 2009; Sun et al, 2009; 

Ladepeche et al, 2013b). These observations are in line with the view of specific D1R•NMDAR 

and D5R•GABAAR-linked systems. In support of this, a study has reported that the CT of D5R 

does not interact with striatal PSD95, implying that neuronal D5R function may not require 

MAGUKs (Kruusmägi et al, 2009). However, Sun and colleagues showed that both D1R and D5R 

interact with PSD95 in vitro, suggesting that D5R can recruit MAGUK proteins. This study, 

however, did not investigate further the impact of this complex on signaling and trafficking 

properties of D5R (Sun et al, 2009). Interestingly, Moraga-Amaro and colleagues (2016) 

demonstrated that D5R KO-mice exhibit a deficit in long-term potentiation (LTP) and a reduction 

of hippocampal GluN2B-containing NMDAR expression. These findings demonstrate the 

importance of D5R in learning and memory and suggest a potential role of D5R in modulating 

NMDARs. The observed discrepancies between D5R studies may suggest a potential role of D5R 

not only in inhibitory ionotropic GABAAR function, but also in the modulation of excitatory 

NMDAR via glutamatergic scaffolding proteins. One of the mechanisms modulating 

D5R•GluN2B-containing NMDARs, potentially involves PSD95 interaction. Most importantly, 

how the interplay between D5R and PSD95 is controlled, and whether PSD95 modulates D5R 
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function in a similar manner to PSD95-mediated D1R signaling, remain unclear. Herein, taking 

into account differences in the cytoplasmic domains of D1R and D5R, I hypothesized that 

PSD95 interacts with IL3 of D5R and regulates its signaling and trafficking properties in an 

opposite manner to D1R. I assessed the D5R•PSD95 interaction in vitro and in vivo, and 

studied the effect of PSD95 on D5R signaling and trafficking mechanisms.  

Results 

1. PSD95 Interacts with D5R 

To address whether PSD95 interacts or not with D5R, in vitro coimmunoprecipitation were 

performed from transiently transfected HEK293 cells with empty vector (mock), Flag-D1R, Flag-

D1R+PSD95-RFP (included as a positive control; Fig. 3.8B), Flag-D5R, and Flag-D5R+PSD95-

RFP. Immunoblots show that PSD95 forms immunocomplexes with both D1R and D5R (Fig. 

4.1A). Previously, I showed that SAP102 selectively interacts with D1R, but not with D5R (Fig. 

3.5F); thus, I sought to validate the selective formation of D5R complex with PSD95 and not 

SAP102 in cells co-transfected with HA-D5R alone and Flag-SAP102 or Flag-PSD95. The results 

indicate that D5R selectively coimmunoprecipitated PSD95 (Fig. 4.1B). Coimmunoprecipitation 

of Flag-PSD95 and Flag-SAP102 in cells co-expressing D5R-GFP further support that D5R 

specifically associated with PSD95 but not with SAP102 (Fig. 4.1C). Immunostaining of 

transfected HEK293 cells showed that HA-D5R is highly localized at cell membrane, whereas 

Flag-SAP102 and Flag-PSD95 expressed intracellularly within the cells (Fig. 4.1D). Co-

transfected HEK293 cells revealed more colocalization of PSD95 with D5R, relative to SAP102, 

at the cell surface and in cytosolic compartments (Fig. 4.1E, F). These findings suggest that PSD95 

interacts with D1-class receptor subtypes, and D5R selectively interacts with PSD95, but not with 

SAP102 in vitro. 

To investigate whether PSD95 potentially associates with D5R in vivo, hippocampal and cortical 

lysates (Sprague-Dawley rat, P21, male and female) were immunoprecipitated with D5R antibody, 

followed by immunoblotting analysis with PSD95 and SAP102 antibodies. In addition to the input, 

native endogenous D5R•PSD95 complex is detected in hippocampus and cortex, but not observed 

with SAP102 (Fig. 4.2A, B). Conversely, PSD95 was immunoprecipitated from solubilized 

cortical lysates, and immunoblot analysis reveals that D5R coimmunoprecipitated with PSD95, 

but not with SAP102 (Fig. 4.2C).  
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Fig. 4.1. PSD95 Interacts with D5R, in vitro.  

(A) HEK293 cells transfected with mock, Flag-D1R alone, or with PSD95-RFP, Flag-D5R, or with PSD95-RFP. Cells 

were solubilized and subjected to a sequential immunoprecipitation with anti-Flag agarose matrix followed by 

immunoblotting with anti-PSD95 antibody. A representative experiment of N=3 is shown. Bmax values in pmol/mg 

membrane protein for [3H]-SCH23390 are Flag-D1R: 2.73±1.06, Flag-D1R+PSD95-RFP: 2.15±0.16, Flag-D5R: 

2.14±1.26, Flag-D5R+PSD-95RFP: 1.63±0.92. (B) HEK293 cells transfected with mock, HA-D5 alone, with Flag-

SAP102, or with Flag-PSD-95. Cells were solubilized and subjected to a sequential immunoprecipitation with anti-

HA agarose matrix followed by immunoblotting with anti-Flag antibodies. A representative experiment of N=4 is 

shown. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 are HA-D5R: 1.43±.0.14, HA-D5R+ Flag-

SAP102: 1.27±0.37, HA-D5R+Flag-PSD95: 0.87±0.17. (C) HEK293 cells transfected with mock, D5R-GFP alone, 

with Flag-SAP102, or with Flag-PSD95. Cells were solubilized and subjected to a sequential immunoprecipitation 

with anti-flag agarose matrix followed by immunoblotting with anti-GFP antibodies. A representative experiment of 

N=6 is shown. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 are D5R-GFP: 8.57±3.38, D5R-GFP+ 

Flag-SAP102: 8.54±2.09, D5R-GFP+Flag-PSD95: 9.72±2.85. (D-F) Representative images for HEK293 cells 

transfected with HA-D5R, Flag-SAP102 or Flag-PSD95 (D), co-transfected with HA-D5R+Flag-PSD95 (E), or HA-

D5R+Flag-SAP102 (F), followed by immunostaining with primary antibodies: rabbit anti-HA and mouse anti-Flag, 

following by secondary fluorophore antibodies: anti-rabbit conjugated Alexa Fluor-594 and anti-mouse conjugated 

Alexa Fluor-488. Images were acquired using epifluorescence microscope with 63x magnification. Images are 

representative of four independent experiments. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 are 

HA-D5R: 1.43±.0.14, HA-D5R+ Flag-SAP102: 1.27±0.37, HA-D5R+Flag-PSD95: 0.87±0.17. 
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Fig. 4.2. PSD95 Interacts with D5R, in vivo.  

(A, B) Solubilized lysates from hippocampus (0.5 mg) and cortex (1.5 mg) of rat (P21) were subjected to an 

immunoprecipitation procedure using mouse-D5R antibody and resolved immunocomplexes probed with rabbit-

PSD95 and rabbit-SAP102 antibodies. Normal mouse IgG were used as a negative control. 50ug of lysate were loaded 

to the gels as input. Blot is a representative for an experiment repeated three times. (C) Solubilized lysates from cortex 

(1.5 mg) of rat (P21) were subjected to an immunoprecipitation procedure using mouse-SAP102 and mouse-PSD95 

and resolved immunocomplexes probed with rabbit-D5R antibody. Normal mouse IgG were used as a negative 

control. 50ug of lysate were loaded to the gels as input. Blot is a representative of an experiment repeated three times. 

(D) Solubilized lysates from hippocampal organotypic cultures (0.5 mg) were subjected to an immunoprecipitation 

procedure using mouse-D5R antibody and resolved immunocomplexes probed with rabbit-PSD95 antibody. Normal 

mouse IgG were used as a negative control. 50ug of lysate were loaded to the gels as input. Blot is a representative of 

an experiment repeated two times. 
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Together, these findings suggest that existence of native endogenous D5R•PSD95 complex. 

2. Subcellular Localization of D5R•PSD95 Signaling Complex 

I assessed the subcellular endogenous localization of D5R, PSD95, and SAP102 in hippocampal 

organotypic culture (P8, DIV28). Confocal airyscan microscopy studies reveal that the 

immunolabelled D5R, SAP102, and PSD95 are localized in dendrites and more concentrated in 

spines (Supplementary Fig. 4.1A, B). Interestingly, D5R labeling colocalized with discrete 

immunopositive PSD95 clusters in dendrites and spines of hippocampal neurons (Supplementary 

Fig. 4.1A). SAP102 is highly enriched in the spines, however, no localization with D5R was 

observed (Supplementary Fig. 4.1B). Moreover, coimmunoprecipitation studies were performed 

from these hippocampal organotypic cultures. Results show that PSD95 is detected in D5R 

immunocomplexes isolated from these organotypic cultures (Fig. 4.2D). These results suggest that 

PSD95 colocalized and interacts with D5R, perhaps in PSD. 

Although the results from hippocampal organotypic culture suggested D5R•PSD95 colocalization 

in hippocampal neurons, I sought to further validate these findings by utilizing embryonic neuronal 

culture (CD1 mice, E13-14). Immunostaining of endogenous D5R, SAP102, and PSD95 at DIV10, 

reveal subcellular localization of these proteins in dendrites and dendritic spines, and more clusters 

of colocalized D5R with PSD95 than with SAP102 in these neurons (Fig. 4.3A, B).  

Further, I assessed whether D5R•PSD95 complexes can be observed in these neuronal cultures by 

performing in situ PLA. Cortical cultures were immunostained with rabbit anti-D5R and mouse 

anti-PSD95, or mouse anti-SAP102 antibodies, followed by fluorescent-labeled complementary 

oligonucleotide probes that bind to the amplicons (amplified DNA) at the sites of protein-protein 

interactions, producing distinct dots of high fluorescence on the tissue (Fig. 4.3C). Interestingly, 

in situ PLA demonstrate abundant endogenous interacting signals of D5R•PSD95, in dendrites 

and dendritic spines of cortical cultures, whereas negligible, nonspecific signals (smaller than the 

expected PLA spot size) were detected for D5R•SAP102 (Fig. 4.3E, F). MAP2 antibody was 

included to visualize neuronal dendrites. Single antibody incubation of D5R in PLA experiments 

did not exhibit signal generation, attesting the specificity of PLA methodology (Fig. 4.3D). These 

findings support the notion that D5R interacting with PSD95 in dendrites and spines and the 

existence of native D5R•PSD95 complex in vivo. 
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Fig. 4.3. Subcellular localization and PLA Interaction of D5R•PSD95 from Embryonic Cortical Cultures.  

(A, B) Representative epiflorescent images of embryonic cortical culture (CD1 mice, E13-14, DIV10) immunostained 

with primary antibodies: rabbit anti-D5R, mouse anti-PSD95, or mouse anti-SAP102, followed by secondary 

fluorophore antibodies: anti-rabbit conjugated Alexa Fluor-594 and anti-mouse conjugated Alexa Fluor-488. Images 

were acquired using epifluorescence microscope with 63x magnification. The image is a representative of an 

experiment performed three times. Region of interests (ROIs) of colocalized D5R•PSD95 (A-3) and D5R•SAP102 

(B-3) are shown; PSD95 and SAP102 in green, D5R in red. (C) A schematic diagram of the PLA protocol. Created 

with BioRender.com. (D-F) Representative epifluorscent images of embryonic cortical culture immunostained with 

primary antibodies: rabbit anti-D5R only (D), co-strained with mouse anti-PSD95 (E) or with mouse anti-SAP102 

(F), followed by the addition of PLUS and MINUS PLA probes. Probes were ligated, amplified, and generated PLA 

signals were visualized using far red (Cy5) filter. Cells were also incubated with chicken anti-MAP2 antibody, 

followed by the anti-chicken conjugated-488. Images were acquired using epifluorescence microscope with 63x 

magnification. The image is a representative of an experiment performed three times. (E2, F2) Subset of higher 

magnification. (E-3, F-3) IMARIS 3D reconstructed image showing the PLA signals as spots. 



222 

 

3. PSD95 Interacts with IL3 of D5R 

Next, I mapped the intracellular regions of D5R that mediate the interaction with PSD95. GST 

fusion proteins encoding D5R-IL3 (R247-K296) and D5R-CT (F361-H477) were constructed and 

used as baits in pull-down assays (Fig. 4.4A). Incubation of GST, GST-D5R-IL3 and GST-D5R-

CT with HEK293 cell lysates containing PSD95 or SAP102 revealed that GST-D5R-IL3 

copurified selectively with PSD95, whereas SAP102 is not pulled down with GST-D5R-IL3 or 

GST-D5R-CT (Fig. 4.4B, C). Moreover, cortical lysates were also incubated with GST-purified 

proteins of D5R, and results show that endogenous PSD95, but not SAP102, copurified 

specifically with GST-D5R-IL3 (Fig. 4.4D, E). 

Additionally, our lab generated deletion mutants of IL3 and CT of D5R referred as: Flag-D5R-

ΔIL3N (Q255-S275), Flag-D5R-ΔIL3C (A276-K289), and Flag-D5R-ΔCT (C374-H477) (Fig. 

4.4F). To delineate the intracellular region of D5R mediating the interaction with PSD95, 

coimmunoprecipitation studies with HEK293 cells co-transfected with PSD95-RFP and Flag-

D5R, Flag-D5R-ΔIL3N, Flag-D5-ΔIL3C, or Flag-D5-ΔCT were performed. Results show that 

mutant D5R-ΔIL3N impaired the interaction between D5R and PSD95 (Fig. 4.4G). These findings 

further support the results from GST-pulldown assays and suggest that formation of a functional 

complex between D5R and PSD95 is dependent on D5R-IL3. Collectively, these findings suggest 

that PSD95 interact with different cytosolic regions of D1-class receptors; D1R-CT and D5R-IL3 

(Fig. 3.6C, E, H; Fig 4.4C, E, G).  

4. D5R Binding Affinity is not Impacted by PSD95  

As the coimmunoprecipitation studies showed there is constitutive association of D5R•PSD95 via 

the interaction with IL3, I assessed whether complex formation of D5R•PSD95 modulates the 

ligand binding properties of the D5R. PSD95 and SAP102 had no effect on the maximal binding 

capacity (Bmax) and dissociation constant of [3H]-SCH23390 (Kd) for D5R (Table 4.1). Likewise, 

affinity of agonists (Ki) for DA, SKF81297, DHX were not significantly altered (Table 4.1). 

Overall, these findings indicate that the D5R•PSD95 signaling complex display ligand binding 

properties similar to PSD95-free D5R. 
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Fig. 4.4. PSD95 Associates with IL3 of D5R.  

(A) Schematic diagram of D5R showing the amino acid sequence corresponding fusion protein of GST-constructs: 

GST-D5R-IL3 and GST-D5R-CT. Created by gpcrdb.org. (B, C) HEK293 cells were transfected with Flag-PSD95 

(B) or Flag-SAP102 (C) and lysate (0.5 mg) were incubated with GST, GST-D5R-IL3, and GST-D5R-CT, followed 

by immunoblotting with anti-Flag antibody. A representative experiment of N=4 is shown. (D, E) Cortical lysates (1 

mg) were incubated with GST, GST-D5R-IL3, and GST-D5R-CT, followed by immunoblotting with anti-PSD95 and 

SAP102 antibodies. A representative experiment of N=4 are shown. (F) Schematic representation of deleted amino 

acid of D5R mutants: Flag-D5R-∆IL3N, Flag-D5R-∆IL3C, Flag-D5R-∆CT. Created by gpcrdb.org. (G) HEK293 cells 

were co-transfected with wild-type and mutant forms of D5R and PSD95-RFP. Cells were solubilized and subjected 

to a sequential immunoprecipitation with anti-Flag agarose matrix followed by immunoblotting with rabbit-PSD95 

antibody. Blots shown are representative for an experiment repeated four times. Bmax values in pmol/mg membrane 

protein for [3H]-SCH23390: Flag-D5R: 7.32±0.1.83, Flag-D5R+PSD95-RFP: 3.98±1.24, Flag-D5R-ΔIL3N+PSD95-

RFP: 4.21±0.94, Flag-D5R-ΔIL3C+PSD95-RFP: 2.11±0.63, Flag-D5R-ΔCT+PSD95-RFP: 2.22±1.04.  
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  Saturation Curves Competition Curves  

  [3H]-SCH23390 Ki (nM) 

Receptor 
Kd 

(nM) 

Bmax 

(pmol/mg protein) 
DA SKF81297 DHX 

  N=6 N=6 N=5 N=6 N=3 

D5R 0.87 5.4 658 16.4 42.2 
 (0.39-1.18) (2.28-9.64) (364-1145) (8.78-24.35) (37.16-50.09) 

D5R+SAP102 0.90 5.2 453 13.2 37.6 
 (0.30-1.45) (1.67-9.08) (211-667) (9.13-19.09) (25.62-56.39) 

D5R+PSD95 0.89 5.4 533 14.6 52.7 
 (0.57-1.42) (1.11-10.27) (397-660) (9.20-21.99) (42.18-58.48) 

 

Table 4.1. D5R Binding Affinity is not Impacted by PSD95. 

Affinity dissociation constants (Kd, KI) and Bmax values of radioligand saturation and competition studies of [3H]-

SCH23390 performed from HEK293 cells transfected with D5R, co-transfected with HA-SAP102, or co-transfected 

with Flag-PSD95. Values are expressed as arithmetic means, with minimum and maximum value in brackets. No 

statistical significance was observed using one-way ANOVA, when compared to D5R. 
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5. The Functionality of the D5R-GFP and D5R-Rluc 

Our lab generated D5R-GFP and D5R-Rluc that were subsequently used in various experiments 

in my thesis (e.g., coimmunoprecipitation, BRET). Functional studies were performed to assess of 

the fused GFP and Rluc to CT of D5R modulate the receptor function. cAMP assays show that 

D5R-GFP and D5R-Rluc produce cAMP in response to agonist stimulation similar to untagged 

D5R (Supplementary Fig. 4.2A). Saturation and competition studies also show unaltered binding 

function for D5R-Rluc and D5R-GFP relative to untagged D5R (Supplementary Tables 4.1). 

Confocal live imaging of HEK293 cells transfected with D5R-GFP reveals that D5R is localized 

at the plasma membrane (Supplementary Fig. 4.2C). Together, these findings suggest that the 

insertion of GFP or Rluc at CT of D5R does not alter the functionality of D5R and its targeting at 

plasma membrane. 

6. Agonist-induced Stimulation of D5R Regulates the Interaction with PSD95 

To determine whether D5R•PSD95 complex can be regulated by D1-class ligands, 

coimmunoprecipitation and BRET studies were performed. Transfected HEK293 cells were 

stimulated with DA (10 μM, 15 min) followed by coimmunoprecipitation. Immunoblots results 

showed that activation of D5R with DA substantially increased the abundance of PSD95 

interacting with D5R, implying that the D5R under basal condition couples to PSD95, and the 

agonist stimulation facilitates the complex formation (Fig. 4.5A).  

To validate these findings, BRET2 studies were employed using live HEK293 cells transfected 

with D5R-Rluc alone, or with PSD95-GFP, or SAP102-GFP (included as a negative control) (Fig. 

4.5B). To assess the specificity of these basal BRET signals, HEK293 cells were transfected with 

a constant amount of D5R-Rluc (0.5 µg) along with an increasing ratio of plasmids expressing 

SAP102-GFP or PSD95-GFP (1:1, 1:3, 1:5, 1:10). The results showed increasing, but saturable 

BRET signals with D5R•PSD95, implying the specificity of these BRET signals observed for 

D5R•PSD95 under basal condition (Fig. 4.5C). SAP102-GFP and GbR2 subunit of GABABR 

(GbR2-GFP), a negative control that lacks functional activity and retains in the ER, showed no 

recruitments to D5R-Rluc. Moreover, incubation of D5R•PSD95 with DA (10 μM, 30 min) 

modulated BRET signals, which implies an increased association between D5R and PSD95, and/or 

a dynamic conformational rearrangement for the complex to be more closely associated 

(stabilized) after receptor activation (Fig. 4.5D). 
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Fig. 4.5. Agonist-induced Stimulation of D5R Regulates the Interaction with PSD95.  

(A) HEK293 cells were transfected with mock, Flag-D5R, and Flag-D5R+PSD95-RFP. Cells were stimulated with 

DA for 15 min, or left untreated (vehicle: AA, denoted as -), then solubilized and subjected to a sequential 

immunoprecipitation with anti-Flag agarose matrix followed by immunoblotting with rabbit-PSD95 antibody. A 

representative experiment of N=5 is shown. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 are Flag-

D5R: 4.21±1.57, Flag-D5R+PSD95-RFP: 2.55±0.94. (A-2) showed a relative immunoprecipitation quantified for IP-

PSD95 over input-PSD95, then stimulated cells were normalized to unstimulated cells. *: p<0.05 when DA compared 

with control using one sample t test. (B) Schematic diagram of BRET2 assay. Created with BioRender.com. (C, D) 

HEK293 cells were transfected with D5R-Rluc, or co-transfected with PSD95-GFP, SAP102-GFP, or GbR2-GFP. 

Coelenterazine 400a was added, and light emission was measured from the luciferase donor and GFP acceptor at 410 

nm and 515 nm wavelength, respectively. Net BRET2 was quantified as: [(GFP emission at 515 ± 30nm) ∕ (Rluc 

emission 410 ± 80nm)]−[(emission at 515 ± 30nm)/(emission at 410 ± 80nm)] found with the D5R-Rluc expressed 

alone in the same experiment. (C) BRET saturation curve was performed by increasing the concentration of PSD95-

GFP, SAP102-GFP and GbR2-GFP over fixed concentration of D5R-Rluc. BRET measurement for were quantified 

from three independent experiments, and Bmax values in pmol/mg membrane protein for [3H]-SCH23390 for D5R-

Rluc: 2.89±1.76, D5R-Rluc+PSD95-GFP (1:1): 4.93±2.82, D5R-Rluc+PSD95-GFP (1:3): 3.77±1.41, D5R-

Rluc+PSD95-GFP (1:5): 3.97±1.78, D5R-Rluc+PSD95-GFP (1:10): 1.86±0.72, D5R-Rluc+SAP102-GFP (1:1): 

1.19±0.42, D5R-Rluc+SAP102-GFP (1:3): 2.38±1.85, D5R-Rluc+SAP102-GFP (1:5): 2.64±1.20, D5R-

Rluc+SAP102-GFP (1:10): 1.99±1.46, D5R-Rluc+GbR2-GFP (1:1): 1.16±0.44, D5R-Rluc+GbR2-GFP (1:3): 

1.33±0.44, D5R-Rluc+GbR2-GFP (1:5): 0.91±0.45, D5R-Rluc+GbR2-GFP (1:10): 1.10±0.46. (D) Cells were treated 

with AA (vehicle, denoted as -) or 10 μM DA (30 min). BRET analyses were quantified from four independent 

experiments, and Bmax values in pmol/mg membrane protein for [3H]-SCH23390 for D5R-Rluc: 5.19±1.69, D5R-

Rluc+PSD95-GFP: 3.31±2.19. *: p<0.05, when compared using unpaired t test. 
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7. PSD95 Facilitates D5R-mediated cAMP Production and ERK1/2 Activation 

As PSD95 interacts with IL3 of D5R, I next tested if this interaction promotes a distinct modulation 

of D5R signaling properties. I measured cAMP production using HEK293T cells stably expressing 

GloSensor, a luciferase-based cAMP biosensor (HEK293T-Glo) (Fig. 4.6A). Overexpression of 

PSD95 exerts no effect on constitutive activity of D5R, however, DA activation (10 μM, 15 min) 

substantially increased D5R-mediated cAMP production, relative to cells transfected with D5R 

alone (Fig. 4.6B, C). SAP102 overexpression has no effect on either the constitutive activation or 

DA-mediated cAMP accumulation in comparison to D5R alone (Fig. 4.6B, C). A representative 

RLU values is shown in (Supplementary Fig. 4.3A). Moreover, dose-response curves show that 

PSD95 substantially potentiate D5R-mediated cAMP production (Emax) without altering DA 

potency (EC50) (Fig. 4.6D; Table 4.2). Overall, these findings imply that PSD95 differentially 

modulates the D1-class receptor signaling mechanisms by inhibiting and stimulating D1R- and 

D5R-mediated cAMP production, respectively (Fig. 3.9C, D; Fig. 4.6C, D; Table 3.2; Table 4.2)  

As PSD95 promotes D5R-mediated cAMP production, here I tested whether PSD95 modulates 

D5R-mediated ERK1/2 activation. Results suggest that following a brief exposure to DA (10 μM, 

5 min), PSD95 increases D5R-mediated ERK1/2 activation relative to D5R alone (Fig. 4.6F). 

Together, effects of PSD95 on D5R-mediated cAMP production and ERK1/2 activation implies 

that PSD95 enhances D5R signaling and mediates an opposing effect on D1R and D5R signaling 

(Fig. 3.9G; Fig. 4.6F). 
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Fig. 4.6. PSD95 Facilitates D5R Signaling.  

(A) Schematic representation of the principle of the cAMP-GloSensor assay. Created with BioRender.com. (B-E) 

HEK293T cells stably expressing GloSensor were transfected with D5R, D5R+HA-SAP102, D5R+Flag-PSD95. RLU 

for each experiment done in quadrable determinations for (B) constitutive activity and (C) the maximal activation of 

D5R (10 μM DA). The values then were normalized to D5R alone. Each bar represents the arithmetic mean ± S.E. of 

normalized values relative to D5R alone from five independent experiments. antibodies. Bmax values in pmol/mg 

membrane protein for [3H]-SCH23390 are: D5R: 3.72±1.35, D5R+HA-SAP102: 3.81±1.50, D5R+Flag-PSD95: 

3.96±1.53. *, p<0.05, when compared with D5R alone using one sample t test. (D) Dose-response curve in response 

to increasing concentrations of DA were done in quadrable determinations. RLU for each condition were subtracted 

from the basal, then the values were normalized to the maximal activation of D5R alone. The graph represents the 

dose response curve for the average doses of six independent experiments. EC50, Emax and Bmax values are presented 

in table 4.2. (E) Representative immunoblotting analysis to validate the overexpression of SAP102 and PSD95. (F) 

HEK293 cells transfected with Flag-D5R, or co-transected with PSD95-RFP. Cells were stimulated for DA (10 μM) 

for 5 min or left untreated to induce ERK1/2 activation. Cell lysates were then prepared and subjected to western 

blotting with anti-phospho ERK1/2, anti-total ERK1/2, anti α-tubulin (loading control), and anti-PSD95 antibodies. 

Blot shown is a representative of N=3. Bmax values in pmol/mg membrane protein for [3H]-SCH23390: Flag-D5R: 

2.15±0.82, Flag-D5R+PSD95-RFP: 2.60±0.74. Data are presented as arithmetic mean ± SEM (n=3) of p-ERK1/2 

relative to total ERK1/2 (F-2), and then expressed as a fold change over Flag-D5R (10 μM) (F-3) . *p=0.05 when 

stimulated condition compared to Flag-D5R (10 μM) using one sample t test.
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 Agonist Efficacy Agonist Potency  Bmax 

 Receptor DA EC50-DA (nM) (pmol/mg protein) 

  (% of D5R-Emax)   (nM)   

D5R 100 0.32 3.9 

(N=6)   (0.11-0.93) (1.13-8.76) 

D5R+SAP102 96.2 0.16 3.8 

(N=6) (78.2-117.8) (0.04-0.47) (1.47-8.63) 

D5R+PSD95 146.1 * 0.65 3.9 

(N=6) (94.87-212.1) (0.02-3.35) (0.75-9.25) 

 

Table 4.2. PSD95 Facilitates D5R-mediated cAMP Production.  

Best-fitted Emax and EC50 values of DA for D5R-mediated cAMP production in cells expressed with D5R, D5R+HA-

SAP102, D5R+Flag-PSD95, shown in Fig. 4.6 (D) are reported. Values are expressed as arithmetic means, with 

minimum and maximum value in brackets. Statistical significance; *: p<0.05, using one sample t test, was determined 

by comparing Emax of D5R.
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8. PSD95 Inhibits DA-induced Endocytosis of D5R 

To examine the role of PSD95 on regulating D5R trafficking, ELISA studies were performed to 

assess the role of PSD95 on the cell surface expression, total expression, and internalization of 

D5R. Results indicate that neither PSD95 nor SAP102 altered D5R surface expression (Fig. 4.7A). 

This suggests that the increased production of cAMP production and ERK1/2 activation observed 

in cells co-transfected with D5R and PSD95 was not due to a higher cell surface expression of 

D5R. Moreover, total and intracellular expression were measured on permeabilized cells. Results 

show that neither PSD95 nor SAP102 change the receptor expression i.e. did not promote 

intracellular retention or constitutive internalization (Fig. 4.7B, C). As discussed previously, 

PSD95 constitutively internalized D1R from cell surface; while PSD95 had no impact on D5R 

surface expression, which implies a different modulation of D1-class receptor subtypes by PSD95 

in the absence of agonists (Fig. 3.11A; Fig. 4.7A). 

To investigate whether PSD95 and/or SAP102 regulates DA-induced D5R endocytosis, 

transfected HEK293 cells were stimulated with DA (10 μM, 15 min). Results showed that PSD95, 

but not SAP102, inhibits D5R internalization relative to D5R alone (Fig. 4.7D). Interestingly, 

PSD95 enhances D1R internalization as shown previously; here PSD95 inhibits D5R 

internalization, which suggests that PSD95 acts differently on DA-induced internalization of D1R 

and D5R (Fig. 3.11D; Fig. 4.7D).  

To examine whether PSD95-induced modulation of D5R internalization requires dynamin and 

βArr2, HEK293 cells were co-transfected with dominant-negative mutants Dyn I-K44A or βArr2-

V54D. Results showed that overexpression of these mutants, inhibit DA-mediated D5R 

internalization in cells lacking or expressing PSD95 in comparison to control conditions (Fig. 4.7E, 

F). These findings suggest that the reduced D5R internalization in cells expressing PSD95 operates 

through a dynamin- and βArr2-dependent pathway.
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Fig. 4.7. PSD95 Inhibits D5R-induced Endocytosis.  

HEK293 cells were transfected with mock, Flag-D5R alone, with HA-SAP102 or with PSD95-RFP. ELISA were 

performed to assess surface expression (A), total expression (permeabilized cells with Triton-X) (B), and intracellular 

pool of the D5R (total were subtracted from surface) (C). Agonist induced internalization of D5R was assessed by the 

% decrease in cell surface expression following 15 mins treatment with 10 μM DA (D) relative to AA (vehicle). Each 

bar represents the arithmetic mean ± S.E. of normalized relative to Flag-D5R alone, from five independent 

experiments. Bmax in pmol/mg membrane proteins for [3H]-SCH23390 in arithmetic means ± S.E. of (A-D): Flag-

D5R: 4.93±1.83, Flag-D5R+HA-SAP102: 5.86±1.85, and Flag-D5R+PSD95-RFP: 3.57±1.11. *: p<0.05, **: p<0.01, 

when compared to Flag-D5R using one-way ANOVA, Dunnett’s multiple comparison test. (E, F) HEK293 cells were 

transfected with mock, Flag-D5R alone, or with PSD95-RFP in the presence or absence of dynamin mutant HA-Dyn 

I-K44A (E) or βArr2 mutant-V54D (F). DA-induced internalization (10 μM-15min) was assessed by the % decrease 

in cell surface expression relative to that of AA (vehicle). Each bar represents the arithmetic mean ± S.E. from six 

independent experiments for (E) and five independent experiments for (F). Bmax in pmol/mg membrane proteins for 

[3H]-SCH23390 in arithmetic means ± S.E. for (E): Flag-D5R: 1.75±0.57, Flag-D5R+PSD95-RFP: 1.94±0.43, Flag-

D5R+HA-Dyn I-K44A: 1.29±0.37, and Flag-D5R+PSD95-RFP+HA-Dyn I-K44A: 2.04±0.30, and for (F): Flag-D5R: 

1.39±0.26, Flag-D5R+PSD95-RFP: 1.91±0.22, Flag-D5R+βArr2-V54D: 2.08±0.51, Flag-D5R+PSD95-RFP+βArr2-

V54D: 2.18±0.60. ***: p<0.001, ****: p<0.0001 using unpaired t test as noted in the graph (E, F). 
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9. PSD95 Inhibits D5R-induced Recycling 

To elucidate whether PSD95 modulates the post-endocytic recycling of D5R to plasma membrane, 

cells were stimulated with DA (10 μM) for 15 min to induce internalization. Then, DA was 

removed, and cells were allowed recovery periods of 10 min and 30 min to assess D5R recycling 

to plasma membrane. Results indicate that the D5R with or without PSD95 can recycle back to 

surface membrane after agonist induced internalization (Fig. 4.8A). However, PSD95 significantly 

decreases D5R insertion and recycling time to plasma membrane by two-fold (16.8 min vs. 8.44 

min for D5R alone) (Fig. 4.8B, C). These results suggest an intricate regulation of D5R endosomal 

and recycling pathways by PSD95. Interestingly, PSD95 differentially regulates recycling of D1R 

and D5R to the plasma membrane through faster and slower rates, respectively (Fig. 3.12; Fig. 

4.8).  

10. PSD95 Antagonizes βArr2 Recruitment by D5R 

The results described above imply that PSD95 modulates D5R responsiveness. βArr2 is an 

important integrator for GPCR-mediated trafficking (Ferguson, 2001). A recent finding suggested 

that PSD95 interacts with βArr2 (Gupta et al, 2019), whether this complex modulates βArr2 

recruitment by D5R remains to be examined. The Tango Assay, a luminescence-based approach, 

was utilized in HEK293 cells stably expressing a TEV fused-βArr2 (HTLA cells) (Fig. 4.9A). 

Radioligand binding assays showed that the ligand affinity and expression of D5R-Tango were 

similar to Flag-D5R in HTLA cells (Supplementary Tables 4.2). cAMP assays were also 

performed, and the results showed that following DA stimulation of cells transfected with Flag-

D5R and D5R-Tango, the levels of cAMP were substantially increased relative to untreated cells 

(Supplementary Fig. 4.2B).  

To assess the impact of PSD95 on βArr2 recruitment by D5R, HTLA cells were transiently 

transfected with D5R-Tango or co-transfected with PSD95-RFP. Dose-response curves using 

increasing concentrations of DA and DHX were performed, and results showed that PSD95 

substantially inhibited βArr2 recruitment by increasing the maximal response (Emax) of D5R-

mediated βArr2 recruitment relative to D5R alone, without altering the agonist potency (EC50) 

(Fig. 4.9B-C; Table 4.3). A representative RLU values is shown in (Supplementary Fig. 4.3B). 

The findings imply a negative modulation of PSD95 on βArr2 recruitment by D5R. 
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Fig. 4.8. PSD95 Delays D5R Recovery to the Plasma Membrane.  

(A-C) ELISA were performed from HEK293 cells were transfected Flag-D5R alone or with PSD95. Cells were 

stimulated with 10 μM DA for 15 min, then agonist removed, and cells were allowed recovery for 10 and 30 min. (A) 

Surface expression was measured to assess the recycling receptor relative to 15 min 10 μM DA. *: p<0.05, **: p<0.01, 

***: p<0.001, ****: p<0.0001 when compared as noted in the graph using one-way ANOVA, Dunnett’s multiple 

comparison. (B) Recycled receptors were subtracted from 15 min 10 μM DA, and the percentage of recycled receptors 

after 10, 30 min recovery were quantified. *: p<0.05, when compared to Flag-D5R as noted in the graph using unpaired 

t test. (C) Recovery rate was assessed at 10, and 30 min after agonist removal. Each bar represents the arithmetic mean 

± S.E. from seven independent experiments. Bmax in pmol/mg membrane proteins for [3H]-SCH23390: Flag-D5R: 

1.78±0.50 and Flag-D5R+PSD95-RFP: 2.34±0.81.  
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Fig. 4.9. PSD95 Antagonizes D5R-mediated βArr2 Recruitment.  

(A) Schematic representation of the principle of the Tango assay. Created with BioRender.com. (B, C) HTLA cells 

were transfected with D5R-Tango alone, or co-transfected with PSD95-RFP. Dose-response curves in response to 

increasing concentration of DA and DHX were performed to measure βArr2 recruitment for D5R-Tango. Emax, EC50, 

and Bmax are shown in arithmetic mean in table 4.3. from four independent experiments. 

A 
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 Agonist Efficacy Agonist Potency Agonist Efficacy Agonist Potency Bmax 

 Receptor DA EC50-DA  DHX EC50-DHX (pmol/mg protein) 

  (% of D5R-Emax)  (nM) (% of D5R-Emax)  (nM)   

D5R-Tango  100 227 100 22.1 9.2 

(N=4)   (25.55-520)   (7.00-30.24) (3.22-13.19) 

D5R-Tango+PSD95 61.5 * 194 47.7 * 8.3 6.8 

(N=4) (45.38-75.33) (36.32-348) (26.98-77.18) (2.02-18.00) (6.22-8.24) 

 

Table 4.3. PSD95 Antagonizes D5R-mediated βArr2 Recruitment. 

Best-fitted Emax and EC50 values of DA and DHX for D5R-mediated βArr2 recruitment in HTLA cells transfected 

with D5R-Tango and D5R-Tango+PSD95-RFP, shown in Fig. 4.9 (B, C) are reported. Values are expressed as 

arithmetic means, with minimum and maximum value in brackets. Statistical significance; *: p<0.05, using one sample 

t test, was determined by comparing Emax of D5R-Tango.
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Significance  

We identified PSD95 as a novel interactor for D5R-IL3, in vitro and in vivo. Preassociated 

complexes of D5R•PSD95 undergo conformational rearrangements leading to an 

association/stabilisation of the complex following exposure to agonists. Interestingly, I also found 

that PSD95 is i) facilitating D5R-mediated cAMP production and ERK1/2 activation, and ii) 

inhibiting D5R mediated-internalization, recycling, and βArr2 recruitment. Collectively, my 

studies suggest that PSD95 interacts with both D1-class receptor subtypes, via different cytosolic 

regions, to shape differentially D1R-CT and D5R-IL3 signaling signatures. As D5R functionally 

interacts with glutamatergic scaffolding protein PSD95, this novel finding may provide better 

understanding of the molecular mechanisms underlying D5R signaling and allow exploring the 

potential of D5R functionality with excitatory ionotropic receptors, especially with GluN2B-

containing NMDARs.
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Fig. 4.10. Summary of the Signaling and Trafficking Mechanisms of D5R•PSD95 and D1R•PSD95 complexes.   
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Appendix II: Supplementary Figures and Tables for Manuscript II 
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Supplementary Fig. 4.1. Subcellular Localization of D5R•PSD95 from Hippocampal Organotypic Cultures.  

(A, B) Representative confocal images of hippocampal organotypic culture (Sprague Dawley rat, P8, DIV28) 

performed once, and immunostained with primary antibodies: rabbit anti-D5R, mouse anti-SAP102, or mouse anti-

PSD95, followed by secondary fluorophore antibodies: anti-rabbit conjugated Alexa Fluor-594 and anti-mouse 

conjugated Alexa Fluor-488. Images were acquired using confocal microscopy with 63x magnification. 
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Supplementary Fig. 4.2. Functional Assessment for D5R-Fused with Rluc, GFP, and Tango.  

(A, B) HEK293T cells stably expressing GloSensor were transfected with D5R, D5R-Rluc, D5R-GFP (A) or 

transfected with Flag-D5R and D5R-Tango (B). Relative luminance value (RLU) for each experiment done in 

quadrable determinations to measure cAMP level of constitutive activity (AA, denoted as -) or maximal activation (10 

μM) of D1R agonists: DA, DHX, SKF81297. Each bar represents the arithmetic mean ± S.E. of normalized values 

relative to DA from four independent experiments. Bmax values in pmol/mg membrane protein for [3H]-SCH23390 for 

(A) are D5R: 2.01±1.60, D5R-Rluc: 0.93±0.46, D5R-GFP: 2.94±1.74, and for (B) Flag- D5R: 4.29±2.12, D5R-Tango: 

2.60±1.18. *: p<0.05, when compared to cells treated with 10 μM DA using one sample t test. (C) Confocal live 

imaging of HEK293 cells transfected with D5R-GFP. Images were acquired using epifluorescence microscope with 

63x magnification. Image is representative of two independent experiments. Bmax values for D5R-GFP in pmol/mg 

membrane protein for [3H]-SCH23390: 6.48±3.04. 
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Supplementary Fig. 4.3. PSD95 Modulates D5R-mediated cAMP Production and βArr2 Recruitment. 

(A) HEK293T-Glo cells transfected with mock, HA-SAP102, Flag-PSD95, D5R, D5R+HA-SAP102, D5R+Flag-

PSD95, and cAMP measurement was assessed at basal (constitutive) (A-1) or and 10 µM DA (A-2). A represintative 

of average RLU calculated in quadrable determinations in response to cAMP production is shown, corresponding to 

(Fig. 4.6B, C), and Bmax values in pmol/mg membrane protein for [3H]-SCH23390: D5R: 2.56, D5R+SAP102: 6.65, 

D5R+PSD95: 4.14. (B) HTLA cells transfected with mock, D5R-Tango, or co-transfected with PSD95-RFP, and 

βArr2 recruitment was assessed in reponse to increasing conentration of DA and DHX. A represintative of average 

RLU calculated in quadrable determinations in response to βArr2 recruitment is shown, corresponding to (Fig. 4.9B, 

C), and Bmax values in pmol/mg membrane protein for [3H]-SCH23390: D5R-Tango: 11.22, D5R-Tango+PSD95-RFP: 

8.24.
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  Saturation Curves Competition Curves  

  [3H]-SCH23390 Ki (nM) 

Receptor Kd Bmax DA DHX Thioridazine SCH23390 

  (nM) (pmol/mg protein)         

D5R 1.06 5.2 745 126 196 1.05 

(N=3) (0.97-1.12) (2.97-6.95) (341-1459) (95.81-166) (73.31-375) (0.91-1.27) 

D5R-Rluc 0.85 3.1 338 259 190 0.95 

(N=3) (0.51-1.19) (1.55-4.90) (95.05-584) (127-373) (72.59-397) (0.71-1.24) 

D5R-GFP 0.98 8.2 397 253 239 0.89 

(N=3) (0.83-1.13) (4.32-15.36) (313-534) (44.52-633) (92.84-390) (0.72-0.99) 

 

Supplementary Table 4.1. Functional Assessment for D5R-fused with Rluc and GFP by Radioligand Binding. 

Dissociation constants (Kd, Ki) and Bmax values of radioligand saturation and competition studies of [3H]-SCH23390 

performed from HEK293 cells transfected with D5R, D5R-Rluc, and D5R-GFP. Values are expressed as arithmetic 

means, with minimum and maximum value in brackets. No statistical significance was observed using one-way 

ANOVA, when compared to D5R.  

 

 

  Saturation Curves Competition Curves  

  [3H]-SCH23390 Ki (nM) 

Receptor 
Kd 

nM 

Bmax 

(pmol/mg protein) 
DA SKF81297 DHX SCH23390 

  N=5 N=5 N=3 N=3 N=2 N=2 

Flag-D5R 0.94 25.0 589 12.5 46.4 0.87 

 (0.62-1.73) (15.20-45.95) (409-760) (11.01-15.52) (35.66-57.10) (0.61-1.13) 

D5R-Tango 0.81 16.7 498 35.1 38.8 0.39 
 (0.54-1.39) (3.13-43.84) (438-540) (9.23-85.84) (29.03-48.66) (0.20-0.59) 

 

Supplementary Table 4.2. Functional Assessment for D5R-Tango by Radioligand Binding.  

Dissociation constants (Kd, Ki) and Bmax values of radioligand saturation and competition studies of [3H]-SCH23390 

performed from HTLA cells transfected with Flag-D5R and D5R-Tango. Values are expressed as arithmetic means, 

with minimum and maximum value in brackets. No statistical significance was observed using unpaired t test, when 

compared to Flag-D5R. 
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Synapse-Associated Protein 102 (SAP102) and Postsynaptic Density 95 

(PSD95) Facilitate β-arrestin2 (βArr2) Signaling of Dopamine D1 Receptor 

Statement of Author Contribution 

Functional studies for D1R-Tango (radioligand binding and cAMP assays) as well βArr1 

recruitment were performed with the assistance of Meriam Zeghal. 

Appendix III contains supplementary figures and tables for manuscript III.   

Rationale 

βArrs are scaffolding proteins that are ubiquitously expressed in most tissues, including brain, and 

act as multifunctional adaptors to regulate desensitization, trafficking, and signalling of numerous 

GPCRs (Wess et al, 2023). While both βArr1 and βArr2 indiscriminately interact with class-B 

GPCRs (e.g., angiotensin IIA and vasopressin receptors), βArr2 preferentially modulates the 

trafficking of class-A GPCRs (e.g., adrenergic and dopaminergic receptors) (Pierce and Lefkowitz, 

2001; Shenoy and Lefkowitz, 2011). As for other GPCRs, activation of D1R is quickly followed 

by a GPCR kinase (GRK)-mediated receptor phosphorylation followed by a recruitment of βArr2 

to desensitize and internalize D1R and activate cellular signaling, independently of Gαs pathway 

(Zhang et al, 1999; Oakley et al, 2000; Kim et al, 2004; Beaulieu and Gainetdinov, 2011). βArr2 

recruitment by D1R has been shown to modulate its functional selectivity/biased receptor signaling 

properties, which has promising clinical applications (Gainetdinov et al, 2004; Urs et al, 2011; 

Beaulieu and Gainetdinov, 2011).  

Gupta et al (2019) showed that PDZ-containing proteins such as PSD95, membrane-associated 

guanylate kinase protein 1 (MAGI), and PDZ domain-containing kidney protein 1 (PDZK1) 

interact with βArr2 in a PDZ domain-dependent manner. Another recent study also reported of the 

formation PSD95•βArr2 complex in brain, and this interaction regulates JNK downstream 

signaling events (Musi et al, 2022). While βArr1 is highly homologous with βArr2 (78%), no study 

has investigated the connection between βArr1 and MAGUK. Considering these findings, and 

collectively, with my results that showed SAP102 and PSD95 (referred to herein as 

MAGUKs) differentially regulate D1R responsiveness, and the known role of βArr2 

mediating D1R trafficking, I sought to determine if a MAGUK•βArr2 complex regulates the 
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trafficking of D1R. I aimed i) to assess if a binary interaction between βArr1•MAGUKs and 

βArr2•MAGUKs can be detected in vitro and in vivo, and ii) to explore the effect of 

D1R•MAGUK•βArr2 complexes on D1R trafficking properties. 

Results 

1. βArr2 Interacts with SAP102 and PSD95 

To investigate whether SAP102 interacts with βArr2, coimmunoprecipitation studies were 

performed. HEK293 cells were transiently transfected with empty vector (mock), Flag-βArr2 

alone, or co-transfected with HA-SAP102 or PSD95-RFP. PSD95 was included as a positive 

interactor with βArr2, as it has been previously reported to bind to βArr2 (Gupta et al, 2019). 

Results showed that SAP102 and PSD95 coimmunoprecipitated with βArr2 (Fig. 5.1A, B). The 

converse experiment was also performed in HEK293 cells to detect βArr2-YFP or untagged-βArr2 

in Flag-SAP102 or Flag-PSD95 immunocomplexes. Results showed that βArr2 

coimmunoprecipitated with SAP102 and PSD95 (Fig. 5.1C; Supplementary Fig. 5.1A). Next, I 

examined whether the complex interactions of both MAGUK and βArr2 are detected in brain 

tissue. Cortical lysates (Sprague-Dawley rat, P21, male and female) were used to 

immunoprecipitate βArr2. Immunoblotting reveals that SAP102 and PSD95 

coimmunoprecipitated with βArr2 (Fig. 5.1D, E). Together, these results suggest that PDZ-

containing protein SAP102 and PSD95 interact with βArr2 in vitro and in vivo. 

2. βArr1 Interacts with SAP102 and PSD95 

As βArr1 is highly conserved with βArr2 and displays similar affinity, I tested whether SAP102 

and PSD95 also interact with βArr1. HEK293 cells were transfected with mock, βArr1 (YFP or 

untagged), co-transfected with Flag-SAP102 or Flag-PSD95. Results showed that βArr1 

coimmunoprecipitated with SAP102 and PSD95 (Fig. 5.1F; Supplementary Fig. 5.1B).  

To further support these findings, in vivo coimmunoprecipitation were performed. Studies using 

cortical lysates (Sprague-Dawley rat, P21 male and female) show that SAP102 and PSD95 were 

coimmunoprecipitated with βArr1 and βArr2 (Fig. 5.1G, H). Together, these results suggest that 

PDZ-containing protein SAP102 and PSD95 interact with both βArr1 and βArr2. 



246 

 

 

 

 

Fig. 5.1. SAP102 and PSD95 form immunocomplexes with βArr1 and βArr2.  

(A-C) HEK293 cells were transfected with mock, Flag-βArr2 alone, co-transfected with HA-SAP102 (A), or co-

transfected with PSD95-RFP (B), or transfected with mock, βArr2-YFP alone, or co-transfected with Flag-SAP102 

or Flag-PSD95 (C). Cells were solubilized and subjected to a sequential immunoprecipitation with anti-Flag-agarose 

matrix followed by immunoblotting with corresponding antibodies. A representative experiment of N=4 is shown. (D, 

E) Solubilized cortical lysates (1.5 mg) from rat (P21) were subjected to an immunoprecipitation procedure using 

rabbit anti-βArr2 antibody and resolved immunocomplexes probed with mouse anti-SAP102 and mouse anti-PSD95 

antibodies, respectively. Normal rabbit IgG were used as a negative control. 50ug of lysate were loaded to the gels as 

input. Blot is a representative for an experiment repeated three times. (F) HEK293 cells were transfected with mock, 

βArr1-YFP alone, co-transfected with Flag-SAP102, or Flag-PSD95. Cells were solubilized and subjected to a 

sequential immunoprecipitation with anti-Flag-agarose matrix followed by immunoblotting with GFP antibody. A 

representative experiment of N=3 is shown. (G, H) Solubilized cortical lysates (1.5 mg) from rat (P21) were subjected 

to an immunoprecipitation procedure using rabbit anti-βArr1 and rabbit anti- βArr2 antibodies and resolved 

immunocomplexes probed with mouse anti-SAP102 and mouse anti-PSD95 antibodies. Normal rabbit IgG were used 

as a negative control. 50ug of lysate were loaded to the gels as input. Blot is a representative for an experiment repeated 

three times. 
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3. Agonist-induced Stimulation of D1R Regulates the Interaction with βArr2  

As discussed in manuscript I, SAP102 and PSD95 interact with D1R to differentially regulate D1R 

signaling, phosphorylation, and trafficking, thus βArr2 involvement likely modulates the 

D1R•MAGUKs. I tested the hypothesis that D1R•SAP102•βArr2, and D1R•PSD95•βArr2 reside 

in the same protein complex, and whether the pre-formed D1R•MAGUK modulates the DA-

induced interaction with βArr2.  Coimmunoprecipitation studies show a ~2.5-fold increase in the 

recruitment of βArr2 upon receptor activation (15 min DA, 10 µM) relative to unstimulated 

condition without MAGUK expression (Fig. 5.2: A1, A2). In the context of MAGUK expression, 

DA-induced recruitment of βArr2 was slightly increased (~3-fold) (Fig. 5.2: B1, B2, C1, C2). 

Reprobing of immunoblots demonstrate that SAP102 and PSD95 are detected in D1R 

immunocomplexes under basal and stimulated conditions (Fig. 5.2: B3, C3). Previously, I showed 

that recruitment of SAP102 and PSD95 in the absence of βArr2 is further enhanced in response to 

DA-induced D1R activation (Fig 3.8A, B; Manuscript I). In contrast, herein, results suggest that 

MAGUK interaction with D1R is unchanged under stimulatory condition relative to basal in cells 

expressing βArr2 (Fig. 5.2: B3, C3). These finding implies that βArr2 potentially stabilizes the 

pre-associated complex of D1R•MAGUK (in the absence of agonists) and restricts further 

recruitment following DA activation.  

To further validate the coimmunoprecipitation findings, BRET1 assays were assessed on live cells 

to examine the role of these MAGUKs in regulating βArr2 recruitment by D1R. HEK293 cells 

were transiently transfected with D1R-Rluc alone, or with βArr2-YFP in the presence or absence 

of Flag-SAP102 and Flag-PSD95 (Fig. 5.3A). Results show that DA stimulation (10 µM, 30 min) 

modulates BRET signal for D1R•βArr2, D1R•SAP102•βArr2 and D1R•PSD95•βArr2, which 

implies an increased in spectral overlap between the donor-D1R and acceptor-βArr2, and thus 

support the close proximity of D1R and βArr2 (Fig. 5.3B-D). Results also show that MAGUK 

expression slightly increases net BRET1 values for D1R•βArr2 (from < 0.3 to >0.3) suggesting 

that MAGUKs potentially facilitate βArr2 recruitment. 
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Fig. 5.2. Agonist-induced Stimulation of D1R Regulate the Interaction with βArr2, in vitro.  

(A-C) HEK293 cells were transfected with mock, βArr2-YFP alone, or with HA-D1 in the presence or absence of 

Flag-SAP102 and Flag-PSD95. Cells were either stimulated with 10 µM DA for 15 min or left untreated (vehicle: 

AA, denoted as -), then solubilized and subjected to a sequential immunoprecipitation with anti-HA agarose matrix 

followed by immunoblotting with anti-GFP and Flag antibodies. A representative experiment of N=4 is shown. Middle 

panel (A-2, B-2, C-2) showed a relative immunoprecipitation quantified for IP-βArr2 over input-βArr2, then 

stimulated cells were normalized to unstimulated cells (vehicle). Lower panel (B-3, C-3) showed a relative 

immunoprecipitation quantified for IP-SAP102 over input-SAP102 (B-3) or relative immunoprecipitation quantified 

for IP-PSD95 over input-PSD95, stimulated cells were normalized to unstimulated cells (vehicle). *: p<0.05 when 

DA compared with control using one sample t test. Bmax values in pmol/mg membrane protein for [3H]-SCH23390: 

HA-D1R+βArr2-YFP: 5.62±2.17, HA-D1R+Flag-SAP102+βArr2-YFP: 6.76±2.05, HA-D1R+Flag-PSD95+βArr2-

YFP: 4.86±2.62. 
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Fig. 5.3. Stimulation of D1R Facilitates βArr2 Recruitment.  

(A) Schematic diagram of BRET1 assay. Created with BioRender.com. (B) HEK293 cells were transfected with D1R-

Rluc, or co-transfected with βArr2-YFP alone or with Flag-SAP102 and Flag-PSD95. Coelenterazine h was added, 

and light emission was measured from the luciferase donor and YFP acceptor at 460 nm and 540 nm wavelength, 

respectively. Net BRET1 was quantified as: [(YFP emission at 540 ± 25nm) ∕ (Rluc emission 460 ± 40nm)]−[(emission 

at 540 ± 25nm)/(emission at 460 ± 40nm)] found with the D1R-Rluc expressed alone in the same experiment. BRET 

measurements were quantified from four independent experiments, and Bmax values in pmol/mg membrane protein for 

[3H]-SCH23390 for D1R-Rluc: 4.41±1.37, D1R-Rluc+βArr2-YFP: 4.75±1.74, D1R-Rluc+βArr2-YFP+Flag-

SAP102: 5.71±2.25, D1R-Rluc+βArr2-YFP+Flag-PSD95: 5.87±2.22. *: p<0.05, when compared to non-treated 

(vehicle) using unpaired t test. 
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4. βArr2 Modulate Cellular Localization of MAGUKs and D1R•MAGUKs  

As the results described above support the notion of a MAGUK•βArr2, and D1R•MAGUK• βArr2 

complexes, the subcellular localization of these proteins was assessed, in the absence of agonist 

stimulation. Immunostaining reveal that D1R is localized at the cell membrane, SAP102 and 

PSD95 are mostly distributed intracellularly, whereas and βArr2 displays a more perinuclear 

localization (Fig. 5.4A). While βArr2 is not predominantly localized at the plasma membrane, it 

modulates cellular translocation of SAP102 and PSD95 from intracellular compartments to the 

cell membrane, with a βArr2•MAGUKs pool localized cytoplasmically (Fig. 5.4B, C). 

Additionally, co-localization of D1R•βArr2 is detected at the plasma membrane, which is more 

prominent in the presence of MAGUKs, yet βArr2 is not predominantly compartmentalized at the 

plasma membrane (Fig. 5.4D-F). Interestingly, βArr2 potentially enhances the translocation of 

MAGUKs to colocalize with D1R at the plasma membrane (Fig. 5.4). Together, these findings 

suggest that βArr2 modulates cellular localization of MAGUKs and D1R•MAGUKs. 
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Fig. 5.4. βArr2 Colocalizes with D1R and D1R•MAGUKs, in vitro.  

(A-F) HEK293 cells transfected with HA-D1, Flag-SAP102 or Flag-PSD95, or βArr2-YFP, or (A), or co-transfected 

with Flag-SAP102+βArr2-YFP (B), Flag-PSD95+βArr2-YFP (C), HA-D1R+βArr2-YFP (D), HA-D1R+Flag-

SAP102+βArr2-YFP (E), HA-D1R+Flag-PSD95+βArr2-YFP (F). Cells were fixed, permeabilized, and followed by 
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immunostaining with rabbit anti-HA and mouse anti-Flag antibodies, and secondary fluorophore antibodies of anti-

rabbit conjugated Alexa Fluor-647 and anti-mouse conjugated Alexa Fluor-568. Images were acquired using 

epifluorescence microscope with 63x magnification. The image is a representative of experiment repeated three times. 

Bmax values in pmol/mg membrane protein for [3H]-SCH23390 Bmax values in pmol/mg membrane protein for [3H]-

SCH23390: HA-D1R: 3.54±1.18, HA-D1R+βArr2-YFP: 3.59±1.09, HA-D1R+Flag-SAP102+βArr2-YFP: 

5.08±1.68, HA-D1R+Flag-PSD95+βArr2-YFP: 2.25±0.40. 



253 

 

5. SAP102 and PSD95 Promote βArr2 Recruitment by D1R  

As SAP102 and PSD95 interact with D1R via IL3 and CT, respectively, βArr2 also interacts 

primarily with CT of D1R (Kim et al, 2004; Macey et al, 2005). Here, I examined whether these 

D1R•MAGUKs modulate βArr2 recruitment by D1R using luminescence-based approach, known 

as Presto-Tango assay (Tango Assay). This assay utilizes HTLA cells (an HEK293-derived cell 

line containing stable integrations of a βArr2-TEV fusion gene and a tTA-dependent luciferase 

reporter), and GPCR-fused at its cytoplasmic tail with a TEV cleavage site upstream of the 

transcriptional activator, tTA. Upon agonist binding and receptor activation, the TEV-tagged 

βArr2 is recruited to the GPCR with subsequent cleavage of tTA, which allow the translocation of 

tTA in the nucleus driving the expression of the luciferase reporter gene (Fig. 5.5A). The CT of 

GPCR-Tango, including D1R-Tango, is also fused to a small peptide (32 aa) derived from the 

vasopressin 2 receptor tail (V2R) known to bind to βArr2. Dose-response curves were performed 

in the presence of DA or V2R agonist, vasopressin (VA), to determine the specificity of D1R-

Tango with respect to βArr2 recruitment. As expected, DA, but not VA, elicited βArr2 recruitment 

to D1R-Tango (Supplementary Fig. 5.2A). Functional studies were also performed to assess the 

modified D1R-Tango display normal radioligand binding and cAMP measurement. Results shows 

that the Tango modification does not alter the binding affinity or its response to agonist stimulation 

of cAMP production relative to Flag-D1R (Supplementary Fig. 5.2B; Supplementary Tables 5.1). 

Moreover, coimmunoprecipitation studies also suggest that this optimized D1R-Tango interacts 

with SAP102 and PSD95, and these modification on the CT does not confer the interaction 

specifically with PSD95 (Supplementary Fig. 5.2C).  

To examine if these MAGUKs modulate βArr2 recruitment to D1R, D1R-Tango was transfected 

alone or with either HA-SAP102 or PSD95-RFP in HTLA cells. Dose-response curves using 

increasing concentrations of DA and DHX were performed. Results shows that SAP102 and 

PSD95 substantially promote βArr2 recruitment by increasing the maximal response (Emax) of 

D1R-mediated βArr2 recruitment relative to D1R alone, without altering the agonist potency 

(EC50) (Fig. 5.5B, C; Table. 5.1). A representative RLU values is shown in (Supplementary Fig. 

5.2D). These findings imply a positive modulation of SAP102 and PSD95 on βArr2 recruitment 

by D1R.
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Fig. 5.5. SAP102 and PSD95 Promote D1R-mediated βArr2 Recruitment.  

(A) Schematic representation of the principle of the Tango assay. Created with BioRender.com. (B. C) HTLA cells 

were transfected with D1R-Tango alone, co-transfected with HA-SAP102, or with PSD95-RFP. Dose-response curves 

in response to increasing concentration of DA and DHX were performed to measure βArr2 recruitment for D1R-

Tango. Emax, EC50, and Bmax are shown in arithmetic mean in Table 5.1. from seven independent experiments. 

A 
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Receptor Agonist Efficacy Agonist Potency Agonist Efficacy Agonist Potency Bmax 

  DA EC50-DA  DHX EC50-DHX (pmol/mg protein) 

  (% of D1R-Emax)  (nM) (% of D1R-Emax)  (nM)   

D1R-Tango 100 1414 100 570 3.3 

(N=7)   (415-3962)   (23.59-1830) (0.99-6.20) 

D1R-Tango+SAP102 196.7 * 1640 167.2 * 610 4.0 

(N=7) (126.5-297) (141-3978) (121.4-251.6) (134.1-1591) (0.41-8.41) 

D1R-Tango+PSD95 190.0 * 1232 159.6 * 595 4.3 

(N=7) (98.6-275.8) (335-2462) (131.4-280.6) (92.93-1630) (1.40-7.50) 

 

Table 5.1. SAP102 and PSD95 Promote D1R-mediated βArr2 Recruitment. 

Best-fitted Emax and EC50 values of DA and DHX for D1R-mediated βArr2 recruitment in HTLA cells transfected 

with D1R-Tango alone, co-transfected with HA-SAP102, or co-transfected with PSD95-RFP, shown in Fig. 5.5 (B, 

C) are reported. Values are expressed as arithmetic means, with minimum and maximum value in brackets. Statistical 

significance; *: p<0.05, using one sample t test, was determined by comparing Emax of D1R-Tango.
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6. D1R-mediated βArr1 Recruitment, independent of MAGUKs  

βArr2, but not βArr1, preferentially regulates class-A GPCR, such as D1-class receptors. Few 

studies, however, have demonstrated a βArr1 translocation in response to D1R (Kim et al, 2004; 

Macey et al, 2005). Since I observed a positive modulation of MAGUK in promoting βArr2 

recruitment by D1R, and as I showed MAGUKs interact with βArr1, I tested the hypothesis that 

perhaps MAGUKs modulate βArr1 recruitment by D1R. Herein, I utilized HEK293-derived cell 

line containing stable expression of tTA-dependent luciferase reporter (HTL cells) that requires 

transient expression of either βArr1-TEV219 or βArr2-TEV219, with Tango constructs. In 

addition to βArr1, I have assessed βArr2 recruitment as a reference to validate this system. HTL 

cells were transiently transfected with different combination of D1R-Tango, D5R-Tango, βArr1-

TEV219, and βArr2-TEV219. Dose-response curve using increasing concentration of DA and 

DHX were performed. The results showed that βArr2 is more efficiently recruited than βArr1 by 

D1R and D5R (Fig. 5.6A-B; Table 5.2; Table 5.3). While I observed βArr1 recruitment, yet it was 

less efficiently recruited by D1R and D5R, which displayed lower agonist potency relative to 

βArr2 (Fig. 5.6A-B; Table 5.2; Table 5.3). These findings in agreement with the notion that that 

D1-class receptor preferentially bind βArr2 (Zhang et al, 1999; Oakley et al, 2000; Kim et al, 2004; 

Macey et al, 2005). 

Finally, I examined whether MAGUKs interaction with βArr1 change the modality toward its 

recruitment by D1R. HTL cells were transiently transfected with D1R-Tango+βArr1-TEV219 

alone, with HA-SAP102, or with PSD95-RFP. Dose-response curves using increasing 

concentrations of DA was performed to measure βArr1 recruitment. Results show that 

overexpression of SAP102 and PSD95 neither modulate the maximal response (Emax) nor altered 

the agonist potency (EC50) of D1R-mediated βArr1 recruitment (Fig. 5.6C; Table. 5.4). A 

representative RLU values is shown in (Supplementary Fig. 5.2E). This is in striking contrast to 

results obtained with βArr2 (Fig. 5.5). These findings suggest that in this system, βArr1 

recruitment to D1R is likely independent of MAGUK activity, as no further enhancement or 

inhibition of βArr1 recruitment is observed. Collectively, MAGUKs preferentially promote D1R-

mediated βArr2 recruitment, but not βArr1. 
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Fig. 5.6. D1R-mediated βArr1 Recruitment, Independent of MAGUKs.   

(A-B) HTL cells were transfected with D1R-Tango+βArr1-TEV219, D1R-Tango+βArr2-TEV219 (A), or D5R-

Tango+βArr1-TEV219, and D5R-Tango+βArr2-TEV219 (B). Dose-response curves in response to increasing 

concentration of DA and DHX were performed to measure βArr1 and βArr2 recruitment for D1R-Tango and D5R-

Tango. Emax, EC50, and Bmax are shown in arithmetic mean in Table 5.2 for (A), and Table 5.3 for (B), from three 

independent experiments. (C) HTL cells were transfected with D1R-Tango+βArr1-TEV219, D1R-Tango+βArr1-

TEV219+HA-SAP102, or D1R-Tango+βArr1-TEV219+PSD95-RFP. Dose-response curves in response to increasing 

concentration of DA was performed to measure βArr1 recruitment for D1R-Tango. Emax, EC50, and Bmax are shown in 

arithmetic mean in Table 5.4. from three independent experiments. 
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 Agonist Efficacy Agonist Potency Agonist Efficacy Agonist Potency Bmax 

 Receptor DA EC50-DA  DHX EC50-DHX (pmol/mg protein) 

  (% of D1R-Tango+βArr2-Emax) (nM) (% of D1R-Tango+βArr2-Emax) (nM) 
 

D1R-Tango+βArr2 100 693 100 762 3.0 

(N=3)   (145-1190)   (91.20-1651) (0.72-12.11) 

D1R-Tango+βArr1 51.1 * 2815 47.85 * 4734 # 2.9 

(N=3) (34.07-68.63) (1032-5051) (34.15-59.36) (750.2-12000) (0.48-8.17) 

 

Table 5.2. βArr2, but not βArr1, is Preferentially Recruited by D1R. 

Best-fitted Emax and EC50 values of DA for D1R-mediated βArrs recruitment in HTL cells expressed with D1R-

Tango+βArr1-TEV219 or D1R-Tango+βArr2-TEV219, shown in Fig. 5.6 (A) are reported. Values are expressed as 

arithmetic means from three independent experiments, with minimum and maximum value in brackets. Statistical 

significance; *: p<0.05, using one sample t test, was determined by comparing Emax of D1R-Tango+βArr2-TEV219, 

or #: p<0.05, using unpaired t test, was determined by comparing EC50 of D1R-Tango+βArr2-TEV219.  

 

 Agonist Efficacy Agonist Potency Agonist Efficacy Agonist Potency Bmax 

 Receptor DA EC50-DA  DHX EC50-DHX (pmol/mg protein) 

  (% of D1R-Tango+βArr2-Emax) (nM) (% of D1R-Tango+βArr2-Emax) (nM) 
 

D5R-Tango+βArr2 100 367 100 221 1.74 

(N=3)   (231.8-456.7)   (28.37-321.6) (0.51-3.16) 

D5R-Tango+βArr1 53.8 * 5957 # 42.6 * 2557 # 3.07 

(N=3) (47.31-57.59) (79.65-14450) (35.59-55.60) (88.14-7192) (1.36-6.70) 

 

Table 5.3. βArr2, but not βArr1, is Preferentially Recruited by D5R.  

Best-fitted Emax and EC50 values of DA and DHX for D5R-mediated βArrs recruitment in HTL cells expressed with 

D5R-Tango+βArr1-TEV219 or D5R-Tango+βArr2-TEV219, shown in Fig. 5.6 (B) are reported. Values are expressed 

as arithmetic means from three independent experiments, with minimum and maximum value in brackets. Statistical 

significance; *: p<0.05, using one sample t test, was determined by comparing Emax of D5R-Tango+βArr2-TEV219, 

or #: p<0.05, using unpaired t test, was determined by comparing EC50 of D5R-Tango+βArr2-TEV219.  

 

 

 Agonist Efficacy Agonist Potency Bmax 

 Receptor DA EC50-DA  (pmol/mg protein) 

  (% of D1R-Tango+βArr2-Emax)  (nM)   

D1R-Tango+βArr1 100 3352 3.2 

(N=3)   (1400-6598) (1.30-4.68) 

D1R-Tango+βArr1+SAP102 96.1 5743 3.8 

(N=3) (87.9-101) (2943-10740) (1.18-5.71) 

D1R-Tango+βArr1+PSD95 98.2 2999 3.0 

(N=3) (88.5-107.6) (1080-5553) (2.02-3.94) 

 

Table 5.4. D1R-mediated βArr1 Recruitment, Independent of MAGUKs.  

Best-fitted Emax and EC50 values of DA for D1R-mediated βArr1 recruitment in HTL cells transfected with D1R-

Tango+βArr1-TEV219, D1R-Tango+βArr1-TEV219+HA-SAP102, or D1R-Tango+βArr1-TEV219+PSD95-RFP, 

shown in Fig. 5.6 (C) are reported. Values are expressed as arithmetic means, with minimum and maximum value in 

brackets. No statistical significance was observed using one-sample t test, when compared to Emax of D1R-

Tango+βArr1-TEV219.
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Significance 

In this final part of my thesis results, I identified SAP102 and PSD95 interactions with βArr1 and 

βArr2 in vivo and in vitro. My results support a potential ternary complex between D1R•MAGUK• 

βArr2, and that the receptor activation enhances the binding of βArr2 to D1R, but not with 

MAGUKs. I also showed that βArr2 further modulates the colocalization of D1R•MAGUK at 

plasma membrane, and MAGUKs positively mediate βArr2 recruitment to D1R, but not with 

βArr1. These results suggest that MAGUKs not only play a role in the modulation of D1R-

mediated Gαs signaling but also D1R-mediated βArr2 signaling. Overall, these findings may help 

in the development of new pharmacological tool to address the impaired D1R•βArr2 signaling 

associated with dopaminergic disorders, e.g., PD.  
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Appendix III: Supplementary Figures and Tables for Manuscript III 
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Supplementary Fig. 5.1. SAP102 and PSD95 Interact with βArr1 and βArr2.  

(A, B) HEK293 cells were transfected with mock, βArr2 alone, or co-transfected with Flag-SAP102 or Flag-PSD95 

(A), or transfected with mock, βArr1 alone, or co-transfected with Flag-SAP102 or Flag-PSD95 (B). Cells were 

solubilized and subjected to a sequential immunoprecipitation with anti-Flag-agarose matrix followed by 

immunoblotting with corresponding antibodies. A representative experiment of N=2 is shown. 
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Supplementary Fig. 5.2. SAP102 and PSD95 Promote D1R-mediated βArr2 Recruitment.  

(A) HTLA cells transfected with mock, or D1R-Tango, and βArr2 recruitment was assessed in reponse to increasing 

conentration of DA and vasopressin (VA). A represintative of average RLU calculated in quadrable determinations in 

response to βArr2 recruitment is shown, and Bmax for D1R-Tango: 1.54 pmol/mg membrane protein. (B) HEK293T 

cells stably expressing GloSensor were transfected with Flag-D1R and D1R-Tango. Relative luminance value (RLU) 

for each experiment done in quadrable determinations to measure cAMP level of constitutive activity (AA) or maximal 

activation (10 μM) of D1R agonists: DA, DHX, SKF81297. Each bar represents the arithmetic mean ± S.E. of 

normalized values relative to DA from four independent experiments. Bmax values in pmol/mg membrane protein for 

[3H]-SCH23390 for Flag-D1R: 5.33±1.87, D1R-Tango: 3.57±1.22. *: p<0.05, when compared to cells treated with 10 

μM DA using one sample t test. (C) HEK293 cells transfected with mock, Flag-D1R alone, with HA-SAP102/PSD95-

RFP, Flag-D1R-Tango alone or co-transfected with HA-SAP102/PSD95-RFP. Cells were solubilized and subjected 

to a sequential immunoprecipitation with anti-Flag agarose matrix followed by immunoblotting with anti-SAP102 or 

anti-PSD95 antibodies, A representative experiment of N=2 is shown. Bmax values in pmol/mg membrane protein for 

[3H]-SCH23390 for Flag-D1R: 2.42±1.33, Flag-D1R+HA-SAP102: 3.25±0.83, Flag-D1R+PSD95-RFP: 3.21±0.92, 

D1R-Tango: 3.81±1.62, D1R-Tango+HA-SAP102: 1.36±0.62, D1R-Tango+PSD95-RFP: 1.44±0.72. (D) HTLA cells 

transfected with D1R-Tango, co-transfected with HA-SAP102, or with PSD95-RFP, and βArr2 recruitment was 

assessed in reponse to increasing conentration of DA and DHX. A represintative of average RLU calculated in 

quadrable determinations in response to βArr2 recruitment is shown, corresponding to (Fig. 5.5B, C), and Bmax values 

in pmol/mg membrane protein for [3H]-SCH23390: D1R-Tango: 3.87, D1R-Tango+HA-SAP102: 4.73, D1R-

Tango+PSD95-RFP: 3.69. (E) HTL cells transfected with D1R-Tango+βArr1-TEV219, co-transfected with HA-

SAP102, or with PSD95-RFP, and βArr2 recruitment was assessed in reponse to increasing conentration of DA. A 

represintative of average RLU calculated in quadrable determinations in response to βArr1 recruitment is shown, 

corresponding to (Fig. 5.6C), and Bmax values in pmol/mg membrane protein for [3H]-SCH23390: D1R-Tango+βArr1-

TEV219: 3.56, D1R-Tango+βArr1-TEV219+HA-SAP102: 4.56, D1R-Tango+βArr1-TEV219+PSD95-RFP: 2.62. 
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  Saturation Curves Competition Curves 

  [3H]-SCH23390 Ki (nM) 

Receptor 
Kd 

(nM) 

Bmax 

(pmol/mg protein) 
DA SKF81297 DHX 

  N=5 N=5 N=3 N=2 N=2 

Flag-D1R 0.77 16.5 5696 33.7 125 
 (0.29-1.62) (3.69-41.8) (578-9958) (26.42-40.96) (116-134) 

D1R-Tango 0.65 9.8 7195 33.2 552 
 (0.21-1.83) (2.83-20.5) (395-11150) (26.98-39.35) (504-601) 

 

Supplementary Table 5.1. Functional Assessment for D5R-Tango by Radioligand Binding.  

Dissociation constants (Kd, Ki) and Bmax values of radioligand saturation and competition studies of [3H]-SCH23390 

performed from HTLA cells transfected with Flag-D1R and D1R-Tango. Values are expressed as arithmetic means, 

with minimum and maximum value in brackets. No statistical significance was observed using unpaired t test, when 

compared to Flag-D1R. 
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CHAPTER FOUR: DISCUSSION 
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Discussion 

DA receptors are of considerable interest in biomedical research as they are critical for the 

regulation of a variety of physiological functions. Enormous efforts have been devoted to study 

the full complement of signaling pathways mediated by individual DA receptors. The two highly 

homologous D1-class receptors, D1R and D5R, are enriched in several brain regions and modulate 

many behaviors, which makes them potential targets for therapeutic strategies in a variety of 

neuropsychiatric conditions (Beaulieu and Gainetdinov, 2011). Studies also demonstrate that DA 

receptor signaling is regulated by interacting proteins, known as DRIPs, which include various 

scaffolding and signaling proteins (Yao et al, 2008; Wang et al, 2012). Therefore, it is pivotal to 

investigate the underlying molecular mechanisms of D1-class receptor function.  

The Tiberi lab utilized yeast two-hybrid screens to investigate D1-class receptor interactions with 

potential binding partners across the entire human brain proteome, and identified SAP102 as a 

novel subtype-specific interactor for D1R, thus suggesting an even more sophisticated interplay 

between D1-class receptors and MAGUKs. This discovery was followed by a thorough set of 

experimental approaches to elucidate the functional importance of D1R•SAP102 complex. The 

major part of my Ph.D. thesis shed light on the molecular mechanisms governing D1-class receptor 

functional modulation by SAP102 and one of its structural homologs, PSD95. We identified 

SAP102 and PSD95 as novel DRIPs for D1R and D5R, respectively. Interestingly, SAP102 and 

PSD95 differentially regulate D1R signaling, phosphorylation, and trafficking (Fig. 6.1). 

Furthermore, PSD95 exerts distinct modulatory effects on the signaling and trafficking of D1R 

relative to that of D5R (Fig. 6.1). Finally, in addition to confirming the previously known complex 

of βArr2•MAGUK, we uncovered a novel complex of βArr1•MAGUK, and provide evidence that 

MAGUK and βArr2 modulate D1R•MAGUK•βArr2 complex. 

In the following sections, I explore insights gained from my thesis findings, including the potential 

processes underlying SAP102- and PSD95-mediated regulation of D1-class receptor signaling and 

trafficking. To conclude this thesis, I discuss the physiological and pathological relevance of my 

findings, along with potential future studies streaming from the work presented herein.
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Fig. 6.1. Summary of the Signaling and Trafficking Mechanisms of D1R•SAP102, D1R•PSD95, and 

D1R•PSD95 complexes.  
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1. Mechanistic Insights on D1-Class Receptor Complex Formation with SAP102 and 

PSD95 

1.1. Novel D1-Class Receptor Complexes: D1R•SAP102 and D5R•PSD95 

In the first results manuscript, we identified SAP102 as a novel interactor with D1R. I sought to 

include PSD95 as a positive control DRIP in subsequent experimental studies to assess its impact 

along with SAP102 in D1R functions (Zhang et al, 2007). Coimmunoprecipitation studies using 

transfected HEK293 cells show that SAP102 and PSD95 interact with D1R (Fig. 3.5). Further 

coimmunoprecipitation experiments with rat hippocampal, striatal, and cortical lysates (P21 and 

P60) also identify D1R interactions with SAP102 and PSD95, while D1R•SAP102 and 

D1R•PSD95 complexes were further detected in neonatal brain preparations (P8) (Fig. 3.1). These 

findings imply that D1R•SAP102 and D1R•PSD95 complexes have potentially important 

physiological and developmental functions in different brain regions. In the second results 

manuscript, we identified PSD95 as a novel regulator of D5R. Coimmunoprecipitation 

experiments performed with transfected HEK293 cells indicate that PSD95, but not SAP102, 

interact with D5R (Fig. 4.1). Importantly, further coimmunoprecipitation studies detected 

endogenous D5R•PSD95 complexes within rat hippocampus and cortex, implying that they are 

physiologically relevant within these two important brain regions (Fig. 4.2).  

I also examined the subcellular localization of D1R, D5R, SAP102 and PSD95 in rat hippocampal 

organotypic culture (P8, DIV28) and mouse cortical neuronal culture (E13-14, DIV10). Results 

suggest a high degree of colocalization between SAP102 and D1R, as well as PSD95 and both 

D1R and D5R, in dendritic shafts and spines (Fig. 3.2, Fig. 3.3; Fig. 4.3). These findings confirm 

postsynaptic localization of D1R•SAP102, D1R•PSD95, and D5R•PSD95, potentially within 

PSD. Further supporting these findings, PLA results from cortical culture revealed endogenous, 

constitutive signals of D1R•SAP102, D1R•PSD95, and D5R•PSD95, along pyramidal cortical 

dendrites and spines, indicating the possibility that SAP102 and PSD95 may be engaged in 

sophisticated functional regulation of D1-class receptors, including trafficking of dendritic 

extrasynaptic receptor complexes to and from postsynaptic structures (Fig. 3.4; Fig. 4.3). 
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1.2. D1-Class Receptors Interact with SAP102 and PSD95 via IL3 and CT in a Subtype-

Specific Manner 

GPCRs critically rely on their IL3 and CT regions for multiple aspects of receptor regulation and 

signaling responses (Gether, 2000; Luttrell, 2006). Modifications or protein interactions within 

IL3 and CT can profoundly affect GPCR activity and contribute to the specificity and diversity of 

GPCR-mediated signaling pathways (Gether, 2000; Luttrell, 2006). As MAGUK proteins 

recognize specific PDZ-binding motifs (x-S/T-x-φ; where x indicates any amino acid and φ 

indicates any hydrophobic amino acid) interacting with distal CT of GPCRs, yet many reports have 

also demonstrated internal motifs mediating the formation of a GPCR•MAGUK complex (Table 

6.1). Of interest, D1R and D5R do not exhibit PDZ-binding motifs at their extreme CT (Fig. 6.1.). 

As SAP102 and PSD95 interact in a subtype specific manner with D1-class receptors, we 

investigated the structural components of D1R and D5R that harbor their MAGUK interactions. 

In vivo and in vitro results obtained from GST-pulldown and coimmunoprecipitation experiments 

indicate that IL3 and CT of D1R respectively facilitate its interaction with SAP102 and PSD95, 

and that IL3 of D5R is essential for interacting with PSD95 (Fig. 3.6; Fig. 4.4). These findings are 

in agreement with previous reports emphasizing the importance of D1R-CT for its association with 

PSD95 (Zhang et al, 2007). Curiously, one previous study concluded that PSD95 does not interact 

with D5R based on GST-pulldown assays utilizing D5R-CT within striatal culture (Kruusmägi et 

al, 2009). However, these experiments failed to include pulldowns with D5R-IL3. Herein, our 

results partially agree with this finding, in that we also demonstrate no interaction between PSD95 

and the CT of D5R. Importantly, however, we contradict their conclusion by showing a clear 

interaction between PSD95 and D5R via its IL3. Overall, these findings demonstrate that D1-class 

receptor subtypes participate in unique interactions with SAP102 versus PSD95. 

1.3. SAP102 and PSD95 Interact with D1R via Respective PDZ Dependent and 

Independent Interactions 

Previous studies suggested that CT of D1R is essential in mediating the interaction with NT of 

PSD95 (Zhang et al, 2007). Our yeast two-hybrid screen results suggested that a SAP102 domain 

located downstream of PDZ2 potentially interacts with IL3 of D1R. Interestingly, GST-pulldown 

assays using purified SAP102 domains from HEK293 cells and cortical lysates point to an 

interaction between SAP102-PDZ3 domain and D1R (Fig. 3.7). Thus, in contrast to the previously 
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Table 6.1. PSD-MAGUK Proteins Recognize Class I-PDZ Binding Motif at the End of GPCR-CT and Other 

Internal Motifs.  

 

GPCR PSD-MAGUK Reference 

Class I-PDZ Binding Motif (x-S/T-x-φ)   

β1AR-CT-ESKV PSD95 (PDZ3) 

SAP97 

(Hu et al, 2000; Hu et al, 2002; 

Nooh et al, 2004; Gardner et al, 

2007) 

5-HT2AR-CT-VSCV PSD95 

SAP97 

(Xia et al, 2003; Abbas et al, 2009; 

Betacamel et al, 2004; Dun et al, 

2014) 

5-HT2CR-CT-ISSV PSD95 

SAP97 

SAP102 

(Bécamel et al, 2002; Gavarini et 

al, 2006; Abbas et al, 2009) 

CRFR1-CT-STAV PSD95 (PDZ1-2, PDZ3) 

PSD93 

SAP97 (PDZ1-2) 

SAP102 

(Dun et al, 2013; Bender et al, 

2015; Dunn et al, 2016) 

SSTR1-CT-ISTL PSD95 (PDZ1-2) 

PSD93 

SAP97 

(Christenn et al, 2007; Cia et al, 

2009) 

SSTR4-CT-TTTF PSD95 (PDZ1-2) 

PSD93 

(Christenn et al, 2007) 

GPCR30-CT-SSAV PSD95 (PDZ1-2) 

SAP97 

(Akama et al, 2013; Broselid et al, 

2014) 

Internal Binding Motifs   

D1R-CT PSD95 (NT) (Zhang et al, 2007) 

D1R-CT PSD95•NMDAR (Zhang et al, 2009) 

A2AR-CT SAP102 (SH3-GK) (Thurner et al, 2014) 
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Fig. 6.2. D1-Class Receptor Subtypes do not Exhibit PDZ-Binding Motif.  

Secondary structure of human D1R (A) and D5R (B) illustrating the distal amino acids in their CT. Created with 

gpcrdb.org.  

A B 

hD1R-CT-Q443H444P445T446 

 

hD5R-CT-N474G475F476H477 
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characterized PDZ-independent interaction formed between PSD95 and D1R, herein we have 

characterized a PDZ-dependent interaction between SAP102 and D1R. It is worth mentioning that 

my thesis did not pinpoint the PSD95 domains interacting with D1-class receptors. Collectively, 

SAP102 and PSD95 interact with D1R both in vitro and in vivo via different cytosolic regions of 

D1R, in a PDZ-dependent and -independent manner, respectively. One potential factor underlying 

the contrasting regions of SAP102 and PSD95 that interact with D1R could be the intrinsic 

structural differences within their NT that leave SAP102 without any NT post-translational 

modification, but impart PSD95 with NT palmitoylation (Dunn and Ferguson, 2015; Zhu et al, 

2016). As the NT of PSD95 is harboring the interaction with D1R, it has yet to be determined if 

this complex requires PSD95 palmitoylation.  

1.4. Activation of D1-Class Receptors Modulate D1R•SAP102, D1R•PSD95, and 

D5R•PSD95 Complexes 

The dynamic activity of a GPCR is regulated by the receptor activation. GPCR activation is best 

characterized by the ternary complex model which explains the link between the receptor, agonist, 

and G-protein (Pierce et al, 2002; Hilger et al, 2018). An agonist promotes changes in the inactive 

receptor conformation that allows G-protein binding and receptor activation by stabilizing the 

receptor in the active state (R*), which results in a maximal response. When DA binds to its 

cognate receptors, it promotes conformational plasticity that allows the receptor to interact with 

numerous signaling partners to produce spatially and temporally textured signals. Therefore, based 

on this pharmacological model, an agonist such as DA would interact with D1-class receptors, 

thereby stabilizing it in the R* state, and as a result, could conceivably render it more accessible 

for SAP102 and PSD95 binding. 

Given that I observed constitutive complexes of D1R•SAP102, D1R•PSD95, and D5R•PSD95, I 

examined whether receptor activation regulates the functionality of these complexes. Importantly, 

radioligand saturation and competition studies determined that the interactions between SAP102 

and PSD95 with D1R and D5R do not impact receptor ligand binding properties (Table 3.1; Table 

4.1). This implies that the constitutive interaction does not alter the ligand binding pocket of D1-

class receptors. Interestingly, however, while the radioligand binding-determined expression of 

D1R and D5R were also found to be unaltered in the presence of MAGUKs, 

coimmunoprecipitation results suggest that D1R activation enhances its avidity for SAP102 and 
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PSD95 relative to non-stimulated cells, and that similarly, D5R activation enhances its ability to 

interact with PSD95 relative to cells with silent D5R (Fig. 3.8; Fig. 4.5). These results are in 

agreement with a previous report showing that D1R activation enhances the association between 

D1R and PSD95 (Sun et al, 2009). Based on these findings, and results obtain by BRET, it can be 

hypothesized that under basal state conditions there exist two pools of D1-class receptors: a pool 

of receptors in complex with MAGUKs, and a distinct pool of receptors trapped in a state that 

hinders MAGUK binding. Then, upon DA stimulation, the MAGUK-free receptors presumably 

undergo conformational changes that render them more accessible to interactions with MAGUKs. 

In other words, because D1R and D5R are dynamically changing between active and inactive 

states, they are presumably able to sample multiple conformations that facilitate varying degrees 

of interaction with MAGUKs. It is possible that DA stimulation simultaneously stabilizes D1-class 

receptors in an active state and specifically promotes MAGUK recruitment to the receptor 

complexes. However, in contrast, SAP102 and PSD95 may lose affinity for these D1-class 

receptors as they return to an inactive state, ultimately leading to destabilization and dissociation 

of the receptor-MAGUK complexes. Studies using an inverse agonist could be undertaken to 

investigate this hypothesis. Collectively, these findings suggest that, under basal conditions, only 

a fraction of the entire population of D1-class receptor is pre-associated with SAP102 and/or 

PSD95, but that receptor activation induces conformational changes in the residual receptors—

previously unbound to MAGUKs—that enhance their avidity for MAGUKs, ultimately leading to 

the formation of additional receptor•MAGUK complexes. 

2.  Mechanistic Insights on D1-Class Receptor Functional Modulation by SAP102 and 

PSD95 

2.1.  SAP102 and PSD95 Differentially Modulate D1-Class Receptor Signaling  

In light of our finding that SAP102 and PSD95 interact with distinct cytosolic regions of D1R, we 

hypothesized that SAP102 and PSD95 differentially regulate D1R signaling. Indeed, our results 

show that SAP102 and PSD95 shapeshift D1R signaling in the opposite manner, acting as 

respective positive and negative allosteric modulators. SAP102 overexpression potentiates D1R-

mediated cAMP production and ERK1/2 activation, but PSD95 overexpression inhibits D1R-

mediated cAMP accumulation while leaving D1R-mediated ERK1/2 signaling unaffected (Fig. 
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3.9; Table 3.2). These results are in agreement with a previous report demonstrating that PSD95 

antagonizes D1R-mediated cAMP (Zhang et al, 2007).  

While the primary mode of ERK1/2 activation downstream of D1R is via a Gαs-AC-cAMP-PKA-

ERK1/2 pathway, D1R is also capable of activating ERK1/2 via cAMP-mediated EPAC2 or 

RapGEF2 signaling (Beaulieu and Gainetdinov, 2011). Emerging studies suggest that βArr2 also 

modulate D1R-mediated ERK1/2 activation (Kaya, et al 2020). Although my thesis studies did not 

discriminate between these different processes of D1R-mediated ERK1/2 activation, it is 

interesting to speculate that SAP102 and PSD95 could potentially exert distinct biases toward the 

particular mechanisms being utilized. Indeed, unpublished results from the Tiberi lab suggest that 

SAP102 switches D1R-mediated ERK1/2 activation from a PKA-independent to PKA-dependent 

mechanism (Mischuk et al, manuscript in preparation). Adding further complexity to this matter, 

SAP102 and PSD95 both interact with βArr2, which could conceivably contribute to the observed 

effect of SAP102 on D1R-mediated ERK1/2 activation, and/or play a different yet undiscovered 

role in this signaling pathway. Large-scale analysis using cell lines that lack Gαs or βArr2, perhaps 

in conjunction with the use of PKA/EPAC2/RapGEF2 inhibitors, is warranted to elucidate the 

details of D1R-mediated ERK1/2 signaling, including the particular roles played by SAP102 and 

PSD95 in these processes. 

While we demonstrate that PSD95 forms complexes with both D1R and D5R, we hypothesized 

that PSD95 differentially regulates the function of these receptors by virtue of the differing region 

of D1R and D5R that it physically interacts with. Indeed, our findings show that PSD95 behaves 

as a positive allosteric modulator of D5R, but a negative allosteric modulator of D1R. Specifically, 

overexpression of PSD95 potentiates D5R-mediated cAMP production and ERK1/2 activation, 

while it inhibits cAMP production downstream of D1R and leaves D1R-mediated ERK1/2 

activation unaffected (Fig. 3.9; Fig. 4.6; Table 3.2; Table 4.2). Unlike D1R-mediated ERK1/2 

activation, few studies have sought to examine the processes underlying ERK1/2 activation by 

D5R-mediated ERK1/2 activation, however, whether this signaling is primarily signal through Gαs 

or βArr2 remained elusive. Further investigation into the particular role played by PSD95 in D1-

class receptor signaling pathway is especially warranted. 
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2.2.  SAP102 and PSD95 Differentially Modulate D1R Phosphorylation 

The different cytosolic regions of D1R facilitating its complex formation with SAP102 and PSD95 

prompted examination into the possibility that said IL3•SAP102 and CT•PSD95 complexes may 

differentially regulate D1R desensitization. Unlike PSD95, which had no effect, SAP102 enhanced 

D1R activation-induced phosphorylation (Fig. 3.10). Moritz and colleagues (2023) showed that 

the phosphorylation sites within the CT of D1R are regulated in hierarchical order, in which the 

phosphorylation activity in proximal Ser/Thr residues is dependent on the distal residues, leading 

to βArr2 activation and D1R endocytosis. As PSD95 interacts with CT of D1R (Fig. 3.6), it is 

possible that PSD95 binds an internal motif containing phosphorylation residues within middle 

and/or distal portion of the CT (Zhang et al, 2007; Zhang et al, 2009), thereby the phosphorylation 

barcode of the D1R is competing with PSD95 to bind βArr2.   

GRKs specifically recognize the agonist-occupied form of a receptor and terminate G-protein 

dependent signaling by phosphorylating the active receptor at its CT and/or IL3, thereby allowing 

βArr2 binding to occur (Gainetdinov et al, 2004; Ribas et al, 2006). βArr2 binds to the 

phosphorylated, activated receptors with high affinity, which simultaneously inhibits further G-

protein coupling, facilitates receptor desensitization, and triggers receptor internalization 

(Ferguson, 2001). Although no studies have reported interaction between MAGUKs and GRKs, a 

study showed that GRK2 and GRK5 associate with β1AR•PSD95 and enhance its phosphorylation 

(Hu et al, 2002). As GRKs are critical mediators of phosphorylation for all GPCRs, it is possible 

that the enhanced D1R phosphorylation observed in cells overexpressing SAP102 arises in part 

from SAP102-mediated facilitation of GRK activity. In other words, SAP102 may create more 

favourable conditions for GRK-mediated phosphorylation of Ser and Thr residues within 

cytoplasmic regions of D1R. On the other hand, given the interactions of PSD95 with both D1R-

CT and βArr2, the lack of effect on D1R phosphorylation exhibited by PSD95 overexpression 

could conceivably be explained by the formation of a tripartite megacomplex that hinders GRK 

from accessing D1R phosphorylation sites. Previous studies in the Tiberi lab demonstrating a 

critical role for CT in overall D1R phosphorylation status offer support for this idea. Interestingly, 

these studies also identify D1R phosphorylation as being specifically regulated by GRK2 and 

GRK3, thus implicating these two particular GRKs as likely contributors to any MAGUK-GRK-

related effects on D1R that may exist (Tiberi et al, 1996; Jackson et al, 2002; Sedaghat and Tiberi, 
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2011). Indeed, preliminary results from our lab showed a native complex of SAP102•GRK2 and 

PSD95•GRK2 in cortex. Future studies are strongly warranted to confirm the existence of 

MAGUK•GRK complex and ascertain whether ternary D1R•MAGUK•GRK complexes regulate 

D1R phosphorylation.   

2.3.  SAP102 and PSD95 Differentially Modulate D1-Class Receptor Endocytosis  

Given the findings described above supporting the notion that overexpression of SAP102 promotes 

D1R phosphorylation, I examined the role of these MAGUKs in regulating D1R internalization. 

Results suggest that overexpression of PSD95 promotes constitutive D1R endocytosis that is 

βArr2- and dynamin-dependent (Fig. 3.11). Our results show that both SAP102 and PSD95 

modulate D1R trafficking through respective inhibition and potentiation of D1R internalization in 

a βArr2- and dynamin-dependent manner (Fig. 3.11). These findings in agreement with a previous 

report showing that PSD95 promotes constitutive and agonist-induced endocytosis for D1R, that 

is dynamin-dependent (Zhang et al, 2007). Keeping in mind that both MAGUKs also interact with 

βArr2, it is possible that D1R-CT•PSD95 interaction makes D1R more accessible for βArr2 

binding and subsequent sequestration than PSD95-free D1R, while in contrast that D1R-

IL3•SAP102 interaction makes D1R less accessible for βArr2.  

I also investigated whether the distinct PSD95 interaction site for D1R versus D5R differentially 

impacts receptor endocytosis. While PSD95 overexpression promotes constitutive and agonist-

induced endocytosis for D1R, PSD95 acts in an opposite fashion by antagonizing the βArr2- and 

dynamin-dependent sequestration of D5R (Fig. 3.11; Fig. 4.7). Indeed, in cells overexpressing 

PSD95, the majority of D5R do not undergo endocytosis but instead are restricted from leaving 

the plasma membrane, much like SAP102-bound D1R. Together, these findings suggest that 

MAGUK interactions with the IL3 region of D1-class receptors are sufficient to hinder receptor 

internalization processes. It is tempting to speculate that the MAGUK-IL3 interactions function to 

block IL3 from binding to trafficking proteins that normally facilitate D1R endocytosis, thereby 

favouring receptor retention in the plasma membrane. Further studies are warranted to investigate 

these and other potential mechanisms by which SAP102 and PSD95 are exerting their effects on 

D1-class receptor endocytosis.  
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2.4.  SAP102 and PSD95 Differentially Modulate D1-Class Receptor Recycling  

Internalized receptors can experience several different fates depending on the particular signaling 

pathways involved and overall cellular context (Seachrist and Ferguson, 2003). Typically, 

however, internalized receptors are either returned back to the plasma membrane or degraded 

within lysosomes. Receptors that are recycled back to the cell surface allow the cell to maintain 

continued receptor responsiveness to the same ligand. In contrast, receptors that are targeted for 

lysosomal degradation enable the cell to abrogate excessive receptor signaling processes. The 

majority of internalized D1R and D5R efficiently recycle back to the plasma membrane in a βArr2-

independent fashion, via a process that instead requires dephosphorylation of internalized receptor 

(Vickery and von Zastrow, 1999; Kotowski et al, 2011; Thompson and Whistler, 2011). This 

process presumably involves members of the Rab family of proteins, which are characterized for 

their role in modulating the fast-endocytic pathway (Seachrist and Ferguson, 2003). Our results 

show that overexpression of PSD95 promotes agonist-induced endocytosis and the recycling of 

D1R back to the plasma membrane, which is in agreement with a previous report (Fig. 3.12) 

(Zhang et al; Sun et al, 2009). In contrast, SAP102 facilitates the D1R retention at the plasma 

membrane, and that the D1R that do get internalized within cells co-expressing SAP102 recycle 

back to the plasma membrane less efficiently relative to cells expressing D1R alone. Interestingly, 

the effect of PSD95 on D5R recycling mimics that of SAP102 on D1R recycling, with internalized 

D5R taking significantly longer to return to the plasma membrane in cells expressing versus 

lacking PSD95 (Fig. 3.12; Fig. 4.8).  

It is interesting to hypothesize what role Rab4 or Rab11 may have in the effects of SAP102 and 

PSD95 on D1-class receptor recycling, given their established importance in these processes for 

GPCRs as a whole. Yet, the full scale of into these trafficking proteins have not been examined in 

recycling D1-class receptors. The different patterns of D1R recovery to the plasma membrane in 

the presence of SAP102 versus PSD95 may involve differential utilization of Rab-orchestrated 

fast- and/or slow-endocytic machinery. Conceivably, Rab proteins might normally associate with 

D1-class IL3 and/or CT to facilitate trafficking processes, which would be altered in the presence 

of D1R-IL3•SAP102, D1R-CT•PSD95, and D5R-IL3•PSD95 interactions. More specifically, it is 

tempting to speculate that the slowed recycling of D1R and D5R in the presence of a IL3•MAGUK 

interaction may be the result of hindered IL3•Rab interaction, while on the contrary, the promoted 
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D1R recycling in the presence of a CT•PSD95 interaction could arise from enhanced IL3•Rab 

binding. As for D1R-CT•PSD95 complex, it is possible that the dephosphorylated receptor 

dissociates not only from βArr2, but also from PSD95, and the free PSD95•βArr2 makes these 

Rab proteins more prevalent to bind D1R and promote recycling to the plasma membrane. Another 

possibility is that SAP102 and/or PSD95 physically interact with Rab in a manner that alters 

receptor trafficking. Additional studies are warranted to assess these proposed hypotheses. 

Collectively, the contrasting effects of SAP102 and PSD95 on D1-class receptor trafficking 

presumably stem largely from their distinct receptor interaction sites, which impart unique 

contributions to the regulation of D1-class receptor responsiveness, desensitization and 

resensitization. 

3. Mechanistic Insight of MAGUKs Modulating βArrs Recruitment for D1-Class Receptor 

3.1. Novel βArr1•MAGUK Complex  

In the third result manuscript, we uncovered the importance of βArrs in modulating SAP102 and 

PSD95. Intriguingly, although βArr2 is a previously known interactor with PDZ-containing 

proteins (Gupta et al, 2019), we identified βArr1 as a novel interactor with SAP102 and PSD95. 

Coimmunoprecipitation performed with transfected HEK293 cells and cortical lysates indicate the 

existence of both βArr1•MAGUK and βArr2•MAGUK complexes in these preparations (Fig. 5.1). 

Although my results have not investigated the binding motif(s) mediating the MAGUK•βArrs 

complexes, Gupta and colleagues suggested that PDZ1 domain of MAGUKs harbor the interaction 

with βArr2, and that the amino acid residue A175 of βArr2 is essential in enabling βArr2•PSD95 

complex formation (Gupta et al, 2019). In agreement with this report, our preliminary result 

showed that PDZ1 of SAP102 indeed copurified with endogenous cortical βArr2. Further 

investigation is warranted to more precisely define the interacting regions between βArr1 and 

MAGUKs. Given the high degree of homology between βArr1 and βArr2, including A175 of 

βArr2 in comparison with A174 of βArr1, it is safe to speculate that βArr1-A174 may be a critical 

residue for mediating βArr1-MAGUK complex formation. 

3.2. SAP102 and PSD95 Potentiate βArr2 Recruitment for D1R 

In light of our findings that D1R desensitization and resensitization is modulated by SAP102 and 

PSD95, in combination with the well-established role of βArr2 in these processes, and the recently 
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characterized interaction between βArr2 and MAGUKs, herein I examined how βArr2 might factor 

into the regulation of D1R by MAGUKs. Coimmunoprecipitation and BRET analysis revealed 

that a substantial amount of βArr2 is recruited to D1R, D1R•SAP102, and D1R•PSD95 in 

response to D1R activation (Fig. 5.2; Fig. 5.3). Importantly, overexpression of MAGUK does not 

interfere the recruitment of βArr2 by D1R, but instead further enhancing this complex (Fig. 5.2; 

Fig. 5.3). While I observed basal interaction of MAGUKs in this tripartite D1R•MAGUK•βArr2, 

however, no further recruitment is detected in stimulatory condition (Fig. 5.2). Overexpression of 

βArr2 potentially stabilizes/maximizes the pre-associated constitutive complex of D1R•MAGUK, 

thus no further recruitment of MAGUKs in response to receptor activation. Interestingly, in cells 

not overexpressing βArr2, the recruitment of MAGUKs to D1R is substantially enhanced in 

response to D1R activation (Fig 3.8), hinting that βArr2 potentially prohibiting MAGUK-free D1R 

pool under basal state to interact with D1R, and/or perhaps MAGUKs interact with βArr2. Cellular 

localization in the absence of agonist stimulation shows that βArr2 is predominantly localized 

intracellularly and subset of colocalized MAGUK•βArr2, D1•βArr2, and D1R•MAGUK•βArr2 

on the plasma membrane (Fig. 5.4). Interestingly, βArr2 enhances the translocation of MAGUKs 

to predominate the plasma membrane, where it colocalized in higher degree with D1R, than in 

cells not overexpressing βArr2 (Fig. 3.5; Fig. 5.4). While it is already well-established that βArr2 

translocate to phosphorylated D1R at the plasma membrane (Zhang et al, 1999; Oakley et al, 2000; 

Kim et al, 2004; Macey et al, 2005; Thompson and Whistler, 2011), further investigation into the 

mechanisms underlying MAGUK-modulated D1R-inuced translocation of βArr2 are needed. 

These mechanistic observations favor a potential ternary complex of D1R•MAGUK•βArr2 than 

binary complex of D1R•MAGUK and D1R•βArr2 that coexisted in these cells.   

Interestingly, however, the dynamic recruitment between D1R and βArr2 observed by Tango assay 

differed for the D1R alone relative to in the presence of MAGUKs. Specifically, SAP102 and 

PSD95 were found to enhance βArr2 recruitment with D1R, suggesting that MAGUKs essentially 

function to bridge the formation of D1R•βArr2 interactions (Fig. 5.5; Table 5.1). The nature of 

these D1R•MAGUK•βArr2 ternary complexes means that they must form in two distinct steps: 

D1R•MAGUK interaction and D1R•βArr2 interaction. Three different scenarios can be 

hypothesized to encompass the required interaction sequence: i) pre-associated D1R•MAGUK 

complexes promote βArr2 interaction with CT and/or IL3 of D1R, ii) D1R first interacts with 
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βArr2, which consequently make D1R more accessible for binding MAGUK, iii) D1R interact 

with pre-associated MAGUK•βArr2 complexes. The first scenario seems most likely, with 

SAP102 and PSD95 potentially imposing a conformational reorganization of D1R, and/or 

influencing its phosphorylation barcode in some manner that ultimately facilitates an interaction 

with βArr2. Regardless, the existence of pre-associated D1R•SAP102 and D1R•PSD95 could 

conceivably synergize the recruitment of βArr2 to D1R.  

Another interesting point to consider is how D1R•MAGUK complexes could possibly alter the 

balance of D1R•Gαs and D1R•βArr2 signaling processes within certain contexts. The nature of 

cellular signaling is complex, with coexisting D1R•Gαs and D1R•βArr2 complexes in varying 

proportions that regulate sophisticated cellular paradigms (Thomsen et al, 2016; Kaya et al, 2020). 

If MAGUK-bound D1R more effectively recruit and retain βArr2 than MAGUK-free D1R, the 

relative proportion of Gαs- and βArr2-mediated processes downstream of D1R could be 

significantly impacted by the level of MAGUK expression. 

3.3. PSD95 Antagonizes βArr2 Recruitment for D5R 

As discussed, PSD95 interacts with distinct cytosolic sites with D1R versus D5R, and differentially 

impacts receptor trafficking. While PSD95 overexpression potentiates agonist-induced 

endocytosis, recycling, and βArr2 recruitment for D1R, PSD95 acts in an opposite fashion for D5R 

by antagonizing each of these processes (Fig. 4.9; Fig. 5.5; Table 4.3; Table 5.1). These contrasting 

cellular functions demonstrate that PSD95 act as a reciprocal integrator for D1-class receptor 

subtypes to discriminate numerous cellular responses. Interestingly, PSD95 interact with the CT 

of CRFR1, and supress agonist-stimulated βArr2 recruitment to CRFR1 (Dunn et al, 2016). These 

findings further demonstrate the complexity of MAGUKs in regulating GPCR•βArr2 complex. 

3.4. D1R-mediated βArr1 Recruitment Independent of MAGUK Activity  

Finally, it is worth mentioning that although βArr1•MAGUK complex formation is intriguing, it 

was unclear how relevant such complexes might be for D1-class receptor signaling, given that 

Class-A GPCRs, which includes D1-class receptors, are well-known to be preferentially 

modulated by βArr2. Indeed, few studies have reported βArr1 translocation to the plasma 

membrane in response to D1R agonist (Kim et al, 2004; Macey et al, 2005). In an attempt to 

examine the efficacy of D1-class receptors for recruitment of βArr1 relative to βArr2, Tango assay 
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was performed. Unlike βArr2, which was strongly recruited to D1R and D5R, βArr1 recruitment 

was significantly reduced and displayed lower agonist potency towards these receptors (Fig. 5.6; 

Table 5.2, Table 5.3).  

As SAP102 and PSD95 interact with βArr1, and positively modulate βArr2 recruitment by D1R, 

I examined how MAGUKs might impact βArr1 recruitment to D1R. Interestingly, results show 

that SAP102 and PSD95 exert no modality on D1R-mediated βArr1 recruitment as seen with βArr2 

(Fig. 5.5; Fig. 5.6; Table. 5.1; Table 5.4). These results indicate that βArr1•MAGUK complexes 

might not have much relevance for D1R function, however it is still possible that they contribute 

to such processes within particular cellular contexts. Regardless, further investigation should be 

performed to better understand the role of MAGUK complexes with βArr1 and βArr2 in a more 

broad sense across the entire spectrum of GPCRs. 

4. Physiological Relevance and Future Studies 

4.1. Modulatory Role of MAGUKs in Dopaminergic-Glutamatergic Transmission 

While the findings presented herein characterized the functional D1R•SAP102, D1R•PSD95, and 

D5R•PSD95 signaling complexes, important future avenues of investigation into different roles 

of these complexes may play in linking dopaminergic and glutamatergic transmission. As PSD-

MAGUKs bind to NMDAR to enact context-dependent interactomes (Carroll and Zukin, 2002), it 

is vital that future experimental frameworks integrate D1R•SAP102, D1R•PSD95, and 

D5R•PSD95 into a context with NMDAR to further elucidate these signaling mechanisms. 

Reported studies found that simultaneous activation of both D1R and NMDAR within the context 

of D1R•GluN2B-containing NMDAR complexes enhances D1R-mediated cAMP accumulation, 

however, activation of both receptors within the context of D1R•NMDAR•PSD95 complexes has 

no effect on cAMP production by D1R (Pei et al, 2004; Zhang et al, 2009). In a similar 

experimental approach, preliminary results from the Tiberi lab show that DA and NMDA co-

treatment leads to elevated D1R-mediated cAMP production in cells expressing D1R, GluN2B-

containing NMDAR, and SAP102, relative to those only expressing D1R and GluN2B-containing 

NMDAR. Together, these findings suggest the possibility that SAP102 and PSD95 act as 

respective positive and negative integrators of dopaminergic-glutamatergic neurotransmission 

through D1R•NMDAR signaling complex.  
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Previous studies have also shown that activation of D1-class receptors increases NMDAR-

mediated currents via mechanisms involving second-messenger dependent pathways and/or direct 

protein-protein interactions (Lee et al, 2002; Scott and Aperia, 2009). Preliminary 

electrophysiological studies from the Tiberi lab have confirmed these results; specifically, 

recordings of NMDAR-mediated currents within acute rat hippocampal slices show an increase in 

NMDAR activity responses following D1R activation with DHX. Future investigation in the role 

SAP102 and PSD95 play in this process is warranted.  

Of additional interest is the role SAP102 and PSD95 may play in functional interactions between 

D1R and NMDAR trafficking. SAP102 and PSD95 modulate bidirectional NMDAR trafficking 

between the PSD/dendritic spines and extrasynaptic dendrites (Carroll and Zukin, 2002; Lua and 

Zukin, 2007). This modulation is complex and involves physical association with various other 

proteins in addition to NMDAR. Furthermore, alternative splicing of SAP102 plays a critical role 

in this process; specifically, PDZ-independent interactions facilitated by I1 and I2 inserts of 

SAP102 respectively promote synaptic clearance of GluN2B-containing NMDAR and GluN2A-

containing NMDAR (Chen et al, 2011; Wei et al, 2015). Interestingly, NMDAR activation 

selectively recruits D1R to dendritic spines, in a process linked to a diffusion-trap mechanism 

(Cepeda and Levine, 2006). It is possible that this process occurs in a MAGUK-dependent fashion. 

Future investigations are needed to shed light on this hypothesized mechanism.   

While the crosstalk D5R•GABAAR is well examined, very little is known about the role of D5R 

in dopaminergic-glutamatergic functional interactions. Our novel finding of D5R•PSD95 complex 

strongly suggests that, just like D1R, D5R partakes in tripartite linkage with PSD95 and NMDAR. 

This idea is further supported by the finding that D5R mutant mice display severely reduced 

hippocampal GluN2B-containing NMDAR (Moraga-Amaro, 2016). However, the full-scale 

analysis of these postsynaptic proteins in in mice lacking D1R and D5R, remain incompletely 

assessed.  

It is also interesting to speculate about the physiological significance of distinct 

D1R•SAP102•NMDAR, D1R•PSD95•NMDAR and D5R•PSD95•NMDAR complexes. 

Maintaining the proper balance of these complexes could conceivably play an integral part in 

regulating dopaminergic-glutamatergic interactions under varying cellular conditions. Regulation 

of D1R•MAGUK•NMDAR complexes might be especially important in the pathology of 
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neuropsychiatric conditions chiefly characterized by dysfunctional dopaminergic-glutamatergic 

transmission, like PD. Thus, improving our understanding of the intricacies by which MAGUKs 

link together D1R and NMDAR functions could have very useful therapeutic applications to treat 

brain disorders. Additional studies investigating whether MAGUK interactions with D1-class 

receptors impact dopaminergic functional interactions with other proteins critically involved in 

glutamatergic transmission will also be required to gain a complete understanding of how 

MAGUKs integrate dopaminergic and glutamatergic neurotransmission. 

4.2.  Understanding D1-Class Receptor Structural Components: Insights from MAGUK 

Interactions 

Crystallography has provided valuable information into the molecular dynamics of DA receptors. 

Yet, despite intensive research on the structural basis of DA receptors and other GPCRs, the 

underlying functional role of variable IL3 and CT remains incompletely understood, as resolution 

of GPCR crystal structures necessitates prior modification of IL3 and CT. However, it is 

interesting to speculate that D1-class receptor IL3- and CT-interacting proteins, such as SAP102 

and PSD95, could possibly be useful to improve the crystal structure resolution of these receptor 

regions. These proteins could hypothetically constrain the receptors in a stable state that is more 

conducible to crystallization without the need for any IL3 and CT modification.  

Within the Tiberi lab, the quest to understand mechanistic details of D1-class receptor cytosolic 

regions led to previous investigations on the functional importance of IL3 and CT using 

mutagenesis approaches. Results from these studies have demonstrated a clear importance of these 

regions for D1-class receptor ligand binding along with both basal and agonist-dependent G-

protein coupling; as such, it is reasonable to expect that protein-protein interactions involving IL3 

and CT might impact these particular receptor properties. Intriguingly, my results demonstrate that 

D1-class receptor IL3- and CT-interacting proteins do not necessarily impact receptor ligand 

affinity. Thus, D1-class receptor ligand binding pockets presumably do not experience any 

physical disruption by the formation of D1R•MAGUK complexes.  

The Tiberi lab has also used 3D homology modeling to explore the inactive states of human D1R 

and D5R. In the predicted structures, the N and C segments of D1R-IL3 appear closer together 

relative to those of D5R. Indeed, D5R displays a significantly more “open conformation” of its 

cytoplasmic surface than D1R, suggesting it is in a more active state, and thus agreeing with the 
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notion of higher D5R constitutive activity (Tiberi and Caron, 1994). Results obtained herein 

indicate that MAGUKs interact with D1-class receptor in a subtype specific manner, although it is 

unclear how the differing basal conformational states of D1R and D5R might influence this 

phenomenon.  

Of additional importance, D1R•SAP102, D1R•PSD95, and D5R•PSD95 complexes each have a 

unique signalosome, which is primarily dictated by IL3 and CT receptor regions. Thus, modulation 

of the D1R•SAP102, D1R•PSD95, and D5R•PSD95 signaling complexes likely requires other as-

of-yet unknown protein partners. Recently, the Tiberi lab employed an unbiased, BioID-based 

proteomic analysis that relied on proximity-dependent biotinylation of proteins. We are hopeful 

that our D1R-TurboID and D5R-TurboID constructs used for this approach will allow us to 

interrogate the interactome regulating the formation of receptor signaling complexes, and to 

discover D1-class receptor signaling partners specifically recruited by MAGUKs. This would 

hopefully shed light on the unique signaling signatures of the three MAGUK-receptor complexes 

I have characterized. Overall, by bridging D1-class receptor structural and functional information, 

we can begin to fully appreciate how the sophisticated module of D1-class receptor-interacting 

proteins, including SAP102 and PSD95, influences receptor function, and uncover important 

details that may guide in comprehensive applications for drug discovery. 

5. Concluding Remarks 

Since DA is involved in many physiological functions, it is not surprising that hypo- and hyper-

activation of D1-class receptors have been implicated in a plethora of neuropsychiatric disorders. 

Despite this, the role of D1-class receptor signaling functions in normal and pathological 

conditions is yet to be fully appreciated. One notable barrier for furthering our understanding on 

this matter is the lack of subtype selective drugs for distinguishing between D1R and D5R 

functions in vivo. The challenge to develop D1-class receptor subtype-selective drugs stems chiefly 

from the high level of identity within transmembrane domain of D1R and D5R, which contain 

many conserved residues involved in ligand binding. One yet untapped, potentially exploitable 

factor to consider for developing subtype-selective D1-class ligands is the unique complement of 

protein interactions at intracellular regions involved in receptor activation for D1R versus D5R.  

The main goal of this Ph.D. thesis was to develop a comprehensive understanding of the means by 

which two crucial neuronal scaffolding proteins implicated in dopaminergic diseases, the MAGUK 
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family members SAP102 and PSD95, interact with D1-class receptors and how these interactions 

influence receptor functions. In pursuing this goal, my thesis studies have unveiled the structural 

elements involved in the interplay between D1R•SAP102, D1R•PSD95, and D5R•PSD95, and 

further shown how these complexes impact D1-class receptor signaling and trafficking processes. 

SAP102 and PSD95 dictate the signaling for D1-class receptors, not only in Gαs-dependent 

cascade, but also βArr2-dependent pathway. 

Future studies should aim to discriminate the importance of these three distinct complexes under 

both physiological and parkinsonian-like states, via knockdown of SAP102 and/or PSD95, in 

conjunction with the use of selective interfering peptides. Indeed, in vivo infusion of synthetic 

interfering peptides, capable of selectively disrupting particular receptor•MAGUK complexes, 

into brain regions critically involved in dopaminergic transmission, should reveal crucial 

information about the behavioral and pathological signatures of these complexes. Moreover, future 

studies with interfering peptides would conceivably provide additionally valuable information for 

the identification of drug-targetable D1-class receptor regions. Conditional knockout of SAP102 

and PSD95 in D1R-expressing MSNs will highlight their contribution into the mechanistic 

locomotor activity of the direct striatal pathway. As PSD95-KO mice exhibit an increased in 

locomotor activity in response to psychostimulant and D1-class agonist (Yao et al, 2004; Zhang et 

al, 2007), the motor kinetic behavior of SAP102-KO mice remained to be studied. In addition to 

the palmitoylation of PSD95 and phosphorylation of SAP102 and PSD95 in regulating D1-class 

receptor subtypes, it will be with great interest to examine the role of SAP97 and PSD93 in 

modulating D1-class receptors as well the regulatory of PSD-MAGUKs in regulating D2-class 

receptors. Collectively, my thesis findings also offer important insights to be relied upon in future 

studies investigating D1-class receptor-NMDAR functional linkage, and may ultimately, and 

hopefully, pave the way for improved D1-class receptor drug design to treat pathologies with 

dopaminergic-glutamatergic dysfunction like PD and schizophrenia.  

Finally, my novel demonstration that PSD95 and SAP102 interact with not only βArr2, but also 

βArr1, has further implications toward understanding how MAGUKs and other PDZ domain-

containing proteins might contribute to receptor functional regulation across the entire spectrum 

of GPCRs, but particularly, class-B GPCRs.    
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