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Abstract 

GABAA and dopamine Dt/D5 receptors represent two structurally and functionally 

divergent farnilies of neurotransmitter receptors, the former comprises a class of ligand gated ion 

channels responsible for fast inhibitory synaptic transmission while the latter belongs to a receptor 

superfamily exerting its biological effects via G-protein coupled signaling cascades. Trans- 

synaptic dopaminergic activation of both pre- and post- synaptic Dl or D5 receptors is thought to 

modulate GABAA receptor-mediated synaptic activity and neuronal excitability by intracellular 

cAMP and protein kinase dependent pathways. We report here that direct coupling between the 

carboxyl terminal [CTJ domain of subtype-specific dopamine D5 receptor with the second 

intracellular loop of the GABAA receptor y2 subunit provides an additional mean by which ligand- 

gated ion channel and G-protein linked receptor cross-talk is achieved. Fusion proteins encoding 

the cytoplasmic CT dornain of dopamine D5, but not D l  receptors, precipitated native 

hippocampal GABAA receptors and bound directly to the second intracellular loop of y2, but not 

al or B2 subunits of GABAA receptors. Subtype-selective and reciprocal functional receptor 

cross-talk, as indexed by dopamine D5, but not D l ,  attenuated GABAA (alp2y2) receptor 

whole-cell currents and GABAA receptor modulated reductions of D5-mediated cAMP 

accumulation in CO-tranfected HEK-293 cells, required the presence of GABAA receptor y2 

subunits and is competitively inhibited by mini-genes encoding sequences of either the 

dopamine D5-CT tail or the second intracellular loop of the y2 subunit. Direct protein-protein 

binding between domains of structurally and functionally divergent receptor classes hiçhlights a 

previously unappreciated mechanism whereby subtype-specific receptors can act in concert to 

regulate synaptic strength and signal transduction. Moreover, the data provide a molecular 

framework in which to view GABAA and dopamine Dl -1ike receptor interactions, aberrations of 

which are thought to underlie the maintenance and expression of cognitive elements in 

neuropsychiatric disease states such as schizophrenia. 
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INTRODUCTION 

The human central nervous system (CNS) contains about 1010 neurons. The 

information processed in this functional netwurk is mediated by a vast multiplicity of 

chemical signaling molecules, Le., the neurotransmitters. Following neurotransmitter release 

from neurons, the synaptic signaling is initiated by the interactions between 

neurotransmitters and ceIl surface proteins, temed receptors. 

Classical neurotransmitters are released at conventional synapses. Synapses 

have been divided into two types based on the cytopiasmic disposition of electron dense 

material on either side of the synaptic cleft. Synapses with a prominent postsynaptic 

densities are termed asymmetric and synapses with equally thin pre- and post- synaptic 

densities are termed symmetric synapses. Studies on these synapses have suggested 

that symmetric synapses are involved in inhibitory neurotransmission while asymmetric 

synapses mediate excitatory neurotransmission (Peters et al., 1991). This notion is 

further confirmed by localization studies of the two classical amino acid neurotransmitters, 

y-aminobutyric acid (GABA) and L-glutamate, which indicate that major inhibitory 

GABAergic terminals form symmetric synapses while major excitatory glutamatergic 

terminals form asymmetric synapses (DiFiglia & Rafols, 1988; Adams & Mugnaini, IWO; 

Farb et al., 1992; Moore, 1993). 

Dopamine, a member of the catecholamine family, has been detected in terminals 

that form both symmetric and asymmetric synapses (Pickel et al., 1996; Seguela et al., 

1990). The dopaminergic terminals form synaptic junctions ont0 dendritic shafts and 

spines that frequently receive asymrnetric and symmetric synapses from other terminals 

(Pickel et al., 1981; Freund et ab. 1984). suggesting that dopamine may modulate 

postsynaptic responses to both excitatory and inhibitory inputs. The fact that dopamine 

often CO-exists with classical transmitters such as GABA and glutamate that are released 

at either symrnetric or asymmetric specializations respectively, suggests the possibility 



that these closely related neurotransmitter systems, aithoug h preferentially associated 

with different circuit elements and distinct functional roles in synaptic transmission, are 

targets for regulatory modulation by dopaminerigic neurotransmission. This concept foms 

the cornerstone of the present thesis proposal. 

1.1 Overview of Do~amine and Dopamine receptors 

Dopamine occurs in highest concentration in the putamen, the caudate nucleus and 

the nucleus accumbens. Three major dopamine pathways exist in the brain. One arises 

frorn the substantia nigra of the brainstem and terminates with greatest density in the 

corpus striatum, which controls movernent. Another pathway arises from the ventral 

tegmental area of the brainstern and sends ascending projections to the limbic system, 

which regulates emotional behavior. The third pathway (tuberoinfundibular pathway) 

originates in cell bodies of the arcuate nucleus of the hypothalamus and projects to the 

pituitary stalk, which is important for prolactin regulation and may contribute to some of the 

secondary neuroendocrine abnormalities in schizophrenia (Kandel et al., 1991 ; Seeman, 

1 995). 

Dopamine-mediated neurotransmission has consistently been implicated in 

regulating neuronal motor control, cognition, event prediction and emotion (Iverson 1995; 

Hollerman et ai. 1998; Schultz 1997; Watanabe et al 1997; Beninger & Miller 1998; Hagan 

et al 1997), and in the pathophysiology of many neurological disorders, emotional States, 

and endocrine physiology (e.g. Hietala & Syvalahti, 1996; Hyman 1996; Self et al 1996; 

Wise 1 996; Baldessarini, 1 997; Nestler, 1 997; Seeman et al 1 997). Many neurological 

disorders are thought to reflect disruptions in dopaminergic signaling. The near total loss of 

the dopaminergic innervation of the striatum is the precipitating cause of Parkinson's 

disease (Harrison et ai., 1990). The discovery that schizophrenic symptoms can be 

alleviated by neuroleptic drugs whose primary site of action is via the blockade of 

dopamine receptors has indicated involvement of the dopamine system in this disease 



(Hartman & Civelli, 1996). In addition, deficits and or/alterations in dopaminergic 

neurotransrnission have been suggested to play a critical rote in many psychomotor 

disorders, as well as in the maintenance and expression of psychostimulant effects of 

drugs of abuse and possibly others addictions, such as alcoholism and smoking (Koob et 

al., 1 998). 

Based on pharmacological and biochemical criteria, native dopaminergic 

neurotransmission was originally thought to be mediated by two types of dopamine 

receptors, terrned D l  and 02 receptors. Functionally, native Dl-like receptors were 

originally defined by their ability to stimulate adenylyl cyclase and activate cyclic AMP- 

dependent protein kinases (Niznik, 1986). Dopamine D2 receptors display a more 

complex pattern of signal transduction primarily due to their coupling to subtype-specific 

mernbers of the Gi/Go protein family. These receptors stimulate a number of signal 

transduction pathways including the inhibition of adenylate cyclase activity, PI turnover, 

potentiation of arachidonic acid release and inwardly rectifying K+ and Ca2+ channels and 

mitogen activated protein kinases (see Huff; 1997, Picetti et a/ 1997 for recent reviews). 

D l  - and D2-like receptors are further differentiated on pharmacological grounds with D l  

receptors selectively binding agonists (e.g. fenoldopam, SKF-81297, SKF 38393) and 

antagonists (SCH-23390) of the benzazepine and benzonapthazine class with high 

affinity, while dopamine D2 like receptors bind selectively to wide variety of agonists and 

antagonists from numerous structural classes, including aminotetralins, butyrophenones 

and substituted benzamides. 

The concept that dopamine mediated events were attributable to the activity of 

two distinct receptor systerns was clearly an oversimplification. Molecular biological 

evidence has shown that the dopamine system relies on the activation of five distinct 

subtypes of DA receptors (Dl-D5) which are classified into two functional types, Dl-like 

(Dl, D5) and D2-like (D2, D3, D4). These receptors belong to the seven transmembrane 

domain G-protein linked receptor super famiiy. 



1.2 MoIecular Bioloav and Structure of Dl-Like Receptors 

Hurnan D l  receptors are composed of 446-amino acid proteins with an estimated 

Mr -49,000. The hurnan D5 receptor is a 477-amino acid protein of Mr- 51,000. D l  and 

D5 receptor share a very high deduced amino acid homology. The overall sequence 

identity of D l  and D5 receptors is 50%, with highest homology within putative seven 

transmernbrane domains (80%) and the lowest degree of sequence homology found in 

regions encûding the C- (17%) and the N terminal (unrelated). The human D l  receptor 

gene resides on the long a m  of chromosome 5, at q35.1 (Sunahara et al., 1990), while the 

D5 gene has been localized to chromosomes 4~15.1-16.1 (Sunahara et al., 1990). The 

human genome also contains two D5 receptor related pseudogenes. termed y1 and 1p-2, 

located on human chromosomes 1 and 2, respectively. They are 98% identical with each 

other and 95% identical with the human D5 receptor and code for truncated, nonfunctional 

forms of the D5 receptor (Weinshank et al., 1991 ; Grandy et al., 1991). 

Based on the deduced amino acid sequence, the dopamine D l  like receptors 

display a characteristic topology composed of seven putative transmembrane-spanning 

domains, a short third intraceilular loop and a long carboxyl terminal tail (Sunahara et al., 

1990; 1991) (Fig.l), a characteristic shared by most G-protein-stimulatory coupled 

receptors (Dohlman et al., 1991). Dopamine D l  and D5 receptors do not contain introns in 

their coding regions (Gingrich & Caron, 1993), however, there are intronic regions encoded 

in both the Dl and 0 5  receptor within their 5' UTR (Minowa et a l  ., 1992; Zhou et al., 

1992; Beischlag et a l  19951 

Consensus sequences for posttranslational modifications of the dopamine D1/D5 

receptors abound. There are two consensus sites for N-linked glycosylation in DIID5 

receptors, one located on the amino terminus Asn-5 (Dl) Asn-7 (D5) and the other in the 

putative second extracellular loop Asn-175 (Dl), Asn 199 (D5). The actual glycosylation 

status has not been defined although native dopamine D l  like receptors are known to 

contain complex type carbohydrates (Jawie et al 19881. Multiple putative consensus 
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Fig 1 : A. Putative dopamine receptor structure: Dopamine Dl -like receptors display a 

characteristic topology composed of seven putative transrnembrane-spanning domains, a 

short third intracellular loop and a long carboxyl terminal tail. B. Deduced amino acid 

sequence alignment of Dl and D5 receptor (Dl R, D5R) carboxyl terminal region which 

display 17% sequence identity. 



sequences are found for receptor phosphorylation by various kinases. Phosphorylation 

of G protein-coupled receptors by protein kinases is thought to be the major mechanism 

by which these receptors are functionally desensitized and trafficked to appropriate 

cellular compartments (Freedman et al., 1995; Menard et al., 1997; Zhang et al.. 1997). 

Amino acid sequence analysis of the dopamine Dl-like receptors cytoplasmic domains 

revealed consensus sequences for phosphorylation by cyclic AMP-dependent protein 

kinase at Thr-136 (Dl) and Thr-153 (D5) in the second cytoplasmic loop within the 

sequence RKXT and at Thr-268 ( D l )  and Ser-260 (D5) at the C-terminal end of the third 

intracellular loop (for review: Mlssale et al., 1998). The marnmalian D1/D5 receptors also 

have multiple serine and threonine residues in the long cytoplasmic tail that are potential 

sites of phosphorylation by G protein-coupled receptor kinases including protein kinase 

Cl and possibly receptor-specific kinases similar to the p-adrenoceptor kinase (Neve & 

Neve, 1997). Phosphorylation of these sites is believed to be involved in mechanisms of 

homologous desensitization and trafficking (for review: Schetzline et al., 1998; Ferguson et 

al., 1998). Site-directed mutagenesis of Ser-380 to Ala on the C-terminus of dopamine D l  

receptor, but not D5, precludes Me phosphorylation by PKA for D l  receptor (Zamanillo et 

al., 1995) and this rnay indicate that D l  and D5 differ in their mechanisms of regulation. 

Finally, a putative site for posttranslational modification by palmitoylation at Cys-348 is 

present in the dopamine Dl receptor. Unlike that with the adrenergic or other receptors 

(Bouvier et al., 1988; O'Dowd et al., 1988; 1989; Lohse et al., 1990; Mouillac et al., 1992; 

Moffett et al., 1993), elimination of this site in the carboxyl tail of Dl receptor does not alter 

expressed affinities of agonists at the "high affinity state" and no difference was obseived 

in agonist stimulation of adenylyl cyclase activity (Jin et al., 1997). However, other 

studies indicate that the Cys-347 in the C-terminus of D l  receptor is important for the 

antagonist conformation of the receptor and plays a crucial role in the D l  receptor 

desensitization, since absence of this residue limits the ability of the receptor to 

desensitize on sustained agonist stimulation (for review: Missale et al., 1998). 



Pharmacophore mapping of catecholamine agonists suggests that hydrogen bond 

interaction involving the hydroxyl groups on the aromatic ring is important for ligand 

binding. The ligand binding site of dopamine receptors is thought to be formed from within 

the hydrophobic transmembrane domains, which are considered to bundle in the 

membrane creating a cavity formed by highly conserved residues which probably 

constitute the ligand's binding pocket (Tota et al., 1991 ; Donnelly et al., 1994). Consistent 

with this idea is the observation that within al[ dopamine D l  and D2 like receptors certain 

amino acids are found at similar positions in the helices. These include an Asp 103 in the 

third transmembrane domain which is likely to involve the binding of the amine group of the 

dopamine side chain, and two absolutely conserved Ser residues in the fifth helix which 

have been shown to bind the hydroxyl groups of the catechol moiety by hydrogen 

bonding (198, 199, 202). These are found about one-third of the way in from the outer 

surface of the membrane and are likely to be important in providing electrostatic, 

hydrophobic and hydrogen bond interactions with certain other catecholaminergic ligands 

as well. Replacement of these Ser residues to Ala in D l  receptors affects the binding of 

dopamine to the receptors (Pollock et al., 1992) and the binding of the antagonist such as 

SCH 23390, but these mutations do not affect the ability of the receptor to activate 

adenylyl cyclase apart from the apparent reduction in potency of dopamine related to the 

reduction in binding aff inity. 

1.3 Pharmacoloav Of Dopamine D l  -Like Rece~tors 

When expressed in a variety of mammalian ceIl lines, a few unique distinguishing 

pharmacological features between Dl and D5 receptors are evident. Transfection of the 

cloned D l  cDNAs into mammalian celi lines results in the expression of a dopamine D l  

receptor with high affinity ( 4  nM) for the D l  antagonist [W] SCH23390, and nM affinity 

for the other dopamine D l  receptor antagonists such as (+)-butaclamol, cis-flupentixol, 

and cis-piflutixol. Similarly expressed D5 receptors exhibit indistinguishable affinity for 



[3H]SCH23390, and display the following rank order of drug potency for antagonists: 

SCH23390xis-flupentixol=(+)-butacIomal> >spiperone>sulpiride. There is little observed 

difference between the expressed affinities of D l  and D5 receptors for most antagonists, 

the primary exceptions being butaclamol and flupentixol which exhibit - 10 fold lower 

affinity for D5 compared to Dl receptors. On the other hand, substantiai differences are 

observed in the affinity of D1/D5 receptors for some agonists. The most consistent 

difference is obtained with the endogenous neurotransmitter itself, dopamine, displaying - 
10 fold higher affinity for the D5 than the Dl receptor as well as for the confirrnationally 

restricted dopamine analog, 6,7-ADTN (Sunahara et al., 1991; Tiberi et al., 1991; 

Weinshank et al., 1991 ; pedersen et al., 1994). These distinguishing agonist and 

antagonist pharrnacological profiles appear invariant, since vertebrate dopamine D l  A and 

D I B  receptors express a pharmacological profile for dopaminergic agonists and 

antagonists virtually identical to their mammalian counterparts (Niznik et al.,l998). 

Another inherent differentiating characteristic between D l  and D5 receptors is that 

the D5 receptor, along with its higher affinity for some agonists, displays constitutive 

activity (Tiberi & Caron, 1994). Thlis, basal adenylate cyclase activity in cells 

expressing the D5 receptor is higher than in cells expressing the D l  receptor, suggesting 

that (1) the unoccupied D5 receptors have a greater capacity to activate Gs and stimulate 

adenylate cyclase and (2) agonist-independent activity and increased affinity for 

dopamine may be the result of these intrinsic properties (Tiberi & Caron, 1994). Indeed, 

adenylate cyclase activity in the absence of agonist increases with increasing receptor 

density for D5 receptors (Tiberi & Caron, 1994). Other G-linked receptors, when mutated 

can also be made to exhibit constitutive activity (Cotecchia et al., 1990; Kjelsberg et al., 

1992; Lefkowitz et al., 1993) and have been implicated in the maintenance of certain 

disease States (Parma et al., 1 993; Shenker et al., 1993; Duprez et al., 1994; Rao et al., 

1994). Site-directed mutagenesis studies have shown that the lle288 of the third 

intracellular loop carboxyl-terminal region is one of the major determinants of constitutive 



activity of the D5 receptor (Charpentier et ai., 1996) and is absolutely consewed in al1 

members of the D l  B receptor subfamily (Cardinaud et a i  1997). It is clear however that 

this is not the only region involved. Many studies including that of mamrnalian D5 

(Demchyshyn et a l  ., 1997) and vertebrate D l  B (Sugamori et al., 1998) as well as other 

G-linked receptors have identified regions within the C-terminal tail that regulate 

constitutive activity (Samama et al., 1993; Matus-Leibovitch et al., 1995; Hasegawa et al., 

1996; Jensen et al., 1996; Liu et al., 1996; Kozell et al., 1997). 

As with most members of the G-protein coupled receptor [GPCR] family, Dl 

receptors will desensitize in response to continued agonist stimulation (reviewed in Neve 

& Neve 1997, Lachowicz & Sibley 1997) and that functional desensitization is associated 

with rapid agonist induced phosphorylation of the receptor, possibly by subtype specific 

G protein receptor kinases, GRKs (Tiberi et a l  1994). The available literature (Lachowicz 

& Sibley 1997) and data from our own lab, albeit limited, suggest that D5 receptors 

undergo a similar process of desensitization, however at a more rapid rate than that of the 

D l  receptor, in line with effects seen on most constitutively active receptors. As such, the 

D5 receptor may exhibit forms of constitutive desensitization since maximal stimulation of 

adenylate cyclase is always less for the D5 receptor than for the D I  receptor, and 

pretreatment with dopamine decreases its EC50 for stimulation of adenylate cyclase via 

the D l  receptor, but not the 05 receptor (Jarvie et al., 1993; Tiberi & Caron, 1994). 

These pharmacological characteristics might contribute to the observed functional 

heterogeneity among the dopamine D i  receptor subtypes. 

1.4 Do~amine Dl-like Receptor Sianal Transduction Pathwav 

The dopamine D l  like receptors are members of a superfamily of G protein- 

coupled receptors, whose biological effects are mediated via coupling and activating 

specific guanine nucleotide binding protein, G protein, signaling cascades. The third 

intracellular loop of G-linked receptors has been shown to be essential for the interaction 



between receptors and G proteins based on the studies on chimenc receptors (Mackenzie 

et al., 1993), generated peptides (Konig & Gratzel, 1994) and minigene studies (Luttrell et 

al., 1993; Hawes et al., 1994). G proteins are composed of apy heterotrirners, including 

cholera toxin-sensitive Gs, pertussis toxin-sensitive Gi and Go and pertussis-, cholera- 

toxin insensitive Gq, Gz proteins (reviewed in Hepler & Gilman, 1992; Kozasa & Gilman, 

1 995). As defined, D l  and 05 have been shown to stimulate adenylate cyclase via 

coupling to the Gs. Dl-like receptors have also been reported to couple to Gao in rat 

pituitary GH4C1 ceIl Iine (Kimura et al., 1995), and in the same cell line D5 appears to 

associate with Gaz; a AIF-4-sensitive, N-ethylmaleimide-resistant G protein that 

functionaliy can inhibit adenylate cyclase type I and V (Kozasa & Gilman, 1995; Sidhu et 

a/., 1998). In rat renal basolateral membrane and striatum, D l  receptor has been shown 

to couple to both Gas and Gaq (Hussain & Lokhandwala, 1997; Wang et al., 1995) 

based on the evidence that (1) the activation of Gas and Golq can be mimicked by 0 1  

agonist SKF 38393 and blocked by the Dl specific antagonist SCH 23390; (2)  antisera 

directed against Gas and Gaq can precipitate specific D l  like binding sites labeled with 

[3H]SCH 233390, possibly allowing dopamine D I  like receptors stimulation of the PI 

hydrolysis [see below]. The coexpression of the D l  receptors with Golf in the substantia 

nigra, caudate putamen and nucleus accumbens suggests the possibility that D l  

receptors increase cAMP via coupling to Golf (Herve et al., 1 993). 

In addition to cyclic AMP production, diverse observations have suggested that 

other transduction systems for dopamine receptors exist in both the brain and periphery 

(Mailman et al., 1986; Clark & White, 1987; Anderson et al., 1990) (Fig 2). Thus, D l  

receptor stimulation in both the brain and periphery has been shown to result in the 

stimulation of phospholipase Cl the translocation of protein kinase C, activation of ca2+ 

channels (Undie & Friedman, 1 990; Felder et al., 1 989; Mahan et al., 1990; Kansra et al., 

1995; Jin et ab, 1998), the inhibition of Na+/H+ exchange and Na+/Kf -ATPase (Niznik, 

1994; Neve & Neve, 1997), and are independent of cAMP accumulation. Studies on rat 



Fig 2: Signal transduction pathway of dopamine Dl-like receptors. DG. 

diacylglycerol; I P3, inositol 1,4,5-trisphosphate; PI P2, p hosp hatidylinositol 4,5- 

bisphosphate; PKC, Protein kinase C; PLC, phospholipase C. 



kidney membranes, rat striatal stices and Xenopus oocytes after injection of striatal mRNA 

have also shown that Dl receptors may be coupled to phosphatidylinositol (PI) 

hydrolysis and this action can be blocked by Dl like receptor specific antagonist SCH 

23390. The existence of D l  like receptors associated with activation of phospholipase C 

and Ca2+ mobilization has been reported (Felder et ab, 1989; Mahan et aL, 1990; Kansra 

et al., 1995). In amygdala, the D l  agonist SKF 38393 can stimulate a large increase in IP 

formation, which may explain why there are Dl binding sites in that area but no 

detectable Dl -mediated cAMP accumulation (Undie & Friedman, 1990). However, the 

confirmation of this phenomenon in different recombinant cell lines has not been 

successful. It remains to be determined if this dopaminergic response is rnediated through 

the same dopamine Dl receptor that couples to adenylate cyclase activation or if the 

phospholipase C-linked site is in fact a new member of the dopamine Dl like receptors 

[see below]. In some cases, Dl receptor has shown to stimulate adenylate cyclase and 

increase the opening of 1-type Ca2+ channels. However, the effect on intracellular 

calcium release upon D l  receptor activation appears to be dependent on cyclic AMP 

production (Pedersen et al., 1994; Liu et al., 1992; Lin et al., 1995) or through the 

activation of phospholipase C (Frail et al., 1 993). In peripheral tissues, Dl like receptors 

have been connected with other effectors and include for example, D l  agonist induced 

inhibition of the amiloride sensitive Na+/H+ exchangers, probably through both a receptor- 

mediated adenylate cyclase-linked procesç and a cAMP independent pathway (Felder et 

al., 1990; 1993). Also, Dl agonists can cause an increase in K+ efflux in chick retina 

where there is no Dl stimulation of cAMP or IP formation (Laitinen, 1993). Despite this, in 

al1 recombinant cells tested to date, Dl and D5 receptor can only be found to stimulate 

cAMP accumulation in response to agonists. 

Although Dl and D5 receptors can be differentiated in terms of primary structure, 

chromosomaI localization and somewhat distinct pharmacological profiles when expressed 

in a variety of cell lines, clearly defined functional roles for Dl and 05 receptors have yet 



to be established. Mice with targeted mutations of the D l  receptor (Drago et al.. 1998) 

exhibits hyperactivity; lacks psychostimulant effects of cocaine and amphetamine (Xu et 

al., 1994 a,b; Moretalla et al  1996; Crawford et al  1997); down regulate substance P and 

dynorphin levels as well as N-methyl-D-aspartate [NMDA] receptor expression (Drago et 

a l  1 994, Levine et a l  1996; Ariano et al 1998) and display decreased synaptic plasticity, 

as indexed by hippocampal long term potentiation (LTP) (Matthies et al 1997). lt is of 

interest to note that D l  receptor deficient mice exhibit a robust D l  like receptor stimulation 

of phospholipase C/phosphoinositide [PI] hydrolysis while displaying greatly diminished 

D l  -like stimulation of adenylate cyclase activity. While cloned human D l  and 05 

receptors do not mediate this response in transfected cells (Jensen et al 1996, Jaber, et a l  

1996). these receptor mediated events may possibly be transduced by D5 receptor 

interactions with G proteins other than Gs (Shidu et a l  1998) or, by as yet uncloned D l  

receptor variants. Whiie the characterization of D5D1 B deficient mice is still in its infancy, 

preliminary data suggest (Sibley, personal communication) that as with Dl deficient mice, 

elimination of the D5 receptor does not attenuate Dl receptor like PI hydrolysis. Based on 

a anti-sense knockout approach, D5 receptors have been implicated in modulating 

hypothalamic/progesterone receptor function and sexual behavior (Apostolakis et al., 

1996a,b; Rivkees & Lachowicz 1997). 

The D l  receptor is the most widespread of the dopamine receptors and is 

expressed at higher levels than any other dopamine receptors in the CNS. D l  receptor 

mRNA and protein appear to be preferentially expressed in the striatum, nucleus 

accumbens and frontal cortex with lower levels in the olfactory tubercles (Civelli et al., 

1993). In addition, D l  receptor mRNA has also been detected in the limbic system, 

hypothalamus and thalamus. lnterestingly, no D l  receptor mRNA has been detected in 

the same area as entopeducular nucleus and substantia nigra pars reticulata where Dl 



receptor protein is highly expressed (Fremeau et al., 1991 ; Dearry et al., 1990; Weiner et 

al., 1991), suggesting that D l  receptor is mainly present in projection neurons in these 

areas. 

The distribution of D5 receptor mRNA differs markedly from that of Dl  receptor 

mRNA. D5 receptor mRNA expression is more restricted and appears to be localized to 

the parafascicular nucleus of the thalamus, the hippocampus, the hypothalamus and 

specific layers of the frontal cortex (Sunahara et al., 1991 ; Tiberi et al., 1991 ; Laurier et al., 

1994) as well as the substantia nigra (Beischlag et al., 1995a,b) where the Dl  receptor is 

not significantly expressed. Little or no D5 is detected in the dorsal striatum, nucleus 

accumbens and olfactory tubercle. Compared to the rat, D5 message is lower in the 

hippocampus in the primate brain, but higher in the frontal cortex (Sunahara et al., 1991; 

Laurier et al., 1994). It is noteworthy that some brain areas with relatively abundant D5 

receptor mRNA have the lowest amounts of DllD5 radioligand binding in the brain 

(Boyson et al., 1986). 

Clues to the possible functional differentiation of dopamine Dl and 05 receptors 

were originally gleaned from an analysis of their immunohistochernical cellular protein 

distribution profiles (Levey et al  1993; Yung et a l  1995; Ariano et al  1997 a; b). Dopamine 

D l  receptors are expressed pre-dominantly in the nucleus accumbens and caudate 

putamen of GABAergic and cholinergic neurons. Dl containing neurons express 

Substance P and dynorphin, an inherent feature that distinguishes these neurons from 

those expressing D2 receptors [Gerfen, 19921. Dopaminergic projections to the basal 

ganglia originate in the substantia nigra and ventral tegmental and activate the so called 

"direct" striatal pathway which is involved in motor control. This pathway consists, in its 

simplest form, of D I  containing GABAergic neurons projecting back to the interna1 

palladium and substantia nigra par reticulata. In the neostriatum, both Dl and D5 localize 

on the medium spiny neurons white only D5 antibody label the large aspiny neurons 

typical of cholinergic interneurons (Bergson et al., 1995). Dl is abundant in the neuropil of 



the substantia nigra pars reticulata while D5 only exists on a few cell bodies. On the 

other hand, D5 antibody labeled cholinergic neurons in the basal forebrain stained more 

intensely than Dl  antibody. In general, D5 receptors are diffusely spread throughout the 

striatum and found in medium and large sized neurons at a concentration 10-1 00 times less 

than that of Dl receptors. Higher and more organized levels of D5 receptor expression 

are seen in extra striatal regions including the hippocampus, cerebral cortex 

hypothalamus, thalamus subthalarnic nuclei and cerebellum, regions not considered classic 

recipients of dopaminergic input [Bergson et ab, 1995 a,b; Srniley et al., 19941. The higher 

affinity of the D5 receptor for endogenous dopamine would be optimal for mediating 

paracrine or "volume" dopaminergic rnediated neurotransmission in these non-synaptic 

regions. However, D l  receptors are also found in both asymmetric synapses of the direct 

pathway and in other brain areas [see below] and can therefore clearly mediate non- 

synaptic dopaminergic transmission as well (Huang et al., 1992). 

Differentiation of D l ,  D5 receptors is clearly obtained in terms of their subcellular 

distribution profiles. In certain brain areas, such as the cortex and hippocampus, 

dopamine D5 and Dl receptors are CO-expressed and specifically targeted to particular 

subcellular specifications. In these regions, both dopamine Dl and D5 receptors are 

expressed predominantly in pyramidal neurons where D5 receptors are specifically 

trafficked to the cell soma/axon hillock area and dendritic shafts while D l  receptors are 

preferentially targeted to dendritic spines (Bergson et al., 1995 a,b; Smiley et al., 1994) 

somewhat to the side of asymmetric post synaptic densities. The differential subcellular 

localization of 05 and D l  receptors to shafts and spines in these neurons suggests that 

D5D1 receptors may subserve distinct functional rnodalities. 1 nhibitory cortical inputs from 

GABAergic interneurons appear to form major post-synaptic contacts with the cell soma 

and dendritic shafts of pyramidal cells while dendritic spines of pyramidal cells receive 

excitatory glutaminergic inputs (Buhl et al 1994; Craig et al 1994; Harris & Kater 1994). As 

depicted schematically in Figure 3, this subcellular distribution profile parallels and is 



Fig 3. Localization of dopamine receptors within the synaptic organization of the 

prefrontal cortex. Dopamine D l  receptor is restricted to dendritic spines, close to 

glutamate receptors (NMDA receptors); D5 receptors CO-localize with GABAA receptors to 

dendritic shafts; D4 receptors are enriched in GABA-containing interneurons; D2 and 03 

receptors are present at lower Ievels in the prefrontal cortex. Glu, glutamate; GluR, 

glutamate receptors; 5 HT, serotonin. Adapated from Neçtler, 1997 



consistent with the cellular and subcellular distribution of both y-arnino-butyric acid [GABA] 

and N-methyl-D-aspartate [NMDA] receptors on these neurons (see: Nussar et a l  1995; 

DeBiasi et al 1 996; Dunn et al 1 996; Sperk et al 1 997; Costa, 1 998). As such, by virtue 

of their close spatial proximity and subcellular distribution patterns with GABAA and 

NMDA receptors within the same cell, D5 and D l  receptors may preferentially modulate 

inhibitory and excitatory inputs, respectively. A test of this hypothesis has not been 

forthcoming, despite the availability of cDNA clones for both amino acid and dopamine 

D1D5 receptors, and is the subject of the present investigation. 

1.6 GABA And GABAA Receptor 

y-aminobutyric acid (GABA, NH2-CH2-CH2-CHI-COOH) is widely considered as the 

major inhibitory neurotransrnitter in CNS. Fast inhibitory neurotransmission within the 

mammalian CNS is largely mediated by GABA, about one third of human brain neurons 

have been calculated to be GABAergic, and they are often classified according to 

morphology, location, physiological properties or intracellular proteins. The GABA 

synapses (GABA releasing sites) are near soma and proximal dendrites in most of 

principal neurons. These are different from the distribution of glutamate synapses which 

are largely near proximal and distant dendrites. In some CNS neurons, such as granule 

cells in dentate gyrus, GABA releasing sites are near axons and or the initial segment. 

The functional aspects of GABA synapses are related to their subcellular locations. 

GABA synapses at the axon initial segment play a major role in controlling the firing 

threshold of innervated principal neurons, since the initial segment has Iowest threshold 

and action potentials are normally initiated from this region. GABA synapses at soma or 

proximal dendrites are rnainly involved in regulation of synaptic activities of principal 

neurons. GABA-mediated synaptic inhibition is an active, fast and modifiable process in 

physioIogical conditions. Alterations of this system have been observed in a variety of 

pathological States (reviewed in Costa, 1998). 



GABA exerts rnany inhibitory actions through the activation the three types of 

pharmacologically and physiologically distinct GABA receptors, termed GABAA,B,~ 

receptors. Activation of bicucullin-sensitive GABA type A (GABAA) receptors causes the 

opening of integral ion channels selectively permeable to CI- (Bormann et al., 1987). The 

GABAA receptor constitutes the major inhibitory neurotransmitter receptor system in the 

mammalian CNS, it is classically considered that GABAA receptor is a receptor-chloride 

channel which, when opened, decreases neuronal excitability. The baclofen-sensitive 

GABA type B (GABAe) receptors couple to either Ca2+ or K+ channels via G proteins 

(Bormann, 1988). These have recently been cloned and appear to belong to the 

rnetabotrophic ciass of G-linked receptors [Kaupmann et al., 19971. GABA type C 

(GABAC) receptors are CI- channels insensitive to both bicuculline and baclofen 

(Polenzani et al., 1991 ; Woodward et al., 1992; Feigenspan et al., 1993; Qian & Dowling, 

1 993). 

GABA binding sites on the GABAA receptors in mammalian brain have been 

characterized in cell-free hornogenate by using specific radio-ligands (2 ukin et al., 1974). 

GABA concentration response curves are sigmoidal and have Hill numbers of about two, 

suggesting at least two molecules of GABA must bind to the GABAA receptor for full 

activation of the native receptor channel (Sakmann et al., 1983). GABAA receptor 

contains distinct binding sites for several pharnacological agents such as 

benzodiazepines, barbiturates and alcohol, the chloride channel itself in the middle (Olsen 

& Tobin, 1990) (Fig 4). GABAA currents are universally reduced by picrotoxin and 

generally enhanced by three classes of CNS depressant drugs: the benzodiazepines, 

the barbiturates, and the anesthetic steroids (Olsen, 1981 ; 1987; Olsen et al., 1986; 

Costa, 1 998). 



Fig 4. A schematic representation of the GABAA receptor. GABAA receptors are 

thought to be pentameric complexes composed al1 three subunits of the GABAA receptor 

a, p. y subunits. GABAA receptor subunits contain distinct binding sites for several 

pharmacological agents such as benzodiazepines, barbiturates, alcohol and 

phosphorylation sites and the chloride channel itself in the middle (Mckernan & Whiting, 

1 996). 



1.7 Molecular Bioloav And The Structure Of GABAo - Rece~tors 

GABAA receptors are thought to be pentameric complexes of homologus 

transrnembrane glycoprotein of about 275 KDa. Molecular cloning experiments have 

demonstrated the existence of five different families of subunits that are components of the 

GABAA receptor complex based on sequence homology. Most of these families comprise 

several isoforms al-a6, Bl-P3, p y 3 ,  8 and p l  and p2 (Olsen & Tobin, 1990; Burt & 

Kamatchi, 1991) each comprised of four transmembrane domains. There is 30-40% 

sequence identity among the subunit families. About 70-80% sequence homology exists 

within each subunit family. The cDNA for each GABAA receptor subunit encodes for a 

polypeptide of about 50 KDa, with putative N-glycosylation sites, thought to be 

responsible for ligand-channel interactions, and four a-helical hydrophobic membrane- 

spanning regions. Between the third and the fourth membrane-spanning region is a 

putative hydrophilic cytoplasmic region of highly variable sequence involved in 

intracellular regulatory mechanisms such as phosphorylation (Fig 5). 

AI1 three subunits of the GABAA receptor, oc,P,y subunits need to be CO-expressed 

in transfected cells in order to reconstitute al1 the known pharrnacological properties of 

GABAA receptors (Pritchett et al., 1989). Heterologous expression of the GABAA receptor 

subunits has revealed that CO-expression of three subunit a, B and y produces GABA- 

gated chloride channels, and, that when the y2 subunit is present it ailows for 

benzodiazepine modulation of GABA rnediated CI- currents. TM2 of the GABAA receptor 

has been implicated in formation of the channel wall. Mutation on the TM2 in mammalian a, 

p, or y subunits results in picrotoxin-resistent GABAA receptor channels (Gurley et al., 

1995). Site-directed mutagenesis of residues just prior to, or just after, TM2 in GABAA 

receptor a, p, or y subunits resulted in altered rectification in current-voltage plots 

suggesting altered channel properties. Although not allosterically modulated by 

benzodiazapines, GABA can also open homomeric and dimeric recombinant GABAA 

receptors composed of only alfi2 subunits (Siehart, 1995). GABAA mediated currents by 
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Fig 5. A. Structure of the GABAA receptor subunit. Each subunit contains four a-helical 

hydrophobic membrane-spanning regions, large N-terminal and a srnall carboxyl terminal. 

Between the third and the fourth membrane-spanning region is a putative hydrophilic 

cytoplasmic region of highly variable sequence involved in intracellular regulatory 

mechanisrns such as phosphorylation. B. Deduced amino acid sequence allignment of the 

second intracellular loop of the GABAA receptor a1$2, y2 subunit. 



alP2 subunits of the GABAA receptor are potently blocked by Zn*+ ions, but the 

presence of y2 in any combination with the other subunits leads to the formation of 

GABAA receptors were insensitive to Zn*+ (Draguhn et al., 1990). 

The presence of different a subunits also determines different benzodiazepine 

pharrnacological profiles and allosteric GABA-benzodizepine interactions (recently 

reviewed in Costa, 1998). Phamacological studies suggested the existence of three main 

classes of GABAA receptors (Lippa et al., 1985; Squires et al., 1979), BZ1, B i 2  and a 

third class of receptor that is insensitive to most "classical" benzodiazepines but has high 

affinity for the "alcohol antagonist" Ro15-4513. The al+ l-p3-y3 combination confers 

high affinity for zolpidem and CI 21 8,872 (type 1 benzodiazepin binding site, 012, a3 or a5 

subunits confer type II benzodiazepin binding site property which shows low affinity for 

zolpidem and CI 21 8,872 (Pritchett & Seeburg, 1990; Pritchett et al., 1989), the receptors 

containing the a4 or a6 subunit have properties corresponding to those of the diazepam- 

insensitive benzodizepine receptors. Both biochemical and molecular biological studies 

have shown that important determinant for benzodiazepine binding lie in the large 

extracellular N-terminal domain of the cc subunit (Davies et al., 1996). Mutagenesis 

studies indiate that the His-101 residue of the al subunit is an important determinant of 

benzodiazepine recognition and a major site of photolabeling by [BH]flunitrazepam 

(Davies et ai., 1998). Furthermore, mutation of the Phe-64 in the putative N-terminus of 

the al subunit produced a marked decrease in agonist and antagonist affinities when co- 

expressed with P2 and y2 subunits (Sigel et al., 1992) and the same site is also 

covalently modified by the GABA site photoaffinity agonist [3H]muscimol (Toge1 et al., 

1994). Additionally, Gly-200 of the al subunit between a disulphide extracellular loop 

and TM1 was also shown to affect binding affinity for benzodiazepine ligands (Smith & 

Olsen, 1995). Mutation on two regions (YGYT: 157-160 and TGSY: 202-205) of the 82 

subunit which are situated between the disulphide loop and TM1 also affects functional 



activation by GABA (Amin & Weiss, 1993). The The-142 of the y subunit has also been 

implicated in benzodiazepine efficacy and possibiy affinity (Mihic et al., 1995). 

The subcellular localization of GABAA receptor is deterrnined primarily by #3 

subunits. p subunits can selectively target GABAA receptors to distinct cellular locations 

(Connolly et al., 1996). Changes in the spatial and temporal expression of P-subunit 

isoforms may provide a rnechanism for relocating GABAA receptor function behveen 

distinct neuronal domains (Connolly et al., 1996). 

1.8 Diversitv And Localization Of GABAA - Receptors 

In mammalian CNS, a close correlation exists between the subunit combination 

and ionic function of the native GABAA receptor. The stoichiometry of native receptors is 

still unknown, although models of receptors that are composed of two a, two and one y 

subunits (Chang et al., 1996) or two a, one B and hnro y subunits (Backus et al., 1993; 

Quirk et al., 1994) have been proposed. As discussed above, the presence of different 

subunits within the receptor allows the assembly of different receptor subtypes, many of 

which display unique pharrnacological properties. AvaiIabIe evidence suggests that 12- 

24 isoforms are suff iciently abundant to play significant physiological roles. This diversity 

presumably serves a nurnber of biological roles, including tissue- and age-dependent 

transcription control and tissue-dependent functional control at protein level (Macdonald & 

Olsen, 1994; Olsen & Tobin, 1990; Luddens & Wisden, 1991). With al1 the information 

available to date, it is likely that the most abundant receptor subtypes expressed in 

various brain areas include al$2 and y2 subunit (Whiting et al., 1995), and this receptor 

subtype is very abundant in interneurons of the hippocarnpus and the neocortex. 

Localization of the GABAA receptor gene products, including mRNA by in situ 

hybridization and polypeptides by immunocytochemistry, provides information about 

where each of GABAA receptor subunit is found and the possibie overlap or CO-existence 

of more than one product in the same cell. The distribution of mRNA for each subunit 



subtype in CNS is very distinct. For example, the y1 subunit is Iimited 

regions such as the amygdala, hypothalamus and septum, while the 

expressed only in retina, the a6 subunit is expressed only in granule cells. 

GABAA receptors subunit subtype combinations and localization I 

to the limbic 

p subunit is 

The specific 

ikely confer 

pharmacological properties of GABAA receptors in these regions, for example, in cerebellar 

granule neurons, GABA-response displays unique decay kinetics and is insensitive to 

benzodiazepines (Puia et al., 1994). 

The hippocarnpal formation is important for acquisition of short-term mernory (Bliss 

& Collingridge, 1993). Some of its structures are especially prone to neuronal damage in 

chronic epilepsy and ischemia (Sommer, 1988). Benzodiazepines and barbiturates are 

the treatrnent of choice in severe status epilepticus, and their actions rnay be mediated by 

GABAA receptors located within this structure. GABAA receptor subunits are 

heterogeneously distributed within different hippocarnpal subfields (Bliss & Collingridge, 

1993; Fritschy Mohler, 1995; Sperk et al 1997). High concentrations of al, a.2, a4 fB '$2 

are observed within the molecular layer of the dentate gyrus, representing the dendritic 

area of the granule cells. The most abundant subunits of hippocampal GABAA receptors 

were al, a2, a5 P3 and y2 and are distributed throughout the strata radium and oriens of 

CA1 and CA3 regions. The p l  subunit is preferentially located in CA2 area. Numerous 

local circuit neurons in the hippocampus and the hilus of the dent&:= jyrus contain al+- 

y2 subunits. The distribution of the GABAA receptor subunits indicates the existence of 

heterogenously constituted GABAA receptor complexes within various hippocarnpal 

subfields, which rnay exert different physiological or pharmacological properties. 

Furthermore, in the hippocampus, the synaptic terminals of three morphologically distinct 

types of interneuron can form up to 12 synaptic contacts with a postsynaptic principal 

neuron with each interneuron innervating a different domain of the surface of the 

postsynaptic neuron (Buhl et al., 1994). Kinetic differences of the postsynaptic effects 

and the anatomical segregation of the GABA release sites indicate that GABAA receptor 



properties as well as the placement of synaptic release sites play a role in the functional 

differentiation of inhibitory neurons. The strategic location of GABAA receptors on the 

axon initial segment, where the action potential threshold is lowest, predestines axo- 

axonic cells to govern the firing threshold (BuhI et al., 1994). lmmunoprecipitation 

experiments indicate that y2S is more prevalent in hippocampus, whereas y2L is more 

abundant in cerebellum, intermediate values for each form are found in the cerebral cortex. 

In the prefrontal cortex, studies of the distribution of GABAA receptor subunits 

revealed that al, B2/P3 are the most abundant subunits in this region. al-positive cells 

include the small interneurons, pyramidal cells and large interneurons, f32/B3 antibody 

irnrnunostained only small cell bodies, confirming the prevalence of benzodiazepine type 1 

receptor in this region (Dunn et al., 1996). 

1.9 Functional Interactions between Doilamine D l  -Like Receptors and 

GABAA - Rece~tors 

Numerous studies have demonstrated strong functional and reciprocal interactions 

between GABAergic and dopaminergic neurotransmission systems. This is not surprising 

given the close neuroanatomical distribution of these two transmission systems. As an 

inhibitory substance, GABA is widely distributed through out the brain with the highest 

GABA levels found in the dopamine containing areas such as the basal ganglia (Balcom 

et al., 1975). Evidence has been presented that GABA not only modulates synaptic 

strength but may play a presynaptic role by modulating dopaminergic neurons and 

neurotransmission (Tapia & Sandoval, 1974; Wu 8 Roberts, 1974). Conversely, 

dopamine has been shown to modulate the activity of GABAergic neurons in various 

brain regions as well. 

In the substantia nigra pars compacta (SNC), dopamine-containing neurons 

appear to play an important role in a number of neuronal functions. Dysfunction of 

dopamine output from these neurons has been implicated in the etiology of motor 



disorders of the basal ganglia, e.g. parkinson's disease. The primary output structure of 

the basal ganglia are the substantia nigra reticulata (SNR) and the intemal segment of the 

globus pallidus which is controlled by two opposite but paralleled pathways termed direct 

and indirect pathways (Alexander & Crutcher, 1990). Both pathways comprise 

GABAergic projections and their activation results in a disinhibition or an inhibition of 

thalamic neurons respectively (Radnikow & misgeld, 1998). Dopamine released from the 

dendrites of dopaminergic neurons interacts with the direct pathway through the activation 

of the D l  receptors presumably localized selectively on terminals of forebrain GABAergic 

afferents (Barone et al.. 1987; Harrison et al., 1990; Mansour et al., 1991 Caneron & 

William, 1993; Jaber et al., 1996) to enhance GABA release in the SNR. The activation of 

these D l  receptors can reinforce D l  receptor-mediated activation of striatal projection 

neurons which inhibit inhibitory output neurons of the substantia nigra. The facilitation of 

GABA release by Dl receptor activation enhances GABAA IPSCs in GABAergic neurons 

of the SNR (Oretel et al., 1982; Richards et al., 1997). 

Magnocellular basal forebrain (MBF) neurons form the principal source of 

cholinergic innervation to the cerebral and subcortical brain regions (Rye et al., 1984) and 

receive dopaminergic fibers. Pathophysiological degeneration of these cholinergic neurons 

has been observed in patients with Alzheimer's disease (Coyle et al., 1983; Oyanagi et 

al., 1989). Application of dopamine on these neurons reduces GABAergic inhibitory 

transmission by activating presynaptic D l  like receptors, the dopamine induced 

presynaptic effect is independent of Ca2+ entry from outside and may be mediated by 

CAMP-dependent pathway (Momiyarna et al., 1996). Furthermore in these neurons 

presynaptic D l  like receptors have also been reported to be involved in the inhibition of 

excitatory transmission (Moomiyama et al., 1995; 1996). The role of D l  like receptors in 

modulating both excitatory and inhibitory inputs onto magnocellular neurons suggests that 

dopamine has a role in regulating the balance between excitation and inhibition within 

basal forebrain nuctei. This is also confirmed by electrophysiological studies in which 



neuronal activity in the ventral pallidum can be variably inhibited or excited by 

iontophoretic application of dopamine (Napier & Maslowski-Cobuui, 1994). 

The dopaminergic innervation of striatal cholinergic interneurons, a signal that 

serves to coordinate global striatal activity, has been known to be a critical determinant of 

cellular behavior and of striatally mediated associative learning. The loss of this 

innervation is also a key factor in the emergence of motor abnormalities in 

neuropathologies like Parkinson's disease (Lehmann & Langer, 1983). As learning 

proceeds, a transient suppression lead by the conditioned stimulus in the ongoing activity 

of cholinergic interneurons, could result from either dopaminergic modulation of voltage- 

dependent ionic conductance regulating repetitive discharge or alternatively result from an 

alteration of synaptically mediated currents, such those arising from GABAergic neurons 

responding to the sensory cue (Alexander et al., 1986). Anatomical studies have shown 

that GABAergic recurrent mon collateral of medium spiny neurons and interneurons make 

synaptic contact with cholinergic interneurons (Bolam et al., 1986; Martone et al., 1992; 

Kita, 1993) which express dopamine D5 receptors in relative abundance (Bergson et al., 

1995b). Although activation of D5 receptor does not have pronounced effects on Na+, 

Ca2+, or depolarization of K+ channels, its stimulation results in the reversible 

enhancement of a Zn*+-sensitive GABAA current, possibly by dephosphorylation of the 

GABAA receptor by PKA-dependent activation of protein phosphatase 1 (Yan & Surmeier, 

1 997). 

In the mid-brain, Dl-like receptors are selectively localized to the terminals of 

GABA-containing afferents arising from the forebrain (Harrison et al., 1990; Mansour, 1991 ; 

Filloux et al., 1 988). Previous studies on the actions of these D l  receptors on evoked 

GABA synaptic potentials on the dopamine neurons in VTA show that endogenous 

dopamine released from the dendrites of spontaneously active VTA dopamine neurons 

acts tonically at presynaptic Dl like receptors on the teminals of afferent GABA neurons 

to augment GABAB inhibitory postsynaptic potentials (IPSP) (Cameron & William, 1993). 



Similarly, GABAA receptor activation has been shown to modulate dopaminergic 

Dl like receptor rnediated neurotransmission. GABA has been shown to directly inhibit 

dopamine-containing neurons in the substantia nigra via the striatonigral and pallidonigral 

pathways (Bunney & Aghajannian, 1976; Kubota et al., 1987). Some GABAergic drugs 

including ethanol, lorazepam and gamma-vinyl significantly and dose-dependently 

attenuated cocaine-induced dopamine release in the corpus striatum of freely moving 

animals (Dewey et al., 1997). Neuropharmacological findings indicate that the ventral 

tegmental area (VTA) dopamine neurons projecting to the nucleus accumbens (ACB) 

appear to receive tonic inhibitory input from GABAergic neurons through GABAA 

receptors. Application of GABA into VTA inhibited the discharge rate of putative 

dopamine neurons in anesthetized rats (Suaud-Chagny et al., 1992) and decreased 

extracellular levels of dopamine in the ACB (Suaud-Chagny et al., 1992), whereas 

application of picrotoxin, the GABAA receptor antagonist, increased the discharge rate of 

dopamine neurons. Electrophysiological studies also revealed that hyperpolarization of 

putative dopamine neurons produced by focal electrical stimulation in the VTA was 

diminished by application of picrotoxin or bicucullin (Johnson & North, 1992a) and 

application of bicuculline alone activated putative dopamine neurons (Johnson & North, 

1992b). Muscimol, a GABAA receptor agonist, has a duel effect within the anterior VTA. 

One action is to block picrotoxin's disinhibition at GABAA receptors located on dopamine 

cell bodies, another is to inhibit GABA interneurons that may be exerting tonic inhibition 

over dopamine neurons (Ikemoto et al., 1997). This contention is supported by the 

observation that application of muscimol increased somatodendrtic release of dopamine 

and produced a small efflux of dopamine in brainstem slices containing VTA, suggesting 

that the activation of GABAA receptors in the VTA inhibits inhibitory inputs controlling 

dopamine neurons in the VTA (Kalivas et al., 1990; Klitenick et al., 1992a, b; Kalivas, 

1 993). 



1.10 Modulation of GABAA - Rece~tor function bv potein ~hos~howlation 

Since both dopamine D l  and D5 receptors stimulate adenylate cyclase activity, 

one possible rneans by which GABAA receptor function can be modulated is via 

phosphoryation. It has been generally assumed that trans-synaptic modulation of fast 

inhibitory GABAergic neurotransmission by dopamine and Dl like receptors involves the 

activation of CAMP and protein kinase A dependent pathways (Yan and Sumeier, 1997). 

Phosphorylation of proteins plays an important role in modulation of protein 

function and it is widely regarded as a major mechanisrn in controlling neuronal function. 

Many neurotransmitter receptors are regulated by phosphorylation including G-protein 

receptors and ligand-gated ion-channels (Freedman et al., 1995; Nouel et al., 1997; Wan 

et al., 1997; Ferguson et al., 1998). Phosphorylation by various protein kinases has 

been shown to alter the activity of certain ligand- and voltage-gated ion channels. The 

predicted structure of GABAA receptor places many potential consensus sites for protein 

phosphorylation by PKA, PKC and protein tyrosine kinase (Swope et al., 1992) on the 

major intraceliular loops of the channel $ and y subunit. Many studies have suggested 

that GABAA receptors are regulated by protein phosphorylation (Leidenheimer et al., 

1 991 ; Porter et al., 1990; Sigel & Baur 1988; Sigel et al., 1991 ; Sessler et al., 1 989). 

GABAA receptors display complex kinetics and activation of multiple conductance 

states, and include several phases of desensitization (Yasui et al., 1985; Numann & 

Wong 1984; Cash & Subbarao l987a,b,c,d). It is possible that protein kinases may alter 

one of these distinct processes. In vitro experiments using purified preparations of the 

GABAA receptor, have demonstrated that the GABAA receptors can be phosphorylated 

by PKA (CAMP-dependent protein kinase), PKC (Protein kinase C) and protein tyrosine 

kinase (8rowning et al., 1 990; Kirkness et al., 1 989; Moss et al., 1 995). Physiological 

studies have suggested that phosphorylation of GABA receptor by various protein 

kinases either can inhibit (Leidenheimer, 1991 ; Porter et aL, 1990; Siegle & Bauer, 1988), 

potentiate (Sessler, 1989), or have no effects on GABAA receptor channel activity (Ticku 



& Mehta, 1990). The serinehhreonine phosphorylation of GABAA receptors has been 

found to reduce the receptor channel activity while tyrosine-specific phosphorylation of 

GABAA receptor is associated with enhanced receptor function (Moss, 1995; Wang & 

Salter, 1 994). 

Several reports indicate a down-regulation of GABAA receptor function by PKA. 

With whole-cell recording techniques, the peak current evoked by GABA response on the 

soma of the spinal cord neuron was significantly reduced, in a concentration-dependent 

manner, when P M  was included in the interna1 pipette solution. Heat inactivation of PKA 

andlor addition of the specific protein kinase inhibitor peptide prevented the reduction of 

GABA-evoked currents by PKA (Porter et al., 1990). Moreover, PKA decreases single- 

channel GABAA receptor currents on these neurons and the primary mechanism by which 

PKA reduces GABAA receptor currents is by producing a desensitized state of the bound 

receptor [defined by reducing the rate of transition from the unbound to the single-agonist- 

bound state of the receptor, or by increasing the rate of transition from the single-agonist- 

bound to the unbound state-either of these actions would produce a decrease in channel 

opening frequency without alter the distributions of open times]. 

In human embryonic kidney cells expressed with GABAA receptor a i p l y 2  

subunits, stimulation of PKA with excessive cAMP produces suppression of GABA- 

mediated Cl- currents and this suppression is abolished following mutation of a serine 

residue (Ser 409 to Ala) on the p i  subunit. Direct phosphorylation of the $1 subunit by 

PUA decreased the amplitude of the GABA response and the extent of rapid 

desensitization of the GABAA receptor (Moss et al., 1992a). lntracellular application of 

PKA in cultured sympathetic neurons also produces suppression of the GABAn currents 

(Moss et al., l992a). Incubation of cerebral cortical synaptoneurosomes with a membrane 

permeate cAMP analog and the adenylate cyclase activator forskolin decreased muscimol- 

induced 36CI' uptake in a concentration-dependent manner (Schwartz et al., 1991) with a 

rank order of potency : chlorophenylthio-cAMPrdibutyryI-cAMP~8-bromo-cAMP, reflecting 



the ability of the analogs to gain access to the intravesicular cornpartment. These data 

suggest that cAMP and cAMP analogs must penetrate an intravesicular cornpartment to 

inhibit GABAA receptor function. These compounds also increase the rate of decay of 

GABA current in hippocampus (Harrison & Lambert, l989), striatum and cerebellum. In 

cultured cerebral cortical neurons, cAMP analogs promote GABAA receptor desensitization 

(Tehrani et al., 1989). Facilitation of GABAA receptor function by phosphorylation was, 

however, observed in cerebellar Purkinje cells (Parfitt et al., 1990; Kano & Konnerth, 

l992), where cAMP augments GABA-induced whole-ceII current (Kano & Konnerth, 1992). 

In any event, these data would suggest that protein phosphorylation by PKA dependent 

pathways rnay be a general mechanism by which stimulatory G protein-coupled 

receptors may modulate GABAA receptor mediated synaptic activity. Evidence in support 

of this mechanism is obtained when the effects of norepinephrine on GABA-activated 

membrane currents in solitary Purkinje cells isolated from neonatal rat cerebella are 

exarnined. These can be mimicked by the B-receptor agonist isoproterenol a well as 8- 

bromo cAMP (Cheun & Yeh, 1992), neurotransmitters or neuropeptides that regulate 

intracellular cAMP Ievels. These rnay modulate the responses of neurons to GABA and 

consequently have profound effects on synaptic excitability. 

ln addition to PKA dependent pathways, data with purified fusion protein of the 

major intracellular domain of the GABAA receptor subunits suggests that the P l  subunit is 

an excellent substrate for both PKA and PKC phosphorylation. Site-directed mutagenesis 

of serine409 in the intracellular loop of the p l  subunit to an alanine residue elirninated the 

phosphorylation of the B1 subunit fusion protein by both protein kinase (Moss et al., 

1992a, 1992b). Furthermore, it was also found that the intracellular loop of the @S and 

y2L subunits is rapidly and stoichiometrically phosphorylated by PKC but not PKA (Moss 

et al., 1992a, 199213). The PKC phosphorylation of the yZS subunit occurred on the 

Serine-327 residue since its substitution to alanine eliminates the phosphorylation of the 

y2S fusion protein by PKC. For the @L subunit, which is an alternatively spliced form of 



the yZS subunit differing from an insertion of 8 amino acids (LLRMFSFK) within the 

intracellular loop of the y2S subunit, PKC phosphorylation occurs on Serine-343. Other 

studies also suggest that this residue probably is p hosp horylated by Ca2+/calmodulin- 

dependent protein kinase II (Machu et al., 1993) as well. 

Activity of neuronal ion channels depends critically on protein phosphorylation, 

particularly by the PKC family (Huganir & Greengard 1990; Shearman et al., 1989). 

Modulation of rapidly acting ion channels by PKC provides a mechanism for feedback 

from slower intracellular signaling systems, such as receptors coupled through 

phospholipase C. Such interaction have been proposed as an underlying rnechanism for 

leaming and memory, long terni potentiation and other neuroadaptive phenomena (Alkon & 

Nelson, 1990). Because of the high activity of PKC in brain and its prevalence as a 

neuronal regulator, it is likely that PKC may regulate GABAA receptor function in vivo. For 

example, adenosine selectively inhibits the slow phase of GABAA receptor through the 

activation of adenosine A l  receptor, and this inhibition can be prevented by 

staurosporine, the PKC inhibitor (Leidenheimer et al., 1992), suggesting PKC signaling 

provides a cross-talk pathway between some types of G-protein Iinked receptors and 

GABAA receptors. It is also reported that ethanol potentiates GABAA receptor-mediated 

IPSCs by interacting with a PKC-dependent process in a hippocampal slice preparation 

(Weiner et al., 1994). Furthermore, with two electrode voltage-clamp technique, the PKC 

activator phobol myristoyl acetate (PMA) inhibits GABA-gated chloride current in oocytes 

expressing brain mRNA and a lp2y2L  subunits cDNAs in a concentration-dependent 

manner, and results in a decrease in the efficacy, but not the potency, of GABA 

(Leidenheimer et al., 1992). The effects of PMA on recombinant GABAA receptors were 

significantly antagonized by PKC inhibitor peptide. Site-mutagenesis on the B2 subunit 

Ser-410 resulted in a significant reduction of the effect of the activator of PKC on the 

GABA current amplitude. 



Protein tyrosine phosphorylation is a key enzyme in signal transduction pathways 

for a wide range of cellular process, including proliferation, growth and differentiation 

(Hunter & Cooper, 1985; Hunter, 1989; Fischer et al., 1991). The accumulated evidence 

has suggested that tyrosine phosphorylation may modify neuronal function in 

physiological processes such as synaptogenesis (Catarsi & Drapeau, 1993), long-term 

potentiation (Terlau & Seifert, 1989) and pathophysiological conditions such as ischemia, 

epilepsy (Stratton et al., 1991 ; Kindy, 1993; White et al., 1993; Yokota et al., 1994). In 

cells expressing GABAA receptor subunits alBZy2L and a cDNA encoding vSRC 

(transforming gene product of Rous sarcoma virus), stimulation of tyrosine kinase vSRC 

causes enhancement of the GABAA receptor-mediated currents. The enhancement is due 

to phosphorylation of tyrosine residues of the f31 and y2L subunit, since it is abolished by 

site-specific mutagenesis of two tyrosine residues within the intracellular domain of the y21 

subunits (Moss et al., 1995). lntracellular application of the tyrosine kinase inhibitor 

genestein to cells expressing vSRC and alPly2L receptor subunits led to a time- 

dependent decrease in the amplitude of the GABA response. Similar modulation of 

GABAA receptor function was observed in primary neuronal cultures that indicated the 

B2lf33 subunits of the GABAA receptors are tyrosine phosphorylated in situ and genestein 

can decrease GABAA currents in 293 cells expressing GABAA receptor P2 subunits. 

Indeed, recent work has indicated that insulin receptor stimulation and its associated 

tyrosine kinase activity markedly enhances GABAA receptor mediated currents (Wan et al 

1997 a; b). Taken together, these data suggest that direct or indirect tyrosine kinase 

activity is an endogenous regulatory mechanism for enhancing or maintaining GABAA 

receptor function. 

1.1 1 Research rationale 

Molecular and pharmacological studies have shown that dopamine Dl and D5 

receptors share a high degree of amino acid sequence homology and expressing similar 



phannacological profiles (Sunahara et a/., 1991). This raises the question: do these nNo 

subtype serve different functions related to the different circuit elements which contact 

them? The anatomical basis for these interactions may reside in the observations that Dl 

receptors are especially prominent in dendritic spines which is the major postsynaptic 

targets of glutamatergic inputs to the cortex (Smiley et al., 1994; Bergson et al., 1995), 

while the 05 receptor is more prominently labeled in dendritic shafts (Bergson et al., 1995) 

which iç more likely to receive inhibitory inputs from GABAergic intemeurons (Bergson et 

a/., 1995). This selective distribution of D l  and D5 receptor in pyramidal neurons may 

imply that the major function of D l  like receptors is to modulate excitatory and inhibitory 

neurotransmission through interaction with specific glutamate receptor su btypes (NMDA). 

receptor or specific GABA receptor subtypes (GABAA receptor) (Bergson et aL, 1995). 

As such, both pre- and post- synaptic cortical D5 receptor, by virtue of its subcellular 

distribution and close CO-localization with GABAA receptors within select cellular 

populations suggested to us the possible anatomical basis for observed D l  like receptors 

and GABAA receptor interactions and also suggest that DA may play an important role in 

regulating the balance between excitation and inhibition in the specific area of CNS. 

1.12 Research Obiectives 

Although there is a volurninous literature describing the effects of dopamine Dl  -1ike 

receptors activation on GABAergic mediated neurotransmission, direct molecular evidence 

for this contention is lacking. As such, neither the nature of the functional interaction, the 

identity of the subtype specific dopamine D l  like receptors (Dl/D5), nor the molecular 

mechanisms by which these receptor interactions occur have been identified. ln order to 

characterize and investigate the molecular basis for dopamine D l  iike and GABAA receptor 

interactions, we CO-expressed human cDNAs encoding these receptors in HEK-293 cells 

to test the functional interaction between these receptors at the electrophysiological, 

molecular, biochemical and microscopic level as described betow: Based on the selective 



subcellular distribution profiles seen with GABA and dopamine Dl-like receptors in 

various cortical and subcortical neuronal populations, we tested the hypothesis that 

(1) selective functional and reciprocal interactions between dopamine D5, 

but not Dl,  and GABAA receptors exist, and 

(2) clear functional differentiation of dopamine Dl and 05 receptors are 

evident independent of coupling to classically defined receptor-G-protein 

signaling cascades 

1.13 Strateav For Investi~atina The Functional And for Phvsical Interaction 

Between Do~amine D5 Receptor And GABAo Rece~tor 

To provide direct molecular and functional evidence for the differential and selective 

association of dopamine D5 receptors with GABAA receptors, a CO-expression system 

was used. This was achieved by the CO-expression of either dopamine Dl or D5 

receptors with subtype specific subunits of GABAA receptor cDNAs in HEK-293 cells. 

The functional modulation of D l  and D5 receptor by GABAA receptor subunits will be 

ascertained using cellular CAMP levels. On the other hand, dopamine Dl and 05 receptor 

modulation of GABAA receptor mediated currents were assessed by whole ce11 patch 

clamp recording using GFP as a marker. Since protein phosphorylation appears to be the 

major means of receptor desensitization, our research plan was to define the second 

messenger system pathway[s] that may underlie this phenomenon. In addition, we 

wished to determine; (1) which of the multiple molecular isoforms of GABA receptors 

subunits are necessary and sufficient to maintain the possible interaction with dopamine 

receptors; (2) those sequence specific motifs of D i  and D5 receptors that confer subtype 

selective modulation of GABA receptor activity respectiveiy. 



1.14 Researchsianificance 

The major aim of this work is to provide the first moIecular evidence for GABAA and 

dopamine D 1 /D5 receptor cross-talk and those molecular mechanisms that allow these 

receptor-receptor interactions to occur between two quite distinct receptor families at rnany 

synapses in CNS. Moreover, since both GABAA receptors and dopamine Dl-like 

receptors play an important role in many neurological and neuropsychiatric disease States, 

identifying the molecular machinery allowing for their interaction may provide novel 

therapeutic targets and strategies to help combat these disease entities. 



2.0 Materials 

For ?CR amplification, a PCR Geneamp kit and Taq polyrnerase were purchased 

from Pekin-Elmer Cetus. The degenerate oligonucleotide primers were synthesized by 

the Hospita1 for Sick Children (HSC) /Pharrnacia Biotechnology Service Center. Vector 

primers and sequencing primers were also made by the same Biotechnology Service 

Center. 

Glass-max system for purifing PCR products were obtained from GIBCO BRL. 

Phenol (ultrapure) and chloroform were obtained from lnternational Biotechnologies 

Inc.(lBI) and CALEDON Laboratories LTD. 

Sodium dodecyl sulfate (SDS) was purchased from SchwardMann Biotech. 

PVDF membrane for Western Blots was obtained from Bio-rad. Glyoxyl was obtained 

from Fluka, and DMSO was purchased from BDH Inc. Photographic supplies which 

included X-ray (Biomax) diagnostic film and Polaroid Type 667 film were purchased from 

Eastman Kodak Co and Polaroid, respectively. 

LB-AMP plates used for subcloning were made using the following reagents 

obtained from Difco: bactoagar, tryptone and yeast extract. Maltose was purchased from 

Fisher Scientific. Ampicillin was obtained from lnternational Biotechnologies Inc. 

For DNA sequencing, a 7-deaza-dGTP sequencing kit and Sequenase V2.0 

enzyme were obtained from United States Biochemical. (35S)-dATP (1 500 Ci/mmol) was 

purchased from Dupont/NEN. Acrylarnide gels were made using acrylamide 4X and N,N1- 

bisacrylarnide from Serva, ammonium persulphate from lnternational Biotechnologies Inc.. 

urea and TEMED from Schwarz/Mann Biotech. 

Restriction endonucleases for subcloning were purchased from either Bethesda 

Research Laboratories or Pharmacia. Alkaline phosphatase, lysozyme and RNase were 

obtained from Boehringer Mannheim. T4 DNA ligase, T4 polynucleotide kinase and 



Klenow enzyme were obtained from Bethesda Research Laboratories. Proteinase K was 

acquired from United States Biochemical. The plasmid vectors pBluescript were obtained 

from Stratagene. The expression vector PcDNA3 was from lnvitrogen Corporation. The 

vector for rnaking GST-fusion protein was frorn Pharmacia Biotech. MES from Sigma 

Chemical Co, manganese chloride from Fisher Scientific, and sodium chloride, calcium 

chloride and magnesium chloride from BDH Inc. were used when making competent cells 

for transformations. XL-1 cells were acquired from Stratagene, COS-7 and HEK 293 cells 

were obtained from the American Type Culture Collection. 

Agarose used for regular agarose gels, Low-melt agarose used when purifying 

DNA fragment or subcloning DNA fragments were purchased from J.T. Baker Inc.. 

Ethidium bromide used for staining agarose gels and large scale plasmid DNA 

preparations were obtained from 1 nternational Biotechnologies Inc. Bromophenol blue and 

xylene cyanol FF also came from International Biotechnologies Inc. 

For large scale plasmid DNA preparations the following tubes were used: Quick- 

seal tubes from Beckman and Oakridge tubes from Nalge Co. Cesium chloride and 

glycerol were purchased from SchwardMann Biotech while isopropranol was frorn 

CALEDON Laboratories LTD, butanol was obtained from BDH Inc. Chloramphenicol 

was obtained from Sigma Chemical Co. 

For calcium phosphate transfection, Hepes, Na2HP04 were frorn either BDH or 

Sigma. a-MEM (minimum essential medium), fetal calf serurn were from GIBCO BRL Life 

Technologies, Gaitherburg, MD. 

For binding experiments, [3H]SCH23390 (81 Ci/mmol) was from DuponVNEN, 

GABA was Sigma Chemical Co. (+)-Butaclamol HCI was from Research Biochemicals 

International. 

For cAMP accumulation, the cAMP (1251) assay system was purchased from 

Amersham. 3-isobutyl-1 -methylxanthine, bicucullin, picrotoxin were obtained from Sigma 

and propranolol, dopamine, SCH23390 were from Research Biochemicals International. 



The GST fusion protein amplification kit, Bulk and RediPack GST Purification 

Modules including Glutathione, IPTG (isopropyl f3-0-thiogalactoside), Thrornbin protease, 

Glutathione sepharose 4B disposable columns were from Pharmacia Biotech. For 

preparing protein from tissue: Tris base, NaCI, igepalCa630, sodium deoxycholate, 

EDTA, sodium orthoranadate, PMSF and proteinase inhibitor cocktail were al1 from Sigma 

Chemical Co. Triton 100 was from Sangon Ltd. 

For the cells labled for testing with confocal microscopy, poly-D-lysine, normal goat 

serum (NGS), parafomadehyde were al1 from Sigma Chemical Co, primary antibody anti- 

GABAA receptor, P-chain was from BoehrÏner Mannheim Biochemica, secondary antibody 

Rhodarnine (TR1TC)-conjugated AffiniPure Sheep Anti-mouse IgG (H+L) was from 

Jackson lmmunoReseach Laboratories, Inc. 

For electrophysiology, al1 the chemicals including KCI, HEPES, CaC12, glucose 

CsCI, BAPTA, ATP, MgCl2 were from Sigma Chemical Co, cDNA encoding the jellyfish 

green fluorescent protein (GFP) was a gift from Drs. J.R.Howe and T.E.Hughes at Yale 

Univ. 



2. 1 Larae scale ~ iasmid DNA ~reparation 

Stabs from the glycerol stocks were used to inoculate 10 ml LB amp culture media 

which were grown overnight at 37% with vigorous shaking. The 10 ml cultures were 

subsequently used to inoculate 1 liter of LB media containing 100 mgfml am picillin. The 1 

liter cultures were grown at 37OC with vigorous shaking. The following day, the 1 liter 

cultures were cooled prior to spinning at 6000 rpm for 10 min at 4%. The supernatant 

was discarded and the pellets (from a Iiter culture) were resuspended in a total volume of 

6 ml GTE, and transferred to two ss-34 tubes (3 ml/tube). To each tube, 0.5 mi of 30 

mg/ml lysozyme was added and incubated for 10 min at room temperature. 

Subsequently, 8 ml of 0.2 N NaOH, 1% SDS was added to each tube, mixed by 

inversion, and incubated on ice for 5 min. To precipitate the cellular debris, 6 ml of 3 M 

potassium acetate (pH 4.9) was added to each tube, and mixed by inversion. These 

were allowed to sit on ice for 30 min, and the debris was pelleted by spinning at 12000 

rpm for 30 min at 4%. The supernatant were transferred to fresh tubes, and three-fifths 

volume of isopropanol was added to precipitate the DNA. The DNA was pelleted by 

spinning at 12000 rpm for 30 min at 4%. The pellets (from 1 liter culture) were washed 

with 70% ethanol, dried and resuspended in 4 ml TE (pH 8.0) buffer, and any 

contaminating RNA or protein were degraded by incubating first with 200 pl of 10 m g h l  

RNase A for 1 hour at 37% followed by a 37OC incubation with 30 pl of 10 mg/ml 

proteinase K for 1 hour. To the 4 ml of TE solution, 4.059 cesium chloride was dissolved, 

and 80 pl of 10 mg/ml ethidium bromide was added. This was loaded into 2 Quick-seal 

centrifuge tubes and spun for 16 hours at 70000 rpm in a Beckman tabletop 

ultracentrifuge. 

After the spin was completed, two bands under UV light were clearly discernable. 

The upper band represented the nicked circular plasmid DNA, while the lower band 

contained the closed circular plasmid DNA. In order to remove the bottom band of closed 

circular plasmid DNA, a 21 gauge needle was inserted into the top of the closed tube to 



allow air to enter. A 18 gauge needle was inserted below the lower band, and the DNA 

was drawn into a syringe. From two Quick-seal tubes, approximately 1 ml was removed. 

To this volume, sterile water was added to increase the volume to 3 ml. Several water- 

saturated butanol extraction (equal volume) were performed to remove the ethidium 

bromide frorn the DNA solution. Two volumes of cold absolute ethanol were added to 

precipitate the purified DNA. The DNA was allowed to precipitate for at least 30 min at 

-70°C, and was pelleted by spinning at 4% for 30 min at 12000 rpm. The DNA pellet 

was washed with cold 70% ethanol, dried and resuspended in 500 pl TE (pH 8.0). One 

pl was digested with appropriate restriction endonucleases, and this along with 1 f l  uncut 

DNA was run on an agarose gel for quantification of the DNA, and to ensure the purity of 

DNA. Approximately 1 mg of DNA was obtained per liter preparation of plasmid DNA. 

2.2 Subclonina of cDNA fraaments into a plasmid vector 

(a) in-gel ligations: 

If the interested DNA for subcloning is amplified PCR products, it has to be purified 

as follow: 35 ul samples were first extracted with phenol/chloroform and chloroform. The 

DNA was then precipitated at -70% for 30 min by the addition of 1/10 volume of 3 M 

sodium acetate (pH 4.9) and two volumes of cold absolute ethanol. The DNA was 

pelleted (20 min 14,000 rpm spin at 4%), washed with cold 70% ethanol, dried, and 

resuspended in sterile water. PCR products or 1 pI of mini-prep DNA, the plasmid vector 

(pBluscriptllSK(-), pGEX 2T or pcDNA3, (approximately 500 ng) were digested at 37OC 

with 1 pl of each proper restriction endonucleases, after 60 min, the plasmid was 

dephosphorylated by incubating at 370C for 30 min with 2.5 U of the enzyme alkaline 

phosphatase. Amplified PCR products without restriction endonuclease sites at both 

ends were blunted as follows: each DNA fragment was incubated with 1 pl one-phor-al1 

buffer [f OX one-phor-all: 100 mM Tris-acetate (pH 7.5), 100 rnM magnesium acetate, 500 

mM potassium acetate], 1 pl of 10 mM nucleotides (dNTP1s), 1 pl of 10 mM DTT, and 10 U 



Klenow enzyme (large fragment of DNA polymerase 1) for 30 min at 37%. The enzyme 

was inactivated by heating at 75% for 10 min. The blunt-ended DNA fragments were 

subsequently phosphoralated by incubation at 37% for 30 min with 1 pl of 10 mM ATP, 

1 pl of 100 mM DTT, and 10 U T4 polynucleotide kinase. The kinase was also 

inactivated by heating at 75% for 10 min. The plasmid vector was digested at 37% with 

1 pl of the restriction endonuclease Sma 1 (10 U/pI). After 60 min, the plasmid was 

dephosphorelated as described above. 

The Iinearized plasmid and the PCR products were run on a 0.8% low melt gel. 

The gel slice containing the PCR product was excised from the gel and added to gel slices 

containing the plasmid in an approximate molar insert to vector ratio of 4:1. In-gel ligations 

of the DNA fragment to the plasmid vector were subsequently performed. The gel slices 

were first placed at 65OC for 10 min to melt the agarose, and then at 37% for 5 min to 

renature the DNA. One-quarter volume of 5X T4 DNA ligase buffer [SX T4 DNA ligase 

buffer: 250 mM Tris HCI (pH 7.6), 50 mM MgCI2, 5 mM ATP, 5 mM DTT, 25%(w/v) 

polyethylene glycol] and 7-8 U of T4 DNA ligase was added and thoroughly mixed. The 

reactions were allowed to incubate at least 4 hours at room temperature, then, fresh 

competent cells were transformed with the ligated production. 

(b) Preparation of competent cells: 

A stab from a frozen glycerol stock of E. Coli strain XL-1 cells was used to 

inoculate 5 ml of LB. This was grown overnight at 37OC with vigorous shaking. The 

overnight culture was then used to inoculate 75 ml of LB, and was grown at 37% with 

vigorous shaking to an optional density (O.D.) of 0.6 to 0.8 at 600 nM. The cells were 

pelleted by spinning for 10 min at 2500 rpm in a Beckman centrifuge at 4%. The pellets 

were resuspended in a total volume of 40 ml of ice-cold transformation buffer consisting of 

60 mM CaC12,20 mM MES (pH 5.8), 5 mM MnCk and 5 mM MgC12, and incubated on ice 



for 60 min. The cell suspension was then spun at 2500 rpm for 10 min at 4OC, and the 

pellets were resuspended to a total volume of 4 ml in the ice-cold transfomation buffer. 

(c) Transformation of ligation reactions: 

The ligation reactions were heated at 650C for 10 min and then at 37% for 10 min. 

75 pl of sterile water was added to each reaction mixture to dilute the agarose, and 10p1 of 

this mixture was added to 150 pl of competent E. coli cells. The cells were incubated on 

ice for 60 min, heat shocked at 42% for 2 min, chilled on ice for at least 10 min, and spread 

on LB plates containing 100 mg/ml ampicillin. The LB amp plates were incubated 

overnight at 370C. 

2.3 Small-scale ~ l a s m i d  DNA pre~aration 

Colonies containing the recombinant DNA were isolated for further analysis. An 

alkaline lysis method first described by Birnboim and Doly (1979) was used to purify the 

plasmid DNA. A single colony was used to inoculate 10 ml of LB medium containing 100 

mg/ml ampicillin. The culture was grown overnight at 370C with vigorous shaking. The 

culture was spun at 3000 rprn to pellet the cells, and the resultant pellet was resuspended 

in 100 pl of ice-cold GTE [50 mM glucose,lOmM EDTA, 25mM Tris HCl(pH 8.0)]. To lyse 

the bacterial cells, 200 pl of 0.2 N NaOH, 1% SDS was added and this was allowed to sit 

on ice for 5 min. To precipitate the chromosornal DNA, protein-SDS complexes and high 

molecular weight RNA, 150 pl of 3 M potassium acetate (pH 4.9) was subsequently 

added and mixed gently by inversion. The white flocculent precipitate was removed by 

centrifugation at 14000 rpm for 5 min in a microcentrifuge at 4OC. The supernatant was 

removed and extracted with half volumes of phenol and chloroform, and equal volumes of 

chloroform. The plasmid DNA was then concentrated by ethanol precipitation with two 

volumes of cold absolute ethanol and 1/10 volumes of 3 M sodium acetate (pH 4.9) for at 

least 30 min at -700C. The DNA was finally pelleted by centrifugation at 14000 rprn for 15 



min in a microcentrifuge at 40C, washed with cold 70% ethanol, dried and resuspended in 

50 mI TE (pH 8.0). A 2 pl sample of the plasmid DNA preparation was used for restriction 

digests with restriction endonucleases and electrophoresis on an agarose gel to detemine 

the size of the DNA inserts. 

2.4 Determination of the nucleotide and deduced amino acid 

sequence 

(a) Denaturation of double-stranded plasmid DNA: 

The double-stranded plasmid DNA was denatured by an alkali method. Two pl of 

2 M NaOH and 2 mM EDTA (pH 8.0) were added to approximately 3-5 ~g of DNA 

suspended in a volume of 20 pl with water. This was incubated at 37OC for 15 min, and 

then neutralized by the addition of 3 pl of 3 M sodium acetate (pH 4.9) and 7 pf distilled 

water. The DNA was precipitated at -700C for at least 15 min by the addition of 75 pl of 

cold absolute ethanol, and then pelleted by centrifugation for 10 min at 14000 rpm in a 

microcentrifuge at 4%. The DNA pellet was washed with 200 pl of cold 70% ethanol, 

dried, and resuspended in 5 pl of sierile water. 

(b) Chain-termination DNA sequencing: 

Denatured DNA was sequenced using Sequenase Version 2.0 DNA sequencing 

kit, and 7-deaza dGTP. The dGTP analogue, 7-deaza dGTP was used to reduce 

compression that often occurs when sequencing reactions are electrophoresed. The 

vector primes, Ti' and SP6 (approximately 30 ng) in separate reactions, were annealed 

to the template DNA in the presence of 2 pl Annealing buffer [5X Annealing buffer: 200 mM 

Tris HCI (pH 7.5), 100 mM MgCl2 and 250 mM NaCI]. The annealing reactions (10 pl) 

were allowed to proceed for 30 min at 37% To the annealed template-primers, 1 pl of 

0.1 M DTT, 2 ml of a dilute labelling mix (1.5 mM 7-deaza dGTP, 1.5 mM dCTP, 1.5 mM 

dTTP), 1 .O pl of [35S]-dATP (1500Ci/mmol), and 3U of Sequenase version 2.0, were 



added and incubated at room temperature for 5 min. The DNA synthesis and labelling 

reactions were terrninated by transferring 3.5 pl of the labelling reaction to four tubes (G, 

A, Tl C) containing one dideoxynucleotide (8 mM ddGTP, 8 mM ddATP, 8 mM ddlTP or 8 

mM ddCTP), and 80 mM each of 7-deaza dGTP, dATP, dTTP and dCTP. The temination 

reactions were incubated for 5 min at 370CI and stopped by the addition of 4 pl of a 

solution composed of 95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 

0.05% xylene cyanol FF. The sample were stored at -20°C prior to loading on a high- 

resolution polyacryfarnide gel. 

(c) Electrophoresis and autoradiography: 

The sarnples designated as G, A, T and C were run on a denaturing 8% 

polyacrylamide-urea gels consisting of 0.27% bisacrylamide, 41% urea, 1 X TBE buffer, 

and 0.54% ammonium persulfate. 6 pl of TEMED was added per 10 ml before pouring the 

gel to accelerate polymerization. The gel was prerun at 60 W on an IBI sequencing gel 

apparatus for 60 min. The samples were denatured by heating for 2 min at 750CI and 

then loaded on the gel in the order G, A, T, C for each sequencing reaction. The gels were 

normally run for 5.5 hours at 55 W. This would allow for about 300-350 base pairs to be 

read off the autoradiograph starting from the end of the primer. The gel was removed from 

the apparatus and soaked in 10% acetic acid, 12% methanol for 1 hour to fix the DNA and 

washed out the urea. The gel was then dried in a Bio-Rad mode1583 gel dryet at 80°C 

for 60 min under vacuum. The dried gel was subjected to autoradiography at room 

temperature for a minimum of 16 hours. 

2.5 Construction of chimeric Dl-LRs. mini aenes of the C- 

terminus of DlR,  D5R (dlt, d5t) and the second intracellular loop of 

al, 62, y2 subunits of GABAA - receptor (al. El and ylL ulutathione S- 

transferase (GST) fusion proteins of dlt. d5t and al. el and y- 



(a) Amplification of the target cDNA by the polymerase chain reaction 

1 pg of purified double-strand template cDNA (D1/D5 receptor or al, 82 or y2 

subunit of GABAA receptor) was subjected to 30 PCR cycles (Perkin-Elmer Cetus DNA 

Thermal Cycler) with 10 pl 10x synthesis buffer, 79.5 y1 autoclaved water, 2p1 of each 10 

mM dNTPs (dATP, dGTP, dCTP, dTTP), 1 pl (lpg/pl) of two interna1 specific 

oligonucleotide primers in a total reaction volume of 100 pl. 80 pl of autoclaved mineral oil 

was layered over the reaction, the sample was then incubated at 95% for 5 min, 80°C for 

5 min before 2-5U (0.5 pl) of Tag DNA polymerase was added. Each cycle consisted of a 

1 min denaturation of the double-stranded DNA at 940C, primer annealing at 55-60°C for 

1.5 min and primer extension for 1.5 min at 72%. The 30 cycles were followed by a 7 min 

extension at 72%. 20 pl samples were subsequently removed and electrophoresed on a 

1 % agarose gel for analysis. 

(b) Construction of chimeric Dl-like receptors 

Two chimeric D l  receptors (Dl/d5t, D5/dlt) were made by switching the C- 

terminus between Dl receptor and DS receptors. A three primer PCR fusion strategy 

described by Horton et a1 (1 988) was adopted to construct the two functional chimeric 

receptors (Fig 6) as previous described in the Lab (Lee et al., 196). As brief, this 

approach termed gene splicing by overlap extension recombines DNA molecules at 

precise junctions irrespective of nucleotide sequences at the recombination site and 

without the use of the restriction endonucleases or ligase. Fragments from the genes that 

are to be recombined are generated in separate PCRs. The primers are designed so that 

the ends of the products contain complementary sequences. When these PCR products 

are mixed, denatured, and reannealed, the strands having the matching sequences at their 

3' ends overlap and act as primers for each other. Extension of this overlap by DNA 

polymerase produces a molecule in which the original sequences are 'spliced' together. 
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Fig 6. Strategy for construction of chimeric dopamine receptors 



A region after TM7 (a.a: -FNADF-) of both D l  receptor and 05 receptor that 

displays 73% nucleotide sequence identity was chosen to design two complementary 

primers {for DlfdSt primer A (a.a. -YAFNADFQ-): 5'-tat gcc ttt aat gcc gac ttt cag-3' and 

primer B (a-a. -QFDANFAY-): 5 k t g  aaa gtc ggc att aaa ggc ata-3'; for DSfdl t primer C 

(a.a. -YAFNADFR-): 5'-tat gcc ttc aac gct gat ttt cgg-3' and primer D (a.a -RFDANFAY-): 

5'ccg aaa atc agc gtt ggc ata-3'}. To arnplify the human D l  and D5 receptor N-terminus 

-transmembrane (TM) 7, cDNA coding human D l  and 05 receptor in pCD was subjected 

to PCR cycle with synthetic primer B (Dl) or D (D5) and another primer designed from 5'- 

untranslated region with resttriction enzyme BamHl site {primer E for D l  : 5'-cgt gga tcc ggt 

gtc aga gcc-3'; primer F for D5: 5'-cgt gga tcc aat gct gcc gcc a-3'). To amplify the C- 

terminus of the human Dl and D5 receptor, cDNA coding human D l  and D5 receptor in 

pCD was subjected to PCR cycle with synthetic primer A (for d5t), primer C (for d l  t) and 

another primer designed from 3'-untranslated region with restriction enzyme EcoRl site 

(primer G for d5t: 5'-ctg gaa ttc tta atg gaa tcc; primer H for d l  t: 5'-ctg gaa ttc tct gcg agt 

tca-3'). Approximately 1 pg of DNA and 1 pg of each appropriate primer were submitted 

to 30 cycles of the PCR using 2.5 U of Taq polymerase, 200 mM dNTPs (dATP, dCTP, 

dGTP, dTTP), and 10 pl 10X PCR buffer (10X PCR buffer: IOOmM Tris HCI (pH 8.3). 

500 rnM KCI) in a total reaction volume of 100 pl. Each cycle consisted of a 1 min 

denaturation of the double-stranded DNA at 94%, primer annealing at 550C for 1.5 min 

and primer extension for 2.5 min at 72%. The 30 cycles were followed by a 7 min 

extension at 720C. A 10 pl sample from each reaction was electrophoresed on a 1 % 

agarose gel to ensure the DNA fragment was pure, and then each two PCR reactions 

D l  +d5t, DB+dl t were purified through Glassmax spin columns(as described in section 

2.6:b), mixed and aliquots (10 pl) were removed and subjected to a further 30 PCR cycles 

using 1 pg each of oligonucleotides as primers (primer El G for Dlfd5t. primer F,H for 

D5Idl t) under conditions described above. The amplified 1.3 kb (for Dl/d5t), 1.4kb (for 

D5fdlt) PCR product with BamHl and EcoRl sites was subcloned into pcDNA3 as 



described in method section . To confirm appropriate splice fusion and the absence of 

spurious PCR generated nucleotide errors the entire chimenc receptors were resequenced 

as described in method section. 

(c) Glass mix recovery of cDNA: 

One hundred microliters of autoclaved water was equilibrated to 65% and the 

binding solution (6M Nal) was equilibrated to room temperature. To the 20 pl of PCR 

reaction, 95pI of the binding solution (4.5 times to the DNA) was added and the sample 

was transferred to a Glassmax spin cartridge and centrifuged at 13,000 xg for 20 seconds. 

Then the cartridge insert was removed from the tube and the flowüirough was transferred 

to a fresh microcentrifuge tube, the cartridge insert was placed back into the tube. 400pl 

of cold (4°C) l x  washing buffer was added to the spin cartridge, and the sample was 

centrifuged 13,000xg for 20 seconds, the flowthrough was discarded. This washing step 

was repeated twice, then, the spin cartridge was washed once with 400pl of cold (40C) 

70% ethanol as described above. Finally, the sample was collected by transferring the 

spin cartridge to a fresh tube, adding 60pl of 65% water and spinning at 13.000xg for 20 

seconds. 

(d) Construction of mini genes and GST-fusion proteins 

To construct mini genes and GST-fusion protein expressing dopamine Dl, D5 

carboxy terminais (d l  t, d5t) and second intracellular loop of al, P2, y2 subunits (al, pl and 

y), cDNA fragments were amplified using PCR method described above with specific 

primers: for d l  t: Primer d l  t 5' (a-a. -FAND-): 5'-cgt gga tcc acc atg atg ttt aat gct gat ttt-3' 

and Primer H; for d5t: primer d5t 5' (a.a -FAND-): 5'-cgt gga tcc acc atg atg ttc aac gcc gac 

ttt-3' and primer G; for al: primer al 5' (a.a. -NYFT-): 5'-cgt gga tcc acc atg aac tat ttc acc-3' 

and primer al 3' (a.a. -KIDR-): 5'-ctg gaa ttc tca tcg gtc gat ttt-3'; for pl: primer pl 5' (a.a. 

-NYIF-): 5'-cgt gga toc acc atg aac tac atc ttc-3' and primer BI 3' (a.a. -SIDK-): 5'-ctg gaa 



ttc tca ccg atc aat ggc-3'; for yi: primer yi 5' (a.a.-HYN-): 5'-cgt gga tcc acc atg cac tat ttt 

gtg-3' and primer yl 3' (a.a. -KMDS-): 5'-ctg gaa ttc tca gga gtc cat ttt-3'. Each 5' 

oligonucleotide contains an initiation methionine and a BarnHl site, each 3' contains an Eco 

RI site and a stop codon. The fragments were then subcloned into vector pcDNA3 (for 

mini gene construction) or into vector pGEX2T (for GST-fusion protein construction). 

2.6 GST-fusion protein purification 

GST-fusion protein system is an integrated system for the expression, purification 

and detection of fusion proteins produced in Ecoli. It consists of pGEX plasmid vector 

that was designed for inducible, high level intracellular expression genes as fusions with 

Schistosoma japonicum GST. Fusion proteins are easily purified from bacterial lysates 

by affinity chromatography using Glutathione Sepharose 48 contained in the GST 

purification Molecules. It is a successful method in the studies of protein-protein 

interactions. The details of the method for screening of pGEX recombinants for fusion 

protein expression is descibed as following: 

A colony of E coli strain of XL1 cells transformed with the pGEX recombinants was 

picked into a 15 ml tube containing 2 ml of LB-amp medium, and grown in the liquid cultures 

at 30% shaking incubator overnight, another 2 ml of LB-amp culture with 100 pl of 

overnight culture would be started the following day and grown to an Asoo of 0.6-0.8 (3-5 

hours) at 30% shaking incubator, the fusion protein expression then was induced by 

adding 2 pl of 100 mM the lactose analog isopropyl B-D-thiogalactoside (IPTG) and 

continued incubating for another 1-2 hours. 1.5 ml of the liquid cultures then were 

transfered to a fresh microcentrifuge tubes and centrifuged for 5 seconds at 7,700 Xg to 

sediment the ceIls, the supernataots then was discarded and the pellet resuspended in 

300 pl of ice-cold 1 X PBS (remove 10 pl for later testing). The cells then were lysed using 

a sonicator equipped with an appropriate probe until the liquid culture become translucent, 

and centrifuged at 12,000 Xg for 5 min at 4% to remove al1 the insoluble material (remove 



another 10 pl for later testing). After transfering to a fresh tube, 20 pl of 50% slurry of 

Glutathione Sepharose 4B was added to the tube and gently mixed for 5 min at RT, and 

then washed three tirnes with 1X PBS 100 pl, each wash contains vortex briefly, 

centrifuge for 1 min at 7,700 Xg at 40C and discard the supernatant. The fusion protein 

then were eluted by the addition of 10 pl of Glutathione Elution Buffer, incubation at RT for 

10 min and centrifuge at 40C at 7,700 Xg for 5 min and the same proceture should be 

repeated twice. 10 pl of the elution was then loaded ont0 the 10% SDS-polyacrylamide 

gel for analysis. 

2.7 Protein solublization from tissues for affinitv ~urification 

5g of rat brain hippocampus was homoginized in the buffer containing 50 mM Tris- 

CI (pH: 7.6), 150 mM NaCI, 1% igepalCa630, 0.5% Sodium deoxycholate, 2 mM EDTA, 

1 mM Sodium orthoranadate, 1 mM PMSF and protenase inhibitor cocktail (5 pll100 mg 

tissue), and centrifuged at 10,000 Xg at 4% for 20 min, the soluble part was transfer to a 

fresh tube and filtered, the membrane pellet was stired for 1 hour on ice with 1% Triton 

100 and centrifuged again under the same condition, the supernatant was then transfered 

to a fresh tube and filtered. Protein concentritions were mesured using a pierce-Kit 

described by the manufacturer. 

2.8 Protein Affinitv purification 

52 pl of 75% slurry of Glutathione Sepharose 48 was added to a 1.5 ml 

microcentrifuge tube and centrifuged for 5 min at 2,500 rpm at 40C, the supernatant was 

discarded and the Sepharose beads was washed once with 400 pl of 1X PBS, then 100 

pg of either GST, or GST-dlt or GST-d5t fusion protein was added mto the beads and 

incubated at RT for 10 min, the beads then washed three times with 400 pl of 1X PBS. 

200 pg of protein prepared from the rat brain tissue was added to the beads and 

incubated at RT for 1 hour and washed three times with 400 pi 1X PBS ( for the 



membrane part, 1% of Triton was added to the PBS). The elution was done by the 

addition of 20 pl of Glutathione Elution Buffer, incubation at RT for 10 min and centrifuge at 

4% at 7,700 Xg for 5 min and the same proceture should be repeated twice. 20 pl of the 

elution was then loaded onto the 10% SDS-polyacrylamide gel for Western blot analysis. 

2.9 lmmunoflurescent confocal rnicroscopy 

HEU-293 cells were transfected as described in setion 2.1 1. At the third day after 

transfection, the ceils were seeded into 33 mM plates with a glass cover slip coated with 

poly-D-lysine at the concentration of 4.8X1 o5 cells/plate. The cells were treated with 10 

pM of dopamine for 10 min at 37% or non-treated (as control) before fixing with 4% of 

paraformadehyde in 1X PBS at RT for 30 min, then the cells were permeablized with 

0.2% Triton 100 in 1 X PBS for 10 min at RT and washed with 1 X PBS twice and blocked 

with 10% of normal goat serum (NGS) in n l  X PBS for 1 hour at RT before incubated with 

primary antibody anti-GABAA receptor B-chain at 4OC overnight. On the following day, 

the cells were washed three times with 1X PBS and incubated with a Rhodamine 

(TRITC)-conjugated AffiniPure Sheep anti-rnouse IgG (H+L) secondary antibody (at a 

dilution 1:200). The cells on the cover slip were mounted on the slide with antifade 

reagent in glycerol/PBS and examined with a leica TCS-4D confocal microscope. 

2.10 Electrophvsioloav: whole cell recordina of the GABAA - 

receptor mediated currents 

HEK-293 cells were CO-transfected with cDNAs encoding GABAA receptor, 

dopamine D1/D5 receptors and jellyfish green fluorescent protein (GFP) as a expression 

marker as the method described in section 2.1 1. The coverslip were transferred into a 

glass-bottomed chamber. Transfected green cells were visualized under epi-fluorescent 

microscopy and recorded under DIC video microscopy. The extracellular solution in 

recording charnber composed of : 140 mM NaCI, 5.4 mM KCI, 25 mM N-2- 



hydroxyethylpiperazine-Na-ethanesulfonic acid (HEPES) 1 -3 mM CaC12 and 33 mM 

glucose, pH: 7.35 and osmolarity 310-320 mosM. Recording pipettes (resistance 2-5 MR) 

were filled with intracellular solution which contains: 140 mM CsCI, 10 mM HEPES, 10 mM 

1,2-bis(2-am inophenoxy)ethane-N, N,Nt, NI-tetraacetic acid (BAPTA), pH 7.25 and 

osmolarity 300-315 mosM. 4 mM Na-adenosine 5'-triphosphate (ATP) and 2 mM MgCl2 

were included in the intracellular recording solution to support the process of protein 

phosphorylation thereby preventing current rundown during prolonged period of whole- 

cell recording. Currents were recorded under standard whole-cell voltage-clamp 

configuration using an Axopatch 1 D amplifier (Axon Instruments Inc.) GABAA receptors 

were activated by pressure-ejection of 100 pM GABA from a rnicropippette with its tip 

located 20-50 pM from the cell at 1 min intervals. The holding potential of the patch was 

-60 mV. Current recordings were sarnpled ont0 an IBM-PC compatible compter by using 

pClamp software (pClamp6, Axon Instruments Inc., Foster City CA). 

2.11 Determination of the ~harmacoioaicai profile 

(a) Transfection of plamid DNA into HEK 293 cells: 

HEK 293 cells were transiently transfected using calcium phosphate precipitation 

(Sunahara et a/.,,1991) as follows: Cells were placed in 100 mm plate at a concentration 

4 5 x 1  06/plate in Dulbecco's rnodified Eagle's medium supplemented with 10% FBS 

(Gibco). The following day, 5-6 hours before transfection, cells were fed with 10 ml fresh 

medium (no antibiotics). To a 15 ml sterile tube, 40 pg DNA in 450 pl sterile water. 50 fl of 

2.5 M CaC12 were added and mixed, then 500 pl of 2X HBS (0.28 M NaCI, 0.05 M 

Hepes (pH 7), 1.5mM Na2HP04) was added drop by drop. As soon as Ca-DNA mixed 

with 2X HBS, 1 ml of this mixture was added ont0 each plate. On day three, the media 

with the calcium phosphate precipitate were removed, 1 ml of 15% glycerol in 1X PBS 

was added to each plate and immediately followed by 10 ml of 1X PBS, PBS was then 



removed and fresh media were added the cells then were incubated at 37% for several 

hours before being aliquoted into 24 wells plate at a concentration of 2.5X105 cells/well. 

The cells were grown for 4 days at the condition described above, then harvested for 

ligand binding analysis. 

(b) Ligand binding Analysis: 

Cells were collected and hornogenized (Teflon pestle) in binding incubation buffer 

(50 mM Tris HCI, 5 mM EDTA, 1.5mM CaC12,5 mM MgC12, pH 7.4 at 40C), homogenates 

were centrifuged for 15 min at 39,000 Xg and the resulting pellets were resuspended in the 

buffer at a concentration of 150 pg protein/ml. For saturation experiments, 0.5 ml aliquots 

of the membrane preraration in the presence and absence of 10 pM of (+)butaclamol 

hydrochloride were incubated in duplicate with increasing concentrations of [3H] 

SCH23390 (4-800pM) for 90 min at room temperature in a total volume of 1.5 ml. 

Competition binding experiments were initiated by the addition of 0.5 ml of membrane 

preparation, and incubated in duplicate with 0.4 nM of [3~]SCH-23390 in the presence of 

varying concentrations (1 0-1 '-1 0-3 M) of competing agents for 90 min at RT. Assays 

were terminated by rapid vacuum filtration over Skatron filtermates, and monitored for 

tritium by scinitillation spectrometry. For al1 experiments, non-specific binding was defined 

in the presence of 10 jA4 of (+)-butaclamol hydrochloride. AH data were analyzed by 

LIGAND or Kaleidagraph (Abelbeck Software) as previously described (Sugamori et 

a1.J 994, Pnstupa et a1.J 994). 

(c) CAMP accumulation 

Celts were washed with 0.5 ml of prewarmed alpha-MEM containing 0.5 pM 3- 

isobutyl-1-methylxanthine and 1 pM propranolol and pre-incubated in the presence or 

absence of GABA (1 00 FM) prior to dopamine receptor stimulation with dopamine (1 0 PM) 

for 15 min at 37OC. Reactions were terminated by the addition of 0.5 ml of 0.2 N HCI, then 



cells were left at 4OC for at least 20 min. Cellular debris were pelleted by centrifugation at 

500 xg and supernatant were transferred to fresh tube for assay. 

To a 5 ml fresh tube, 37.5 pl assay buffer, 12.5 pl each of unknown sample, 50 pl 

of [ 1 * 5 1 ] c ~ ~ ~  (14.5 nCi/ml) and 50 pl of antiserurn were added, vortex rnixed thoroughly, 

and incubated at 4% for 3 hours. After incubation, 250 pl KODAK AMERLEX-M second 

antibody reagent was added to the samples, votex mixed thoroughly and incubated for 

10 min at room temperature. The antibody bound fraction was separated by using 10 min 

centrifugation at 1500Xg (2500 rpm), the supematants were discarded and the tubes were 

kept inverted on absorbent tissues to drain for 5 min, the radioactivity present in each 

tube was determined by counting for 1 min in a gamma scintillation counter. 

2.12 Western blot analvsis 

(a) preperation of 10% SDS-PAGE gel: 

For making separating gel (10 ml): 4 ml distilled H20, 375mM Tris-HCI, 1 % SDS, 

1 0% acrylamide/bisacrlarnide (29.29 acrylamide, 0.89 bisacrlamide/100ml water), 0.05% 

ammonium persulfate (APS) and 0.05% TEMED; for making stacking gel (10 ml): 6.1 ml 

distilled H20, 125 mM Tris-HCI (pH 6.8), 0.1% SDS, 0.05% APS, 3.9% 

acrylamide/bisacrlamide and 0.001 O h  TEMED. 

(b) SDS-polyacrylamide gel electrophoresis: 

Protein sample was prepared by heating them to 100oC for 2 min in 1 X SDS gel- 

loading buffer (50 rnM Tris-CI pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1 % bromophenol 

blue, 10% glycerol), and then 20 pl of sample was Ioaded on the gel and run in the Tris- 

glycine electrophoresis buffer (25 mM Tris, 250 mM glycine pH 8.3, 0.1% SDS) with 30 

mA current until the bromophenol blue reaches the bottom of the gel. 



(C) Staining SDS-polyacrylamide gels with coomassie brilliant blue: 

SDS-polyacrylamide gel was fixed in 25% of methonol and 10% of glacial acetic 

acid for 20 min at RT, and then immersed in 50 ml of staining solution (0.1259 Coomassie 

Bfilliant Blue R250, 22.5 ml methonol, 22.5 ml H20 and 5 ml glacial acetic acid) for 20 min at 

RT, destained in the 25% of rnethonol and 10% of glacial acetic acid solution until clear 

protein bands can be seen. 

(d) Western blot analysis: 

When the SDS-polyacrylamide gel was approaching the end of its run, proteins 

from SDS-polyacrylamide gels were transferred to PVDF membrane in the the transfer 

buffer (39 mM glycine, 48 rnM Tris base, 20% methanol) with 120 V for 1 hour, the 

transferred membrane was ready for Western blot analysis. The membrane was blocked 

in 5% nonfat dried milk dissolved in TBST buffer (10 mM Tris, 150 mM NaCl and 0.1% 

Tween) for 1 hour at RT, washed three tirne with TBST buffer, and then incubated with 

primary antibody (diluted in 5% milk in TBST) for 1 hour at RT, washed again with TBST 

buffer three times and the membane was incubated to the secondary antibody (diluted in 

5% milk in TBST) for 1 hour at RT. An equal volume of detection solution 1 and 2 were 

mixed quickly and appiied to the membrane to incubate precisely 1 min at RT without 

agitation, and the membrane was exposed to the film as soon as possible for 1-1 5 min. 

(e) Stripping membranes 

The membrane was submerged in stripping buffer (100 mM 2-mercaptoethanol, 

2% SDS and 62.5 rnM Tris-HCI pH 6.7) and incubated at 50°C for 30 min with occasionai 

agitation, then the membrane was washed for twice 10 min with TBST buffer at RT. The 

membrane can be reprobed several times. 



2.13. Fusion protein overlav 

(a) Preparation of radioactive protein probe: 

A probe was made with D l  or D5 C-terminus subcloned into mamrnalian 

expression vector pcDNA3 (BamHI and ECoRI) using TNT@ T7 Quick Coupled 

TranscriptioriTTranslation Systern: 1 pg of DNA template, 40 FI TNT@ T7 Quick Master Mix 

and 2 pl [3%]methionine (1 ,OOOOCi/mmol) at 10 mCVml were added to a 1.5 ml eppendorf 

tube, nuclease-free water was added to a final volume 50 pl, the reaction was incubated 

at 30% for 90 min. Once the reaction was completed, 5 pl of the reaction was removed 

and added to 20 pl of SDS sample buffer and boiled at 100 OC for 2 min, the remainder of 

the reaction was stored at -200C. To test the radioactivity of the probe. the denatured 5 

pl in 20 pl of sample buffer then was loaded on a 20% SDS-polyacrylamide gel with a 

constant current of 15 mA in the stacking gel and 30 rnA in the separating gel untii the 

brornophenol blue dye off the bottom of the gel. The gel was then dried in a Bio-rad 

mode1583 gel dryer at 80% for 15 min under vacuum. The dried gel was subjected to 

autoradiography at room temperature for 6 hours to overnight. Once the film showed the 

positive right size band, the probe was ready to use. 

(b) Overlay assay: 

GST fusion protein of the second intracellular loop of GABAA receptor a p y 

subunits (10 pg each) were run on the 10% SDS-PAGE and transfered to PVDF as 

described in the Western blot section. The blot was blocked in 2% milk/û.l% Tween in 

PBS for 1 hour at room temperrature, then hybridized with Dl or D5 C-terminus probe 

labeled with [3%]methionine (as descibed above) in the 2% milk/O.l% Tween in PBS for 

1 hour at room temperrature and then the blot was washed 2 times with 2% milk/û.l% 

Tween in PBS and once in PBS, after wash. the blot was subjected to autoradiography 

at r o m  temperature ovemight. 



2.14 Data analysis 

Data from saturation and competition binding experiments were analyzed by the 

non-linear least-squares curve fitting program KALIEDAGRAPH (Abelbeck Software) as 

previous described in the Lab (Lee et al., 1996). Significance values were obtained using 

2-tailed Student t-test [a statistical software developed by SPSS Inc.(Statistical Prodüct 

and Service Solutions (SPSS) for windows 7.5.1 -1. 



RESULTS 

3.1. Reciprocal Do~amine D5/GABAa - Rece~tor Interactions 

(a) GABA Modulates Dopamine D5 Receptor Mediated cAMP Accumulation 

Through Activation Of GBABA Receptor 

We assessed whether GABAA receptor stimulation selectively modulates subtype 

specific dopamine D1/D5 receptor mediated cAMP accumulation in cells transiently co- 

expressing these cDNAs. HEK-293 cells were co-transfected with 20 pg of maxi-prep 

cDNA of Dl or D5 with GABAA receptor al $ 2 ~ 2  subunits (20pglsubunit) (the most 

common form in mammalian CNS) and preincubated in the presence or absence of GABA 

(100 pM) prior to dopamine receptor stimulation. As depicted in Figure 7. under conditions 

where D l  or D5 receptor expression levels are similar [ see below] and CO-expressed with 

GABAA receptor subunits, dopamine [ I O  PM] maximally stimulated the production of cAMP 

in cells CO-expressing GABAA with D5 or D l  receptors to virtually identical levels 5-6 fold 

over basal activity and this stimulation is blocked by specific Dl-like receptor antagonist 

SCH23390 [1 PM]. However, when cells were pretreated with 100 yM GABA for 10 min at 

37OC. D5-mediated adenylate cyclase activity was decreased by -45% while no changes 

in agonist promoted D l  -receptor mediated cAMP levels were observed. 

Furthermore, GABA mediated reductions in D5 cAMP accumulation were 

concentration dependent with an estimated ECso value of -200 I50nM [Figure 81 and were 

blocked effectively by treatment with GABAA receptor specific antagonist picrotoxin [ I O  

pM, 90% inhibition] suggesting that the effect is directly mediated by GABAk receptors. In 

control cells only expressing D l  or D5 receptors. pretreatment with GABA shows no 

modulation on the cAMP Ievel in these cells (Fig 9). 

As depicted in Figure 10 the reduction of D5 receptor mediated cAMP production by 

GABAA receptor stimulation is associated with a reduction in the maximal accumulation of 

cAMP D / M ~  rather than attributed to change in the affinity of dopamine for the D5 receptor. 



1 0 p M D A  - + + -  + + . C f -  + +  
lOOpM GABA- - - + + +  - - -  + + +  
1 pMSCH - - + - - - + -  - -  
lOOpM PiTx - - - - - + - - - -  - + 

Fig. 7. GABA modulates dopamine D5 receptor mediated cAMP accumulation 

through activation of GABAA receptor. HEK-293 celts transiently CO-expression 

GABAA receptor with either Dl or D5 receptor were assayed for cAMP accumulation 

following dopamine (10 FM) stimulation with or without GABA (1 00 pM) pretreatment. 

Dopamine D5 receptor stimulation of cAMP accumulation is decreased by 45% while no 

changes in dopamine Dl receptor mediated cAMP levels and the GABA modulation on D5 

receptor mediated cAMP level is blocked 90% by GABAA receptor antagonist picrotoxin 

(10 PM). Results shown are the meanS.E. of 19 independent experiments each 

conducted in duplicate (* pc0.05). 
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Fig. 8. Concentration depending of GABA-mediated effect on dopamine Dl105 

receptor mediated cAMP accumulation. cAMP accumulation was measured in cells 

expressing Dl or D5 only and in cells CO-expressing GABAA receptor subunits with Dl or 

D5 receptor. Cells were pretreated with increasing concentrations of GABA, as indicated, 

GABA only modulated D5 receptor-mediated cAMP accumulation with an estimated IC50 

of 21ûk36 nM in the cells CO-expressing 05 and GABAA receptor. Results shown are 

representative of three independent expenments each conducted in duplicate. 



Fig. 9. GABAA receptor is essential for GABA modulation of dopamine D5 

receptor mediated cAMP accumulation. HEK-293 cells transiently expressing 

dopamine D l  or D5 receptor were assayed for cAMP accumulation following dopamine (1 0 

PM) stimulation with or without GABA (1 00 PM) pretreatment. There were no changes in 

dopamine DVD5 receptor mediated cAMP levels after GABA pretreatment. Error bars 

represent standard error (S.E. I 15% of mean, n=3). 



Fig. 10. Effect of GABA on 05  receptor mediated cAMP accumulation. HEK-293 

cells transiently CO-expressing GABAA and 0 5  receptor were assayed for cAMP 

accumulation following concentration-dependent stimulation of D5 receptor with [D5+G (t)] 

or without GABA (D5+G) (1 00yM) pretreatment. The EC50 [- 300 + 60 nM for dopamine 

D5 receptor stimulation of cAMP accumulation in CO-expressing cells pretreatment with 

GABA was similar to control (celis without pretreatment with GABA) 250 1 23 nM. 

However, maximal level of D5 mediated cAMP accumutation were significantly reduced by 

40%. Results shown are representative of three independent experiments each 

conducted in du plicate. 



Thus, the estimated EC50 for 05 dopamine stimulated cAMP production in GABA 

pretreated cells [EC50 -300 + 60 nM n=4] is virtually identical to that obsewed in control 

non-treated cells [250 t 23 nM n=4] despite an - 40% reduction in apparent maximal 

accumulation of cAMP levels. Thus, the GABA receptor mediated reduction of dopamine D5 

receptor cAMP accumulation cannot be attributed to a GABA induced cornpetitive induced 

reduction of dopamine's affinity for the D5 receptor affÏnity. 

To further document that the selective GABAA receptor rnediated modification of D5 

but not D l  receptor cAMP production is not the result of either a GABA induced 

modification in receptor affinity or expression levels, we assessed the estimated receptor 

densities and affinities of various ligands for these sites in control and treated cells. In 

control untreated HEK-293 cells transiently expressing either D l  or D5 receptors alone or 

CO-expressed with GABAA receptor subunits were assessed for their ability to bind the 

dopamine Dl-like receptor-selective ligand [ 3 ~ ]  SCH23390. AS shown in Fig 11, [ 3 ~ ]  

SCH23390 bound in a saturable and uniphasic manner with estimated Kd values for D l  

or D5 receptor of 0.47k 0.03 nM and 0.33 t 0.04 nM respectively. Estimated Bmax values 

were sirnilarly unaffected (0.42 + 0.26 and 0.46 ?r 0.04 pmoleshng protein respectively). It 

should be noted that experimental conditions were developed in order to CO-express 

these receptors at equivalent densities. Co-transfection of GABAA receptor subunits 

does not significantly alter the estimated Kd of [3H]SCH-23390 binding to D l  or D5 

receptors with estimated values of 0.52 f 0.06 nM and 0.52 t B.05 nM), albeit with 

expression levels (Bmax) for both D l  and D5 receptor decreased by -50% relative to 

cells transfected with these genes alone. As depicted in Figure 12-1 3 pretreatment of cells 

with GABA does not effect either the estimated the Kd or Bmax for [3H]SCH-23390 

binding to D l  or D5 receptors with or without CO-expression with GABAA receptor. Kd 

and Bmax values for ail conditions are summanzed in Figure 14. 

Similarly, as illustrated in Figure 15 and Fig 16, the estimated inhibitory constants 

(Ki) obtained for the inhibition of PH] SCH23390 binding by dopamine on either control or 



F ig. 11. Saturation isotherms of [3H]SCH23390 binding to membranes prepared 

from HEK-293 cells expressing dopamine Dlm5 receptor alone or CO-expressing 

with GABAA receptor. The Kd for f3HlSCH23390 binding to D l  (470 f 30pM) or D5 

(330 + 37 PM) receptor alone is not altered by CO-expression with GABAA receptor, but 

the expression level, in terms of Bmax, is decreased by 50% Results shown are 

representative of independent experienments each conducted in duplicate. 



Fig. 12. Saturation isotherms of pHlSCH23390 binding to membranes prepared 

from HEK-293 cells expressing dopamine Dl receptor with or without 

pretreatment with GABA (100yM). The Kd for [ 3 ~ ] ~ ~ ~ 2 3 3 9 0  binding to Dl or D5 

receptor (470 + 30pM; 330 f 37pM) and the Bmax (0.42 pmolfmg protein; 0.46 prnolhg 

protein) are not altered by GABA pretreatment. ResuIts shown are representative of 

independent experiments each conducted in duplicate. 



Fig. 13. Saturation isotherms of PH]SCH23390 binding to membranes prepared 

from HEK-293 cells CO-expressing dopamine Dl or D5 receptor with GABAA 

receptor with or without pretreatment with GABA (100 PM). The Kd for 

[3H]SCH23390 binding to Dl or D5 receptor (520 f 60 PM; 400 k 35 PM) and the 

expression level Bmax (0.26 pmol/mg protein; 0.23 prnol/mg protein), is not altered by 

GABA pretreatment (Kd: 520 k 50 PM, 320 I 18 PM; Bmax: 0.20 pmolfmg protein, 0.21 

pmol/mg protein). Results shown are representative of independent experiments each 

conducted in duplicate. 
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Fig 14. Estimated Kd and Bmax value for [3H]SCH23390 binding to DllD5 

receptor either alone or CO-expressed with GABAA receptors with or without 

GABA pretreatment. The Kd for [3H]SCH23390 binding to Dl or D5 receptors is not 

altered by either CO-expression with GABAA receptor or GABA pretreatment, DI/D5 

receptor expression levels, in terms of Bmax, is decreased by 50% following co- 

expressing with GABAA receptor, GABA pretreatment does not further influence these 

values. Error bars represent standard error (S.E. I 15% of mean, n=3) 
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Fig. 15. Dopamine affinity for PHlSCH23390 binding to membranes prepared 

frorn HEK-293 cells expressing dopamine Dl receptor alone or CO-expressed 

with the GABAA receptor with GABA (1 00pM) pretreatment. Cell membranes 

were incubated with -200pM [3H]SC~23390 in the presence of the indicated 

concentrations of dopamine and assayed for receptor activity. Estimated Ki (PM) values 

for dopamine at each condition [Dl R: 1.2; Dl R(100 pMGABA): 3.9; D l  +GABAn: 3.2; 

D l  +GABAA (100 pMGABA): 2.11 are deterrnined by KALEIDAGRAPH and are 

representative of independent experiments each conducted in duplicate. 



Fig. 16. Dopamine affinity for [3H]SCH23390 binding to membranes prepared 

from HEK-293 cells expressing dopamine D5 receptor alone or CO-expressed 

with the GABAA receptor with or without GABA (100pM) pretreatment. Cell 

membranes are incubated with -200pM PHISCH23390 in the presence of the indicated 

concentrations of dopamine and assayed for receptor activity. Estimated Ki (PM) values 

for dopamine at each condition [D5R: 0.35; D5R(100 pMGABA): 0.21 ; D~+GABAA: 0.29; 

D ~ + G A B A A  (100 pMGABA): 0.271 are determined by KALEIDAGRAPH and are 

representative of independent experiments each conducted in duplicate. 



pretreated cells correlate strongly with those Ki values obtained for dopamine at cells 

expressing D l  or D5 receptors alone. Taken together, these data strongly suggest that 

the reduction of maximal DS-mediated cAMP production by GABAA receptor stimulation 

can not be attributed to either a GABA induced competitive reduction of either dopamine 

affinity for the D5 receptor or to reduced receptor expression levels. 

(b) Dopamine modulates GABAA receptor whole ceII currents through 

activation of dopamine D5 receptor 

Since GABAA receptor stimulation selectively modulated D5, but not Dl receptor 

rnediated cAMP accumulation we assessed whether reciprocal receptor interactions occur. 

To assess the effects of dopamine D l  like receptor stimulation on GABA mediated chloride 

channel opening, HEK-293 cells as above were CO-transfected with the most common 

form of the GABAA receptor al, p2, y2 subunits with either human dopamine D l  or D5 

receptors. To facilitate identification of CO-expressing cells, cDNA encoding the green 

fluorescent protein (GFP) were CO-transfected into HEK-293 cells at the same time. 

GAE3AA receptor mediated chloride channel opening was assessed using whole-cell 

patch-clamp recording of GFP positive cells. GABA currents were evoked at a holding 

membrane potential of -60 mV by pressure ejection of GABA (100 PM, 100 ms) from a 

drug pipette positioned close to the recorded cell. Once stable control recordings were 

obtained, 10 pM of dopamine were applied to the cell and GABAA receptor channel 

activity assessed. As depicted in Figure 17, the amplitude of GABAA receptor-mediated 

chloride conductance was decreased by -30% by D5 receptor stimulation and no 

changes in GABAA receptor-mediated channel activity were seen in the cells co- 

transfected with Dl receptor (1 370.6 f 197.4pCVD1; control, 1361.4k 187pAfD1 treatment; 

151 6 f 168 pA/D5 control and 1096 .+ 71.4 pAID5 treatment, n = 6 ). Moreover, prior 

occupation of the receptor with the Dl-like receptors blocker SCH-23390 [l PM] 

completely prevented this modulation (control 1362 f 157; treatment 1400 + 470pA, n=6) 



Control Dopamine C o n ~ o l  Dopamine 

F ig. 17 Selective modulation of GABAA receptor-rnediated whole-cell currents 

induced by GABA (100 PM) by D5 receptor stimulation. HEK-293 cells were co- 

transfected with the GFP, GABAA receptor al,B2,y2 subunits, and either D l  or 0 5  

receptors. GABAA receptor mediated chloride channe! opening was assessed using 

whole-cell patch-clamp recording following brief exposure to 100 prn GABA. Once stable 

control recordings were obtained, dopamine [IO FM] was applied and GABAA receptor 

channel activity was assessed. The amplitude of GABAA receptor-mediated chloride 

conductance [at a holding membrane potential of -60mV] was decreased by -30% by D5 

receptor stimulation (control: 151 6 I 168 PA, treatment: 1096 k 71.4 pA, n = 6, tlo = 5.1 5, 

p c 0.01). No changes in GABAA receptor-mediated channel activity were seen in the 

cells CO-transfected with Dl R (control: 1370.6 + 197.4pA, treatment: 1361.4k 187pA) 



(Fig 18). Control cells only expressing GABAA receptors were unresponsive to 

dopamine treatment (data not shown). in addition, as discussed in section 3.1 (a), ligand 

binding experiments reveal that the ineffectives of Dl receptor modulation of GABAA 

receptor activity is not dependent of levels of receptor expression. In any event, care 

was taken to ensure comparable levels of D l  [-0.2 pmoledrng protein] and D5 receptor 

[-0.2 pmolels/mg protein] expression [as indexed by [3H]SCH-23390 binding] for al1 

experiments. 

To determine whether dopamine modulation of GABAA receptor channel activity is 

due to a change in the CI' driving force or to a change in conductance, the effects of 

dopamine on the current-voltage (1-V) relationship of the GABAA receptor-rnediated 

currents were examined in HEU-293 cells CO-expressing both D5 receptor and GABAA 

receptors, currents are evoked at the membrane potentials from -60rnV to +60mV with a 

voltage step of 20 mV and the 1-V relationship is determined after the responses has 

stabilized and then in the presence of or absence of the 10 pM of dopamine. As shown in 

Fig 19, the reversa1 potential is - O mV, which is the same as GABAA receptor currents 

recorded in the cells without treatment with dopamine. Application of dopamine does not 

cause a change in the reversai potentiai of the currents but produced a decrease in the 

dope of the current-voltage curve. These data suggest that dopamine-induced decrease 

in the GABAA receptor-mediated currents is due to the decreased GABAA receptor- 

activated whole-ce11 membrane conductance, but not due to a change in ionic driving force. 

(c)  Dopamine D5 receptor induced modulation on GABAA receptor whole 

cell currents are independent of PKA (CAMP-dependent protein kinase) pathway 

In order to gain further insight into the mechanism of the selective 05 receptor 

modulation on GABAA receptor channel activity, the PKA activator and inhibitor was 

tested. Previous studies has demonstrated that GABAA receptors are directly 

phosphorylated on the p l  subunit by PKA and the phosphorylation decreased the 
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Fig. 18 Modulation of GABAA receptor-mediated whole-cell currents by 

dopamine via activition of D5 receptor is blocked by Dl like receptors specific 

antagonist SCH23390. HEK-293 cells were CO-transfected with the GFP, GABAA 

receptor ai,PZ,y2 subunits, and D5 receptors. Dopamine modulation on GABAA receptor 

mediated chloride channel opening was assessed using whole-cell patch-clamp recording 

by dopamine [IO PM] treatment. Prior occupation of the receptor with the D l  -like receptors 

blocker SCH-23390 [1 PM] completely prevented this modulation (control: 1362+/-157; 

dopamine: 1400+/-147 PA, n=6). 



Fig 19 Effects of dopamine on the current-voltage ( 1 4 )  relationship of the 

GABAA receptor-mediated currents. Co-transfected HEK-293 cells with D5 receptor, 

GABAA receptor and GFP pre-exposured to 100 FM GABA, currents are evoked at the 

membrane potentials from -60 mV to +60 mV and the 1-V relationship is determined after 

the responses has stabilized and then in the presence of 10 pM of dopamine. The 

reversal potential is - O mV in the cells with and without treatment with dopamine.. 

Application of dopamine does not cause a change in the reversal potential of the 

decreased currents but produced a decrease in the slope of the current-voltage cuwe. 



amplitude of the GABA response (Leidenheimer, 1991 ; Porter et al., 1990; Sigel & Bauer, 

1988). Since the major signal transduction pathway for dopamine DllD5 receptor is to 

increase the intracellular cAMP accumulation through positiveiy coupling with subtype 

specific G-proteins, the principal downstream target of cAMP is PKA. As depicted in 

Figure 20, the amplitude of GABAA receptor-mediated chloride conductance was 

decreased by - 31% by dopamine D5 receptor stimulation in spite of cell pretreatment 

with Rp-CAMP (1449 k 146 pA/control and 1004 f 126 pAID5 treatment, n=6). These 

data provide additional evidence that dopamine D5 receptor modulation of GABAA 

receptor channel activity is through a CAMP-independent pathway, and are in line with 

that only D5, but not Dl, activation inhibits GABAA receptor-mediated responses 

although both dopamine Dl and D5 receptor stimulate CAMP. As outlined in the 

discussion, a number of possibilities exist that can account for the inability of cAMP to 

modify GABA receptor mediated responses despite evidence in the literature to the 

contrary. 

3.2. Dopamine DSGABAa - Receptor functional modulation throuah 

protein-p rote in ~hvsicai  interaction 

The fact that D5, but not Dl ,  receptor displays reciprocal and functional interaction 

with GABAA receptors, and that this interaction appears to be a PKA independent 

manner, suggested the possibility that the molecular basis of this observed reciprocal 

interactions is in some way mediated by protein-protein interactions. Recent studies on 

p2-adrenergic receptor suggest a novel way by which G-protein linked receptor mediates 

its function through a G-protein independent pathway is via protein-protein interaction 

(Hall et al., 1998). 

To identify proteins that might possibly interact with dopamine D5 receptors and 

GABAA receptor, we incubated rat hippocampaI brain extracts with dopamine Dl (as 

controt), and D5 receptor tails or the intracellular loops of al, P2, y2 GABAA receptor 
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Fig. 20 Dopamine modulates GABAA receptor-mediated whole-cell currents 

through a PKA-independent pathway. HEK-293 cells were CO-transfected with the 

GFP, GABAA receptor ai,p2,@ subunits and D5 receptors. GABAA receptor rnediated 

chloride channel opening was assessed using whole-cell patch-clamp recording. Once 

stable control recordings were obtained, bath application of 1 nM of Rp-CAMP (PKA 

inhibitor) for 10 min before 10 pM of dopamine is applied. the amplitude of GABAA 

receptor-mediated chloride conductance was decreased by - 31 O h  by dopamine treatment 

(1449 -t 146 pAkontrol and 1004 t 126 pAiD5 treatment, n=6, tlo = 5.1 6; p c  0.01). 



subunits as fusion proteins with glutathione-S-transferase [GST] respectively. 10 pg of 

each GST-fusion protein is loaded on 10% SDS-PAGE and stained with coomassie Blue 

R250 to confirm the expression of the GST-fusion proteins (Fig 21). D l  and D5GST- 

affinity purified/precipitated hippocampal proteins were subjected to SDS-PAGE and 

immunoblotted with various antibodies including that of the a subunit of GABAA receptors. 

As illustrated in Figure 22, a single predominate GABAA receptor a subunit immunoreactive 

band with an apparent molecular mass of -50 kDa was greatly enriched in D5-GST 

precipitated sample but not in that of Dl-GST or GST alone. Moreover, as iliustrated in 

Figure 23, GST fusion proteins encoding the intracellular loops of 82 and y2, but not al, of 

GABAA receptor subunits bound to and precipitated holo-dopamine D5 receptors of 

apparent molecular mass of 55-65 kDa solubilized frorn hippocampal brain membranes as 

indexed by western blotting with dopamine D5 antibodies. Neither of these GABAA 

receptor loops precipitate native hippocampal dopamine D l  receptors. While these data 

suggest the association of dopamine 05 receptors with and y subunits of GABAA 

receptors, these experiments cannot differentiate whether D5 binding to GABAA subunits 

or for that matter GABA binding to D5 receptors is mediated via direct receptor-receptor 

interactions or indirectly via an interaction with some yet unidentified receptor accessory 

Iassociated protein. 

In order to assess whether these receptor interactions were the result of direct 

protein-protein binding we probed, in blot overiay experiments, GST fusion proteins 

encoding the second intracellular loops of al, P2 and y2 of GABAA receptor subunits with 

in vitro translated "S-methionine labeled peptides encoding dopamine D5 or D l  carboxyl 

terminal tail sequences [%-D~CT, 35s-Dl CT] each of apparent motecular mass of -41 and 

42 kDa respectively. As depicted in Figure 24, the %-D~cT probe bound and interacts 

with the second intraceltular loop of the y2 receptor subunit of GABA receptors as 

indexed by the detection of 3 5 S - û 5 ~ ~  on the autoradiograph. The binding of 35S D5CT is 

specific as it does not react with control GST or GST fusion protein expressing either al, 
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Fig. 21. Coomassie-blue stained SDS-PAGE gel of proteins eluted from 

glutathione sepharose@ 48. Glutathione S-trasferase (GST) gene fusion proteins of 

DllDBR carboxy-tail and the second intracellular loop of GABAA receptor al, B2 and y2 

subunits constructed into the pGEX-PT fusion protein vector respectively by PCR 

amplification with specific interna1 primers for each specific fragment and arnplified as 

descibed in methods section, 10 pg of each GST-fusion protein and the control GST only 

was loaded on 10% SDS-PAGE and stained with coomassie Brilliant Blue R250 to 

confirm the expression of the GST-fusion proteins. Positions of molecular size are shown 

GST-D1:4l kD; GST-D5:42KD; GST-al: 38KD; GST-$2:43KD; GST-y2:39KD. 



GST GST-Dl GST-DS GST GST-DI GST-D5 

Fig. 22 Biochemical association of GABAA receptor and dopamine D5 receptor 

in rat brain (Anti-GABAA al). Detergent extracts of rat hippocampal membrane were 

incubated with GST-fusion proteins of C-termini of D l  and D5 receptor coupled to 

glutathione-Sepharose beads. The eluted bound proteins were loaded on 10% SDS- 

PAGE and stained with coomassie blue (left) and immunoblotted with primary antibody 

anti-GABAA receptor al subunit (right). Results show that the C-terminal tail of D5 

receptor GST-fusion protein selectively 'pull down' GABAA receptor from rat brain 

extracts. Neither GST-fusion protein of the Dl receptor terminus or the control GST 

bound to GABAA receptor. Positions of molecular size markers are shown. 
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Fig. 23 Biochemical association of GABAA receptor and dopamine 0 5  receptor 

in rat brain (Anti-D5). Detergent extracts of rat hippocampal membrane were incubated 

with GST-fusion proteins of the second intracellular loop of GABAA receptor al$2 and .yZ 

subunits coupled to glutathione-Sepharose beads. The eluted bound proteins were 

loaded on 10% SDS-PAGE and imrnunoblotted with primary antibody anti-D5. Results 

show that the second intracellular loop of GABAA receptor B2 and y2 subunits GST-fusion 

protein selectively 'pull down' D5 receptor from rat brain extracts. Neither GST-fusion 

protein of the al receptor terminus or the control GST bound to D5 receptor. Positions of 

molecular size rnarkers are shown. 
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Fig. 24 Direct interaction of GABAA receptor and dopamine D5 receptor in vitro 

(D5 overlay). Filter overlay assay showing specific in vitro binding of C-terminus of D5 

receptor to the major intracellular loop of GABAA receptor. GST-fusion proteins of the 

major intracellular loop of GABAA receptor al, P2 and y2 subunit were probed with 

[35S]methionine labled C-terminus of Dl and D5 receptor. The C-terminus of D5 receptor 

probe hybridized with the GST-fusion protein of the y2 subunit, but not the B2, al 

subunit. The Dl C-terminus probe does not hybridize with any GABAA receptor 

subunits. Positions of molecular sise markers are shown 



or 82 GABAA receptor subunit intracellular loops. Moreover, as illustrated in the Figure 24 

the 35S D ~ C T  labeled probe, despite similarity in size and net charge to 35s DSCT, does 

not at al1 recognize GST fusion proteins encoding the intracellular loops of GABAA 

receptor al P2 or y2 subunits. Similarly, in vitro translated %-methionine labeled 

peptides of GABAA al, P2 and y2 intracellular loops [35S-al IL, ~ ~ S - P ~ I L ,  ~ ~ S - Y ~ I L ]  of 

apparent molecular mass of 38, 43 and 39 kDa respectively, were assessed for their 

ability to bind and recognize GST fusion proteins expressing D5 and D l  CT intracellular 

domains. As illustrated in Figure 25, 3Sy2IL only bound DS-GST but not GST alone or 

DI-GST fusion proteins. As with the binding of 35S D ~ C T  described above, this interaction 

is specific and is not seen with either 35s-a1 IL, ~ ~ S - P ~ I L  receptor probes. These results 

clearly suggest the direct reciprocal binding of dopamine 05 CT domains to sequences 

encoded by the intracellular loop of the y2 subunit of GABAA receptors. The fact that 

GST fusion proteins expressing the intracellular loop of the GABAA receptors P2 subunit 

can cornplex and affinity precipitate native hippocamput dopamine D5 receptor [see Figure 

231 but not recognize D5CT tail sequences in blot overlay assays [see Figure 241, would 

suggest that in addition to direct $2 and D5 protein:protein interactions either [i] indirect 

protein protein interactions occur between the P2 subunit and the D5 receptor possibly 

via some undefined accessory binding protein or [ii] that the P2 subunit still binds directly 

to the 05  receptor but not to sequences encoded within the CT terminal tail. The exact 

molecular rnechanisms rnediating indirect dopamine 05-P-subunit interactions or their 

functional significance is not yet known and the subject of active investigation. 

3.3. Evidence for direct protein protein interactions in the maintenance and 

expression of reciprocal functional G A B A A ~  - 

ta1 k. 

Although Dl and D5 receptors share strong amino acid and pharmacological 

homologies, significant sequence divergent is evident particularly in N and C terminal tails. 
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Fig. 25 Direct interaction of GABAA receptor and dopamine D5 receptor in vitro 

DS overlay (y2 overlay). Filter overlay assay showing specific in vitro binding of C- 

terminus of D5 receptor to the major intracellular loop of GABAA receptor. GST-fusion 

proteins of the C-terminus of D l  and D5 receptor were probed with [35S]methionine labled 

major intracellular loop of GABAA receptor al, P2 and y2 subunit. The y2 subunit probe 

hybridized with the GST-fusion protein of the C-terminus of D5 receptor, but not the D l  

C-terminus, and the B2, al subunit probe does not hybridize with both Dl and D5 

receptor. Positions of molecular size rnarkers are shown 



We have recently reported in abstract form (Demchyshyn et al., 1997) that the swapping 

the CT terminal of the dopamine D l  with D5 receptors modulates both its pharrnacological 

and functional activity. To test whether sequence motifs inherent in the C-terminus of the 

D5 receptor can modulate D5fGABA receptor interaction, two chimetic receptors (Dl/d5t, 

DS/dlt) were made in which the corresponding C-terminal tails were swapped (as 

described in methods section). 

Cells CO-expressing of GABAA with Dl/d5t or D5fdlt mutant receptors were 

assessed for receptor-mediated cAMP accumulation with or without GABA pretreatment. 

As expected, based on the blot overlay data described above, Dl receptor in which the 

C-terminal tail has been swapped with the C-terminal tail of D5 receptor (DlfdSt) 

reconstitute GABNdopamine receptor interactions with GABA reducing cAMP 

accumulation mediated by Dl/d5t by 45-50°h via activation of GABAA receptor (Fig 26A). 

In marked contrast, cAMP accumulation mediated by D5 receptors which now express the 

D l  CTtail D5fdlt) fail to be modulated by GABAA receptor stimulation. 

In order to further confirm the result that D5 receptor C-terminal tail confers selective 

functional coupling to GABAA receptor, two mini genes encoding D l  or D5 receptor C- 

terminal tails (dlt, d5t) were made as described in the methods section. Based on the 

concept that reciprocal dopamine D5 and GABA receptor interactions are mediated by 

direct protein protein binding we hypothesized that minigenes encoding the CT tail of D5 

but not Dl receptors should act as competitive inhibitors of this interaction and prevent 

D5-GABA receptor interactions. HEK 293-ceils CO-expressing D5 and GABAA receptors 

were cotransfected with either d l  t or d5t. As illustrated in Figure 26 B the reduction of D5 

receptor cAMP accumulation by GABAA receptor stimulation was totally blocked by d5t, 

but not d l t  (Fig 26 B). In control experiments, mini gene encoded peptides did not 

independently modulate dopamine Dl or D5 receptor activity or cAMP production. 

Three mini genes encoding the second intracellular loop of ai, 82 and y2 subunits 

were made as described in the methods section. As expected, CO-expresion of the y2 
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Fig 26. GABA modulates dopamine D5 receptor mediated cAMP accumulation 

through the interaction of GABAA receptor with D5 receptor C-terminus. HEK- 

293 cells transiently CO-expression GABAA receptor and D5 receptor with Dl tail mini 

gene (Dl t), or D5 tail mini gene (D5t) or chimeric receptors D l  with 05 tail (Dl/D5t) or D5 

with D l  tail (DS/Dlt) are assayed for cAMP accumulation following dopamine (10 PM) 

stimulation with or without GABA (100 PM) pretreatment. (A) Chimeric receptor with D5 

tail stimulation of cAMP accumulation is decreased by -50% while no changes in chimeric 

receptor with Dl tail mediated cAMP levels . (B) D5 tail mini gene can block the inhibition 

of GABA on D5-mediated cAMP level by -98% while D l  tait mini gene does not show 

any effects. Error bars represent standard errors (S.E. 5 15% of mean, n=3). 



subunit mini gene can block the GABA modulation on D5-mediated CAMP, while f32 and CQ 

subunits display minimal effects on D5 receptor mediated activity (Fig 27). 

We next determined the GABAA receptor subunit requirement for the obsewed 

GABA receptor modulation of D5 receptor CAMP accumulation. As depicted in Figure 27, 

cells CO-expressing dopamine D5 receptor with GABAA receptor al and P2 subunits 

alone did not allow for D5-GABA receptor cross-talk, in line with the proposed selective 

coupling to y subunits. Taken together these data clearly provide evidence for the rapid, 

agonist promoted, reciprocal and functional subtype selective cross-talk between 

dopamine D5 and GABA receptors requires the presence of y subunits. 

Similarly, we tested whether reciprocal dopamine D5 receptor modulation of 

GABAA receptor currents were mediated by sequences encoded by the D5 CT tail. As 

depicted in Figure 28, in the celIs CO-transfected with GABAA receptor and D1d5t receptor, 

the amplitude of GABAA receptor-mediated currents were decreased by -26% by 

dopamine stimulation (1 392 + 134 p N  control and 1028 I 1 10 pA, treatment, n=6). In 

contrast, no reduction in GABAA receptor-mediated current changes was obsewed in the 

cells CO-transfected GABAA receptor with DSdlt (D5 receptor with D l  receptor tail) ( 1441 

f: 135 pA/ control and 1322 + 124 pAf treatment, n=6). 

3.4. G A B A  - A Receptor translocation mediated bv d o ~ a m i n e  D5 

r e c e ~ t o r  

What rnolecular mechanism can account for the rapid CO-directional inactivation of 

both GABAA and Dopamine 05 receptor activity following agonist stimulation of only one 

receptor subtype? Recently several studies demonstrated a direct Iink between 

neurotransmitter receptor or transporter function with their cellular localization. For example, 

in muscle and fat cells, binding of insulin to its receptors causes a rapid translocation of 

GLU-4 glucose transporter to the plasma membrane, increasing glucose uptake in these 

cells (Cheatharn et al, 1996). Similarly, desensitization of G-linked receptors is associated 
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Fig 27. Effects of minigenes encoding the second intraceliular loop of a, P and y 

of G AB A A  receptor on GABA modulation D5 receptor-mediated cAMP 

accumulation. HEK-293 cells transiently CO-expression GABAA receptor and D5 

receptor with cc or p or y [oop mini genes are assayed for cAMP accumulation following 

dopamine (10 PM) stimulation with or without GABA (100 PM) pretreatment. Co- 

expressing y mini genes can block the inhibition of GABA on D5-mediated cAMP level by 

-1 00% and subunit can partially block the GABA modulation on DS-mediated cAMP 

level. If only CO-transfected HEK cell with D5 and alp2 subunits, the GABA modulation 

on D5-mediated cAMP level was abolished. Error bars represent standard error (S.E. 5 

15% of mean, n=3). 
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Fig 28. Recording of GABAA receptor-mediated whole-cell currents induced by 

GABA (100 yM) ont0 the cells CO-expressing chimeric DllD5 receptors and 

GABAA receptor with or without dopamine (10 yM) pretreatment. HEK-293 cells 

were CO-transfected with the GFP, GABAA receptor al,P2,y2 subunits, and the chimeric 

receptors D l  with D5 tail (Dld5t) and D5 with the D l  tail (D5dlt). GABAA receptor 

mediated chloride channel opening was assessed using whole-ceIl patch-clamp recording 

following brief exposure to 100pm GABA. As a results, in the celi CO-transfected with 

GABAA receptor and D l  d5t receptor, the amplitude of GABAA receptor-mediated chtoride 

conductance was decreased by -26% by dopamine stimulation (1 392 & 134 pA/ control 

and 1028 t 110 pA/ treatment, n=6, t10=4.695, p < 0.01), no GABAA receptor mediated 

chloride channel current changes are observed in the cells CO-transfected GABAA receptor 

with DSdl t (D5 receptor with D l  receptor tail) ( 1441 4 135 pA/ control and 1322 f 124 pA/ 

treatment, n=6). 



with receptor internalization or sequestration (Yu et al., 1993). For GABAA receptor, insulin 

can increase the nurnber of functional postsynaptic GABAA receptors and lead to the 

increasing of the amplitude of the GABAA receptor-mediated miniature inhibitory 

postsynaptic currents (mlPSCs) (Wan, et al, 1997). 

To investigate whether dopamine D5 receptor modulation GABAA receptor 

channel activity is mediated by the rapid sequestration or translocation of GABAA 

receptors from or to the plasma membrane, transiently transfected 293 cells expressing Dl 

or D5 with GABAA receptors were be scanned by immuno-confocal laser scanning 

microscopy 

(a) Dopamine D5 receptor modulates GABAA Receptor channel activity 

through receptor internalization 

HEK-293 cells are CO-transfected with GABAA receptor and D I  or 05  receptor 

using calcium phosphate rnethod as described in method section. and pretreated with 

propranolol before treating with or without dopamine (10 PM). The fixed cell was then 

stained with primary antibody against GABAA receptor 82 subunit and labeled with 

Rhodamine (TRITC)-conjugated secondary antibodies. The subcellular location of 

irnmunofluresent labeled receptors are then examined under the condition described above 

which is with or without of 10 yM dopamine treatment. Without dopamine treatment, 

GABAA receptors are preferentially localized at the ceIl membrane surface. Following 

treatment with 10 FM dopamine at 370C for 10 min in cells CO-expressing GABAA receptor 

and D5 but not D1 receptors, 61.18% of cells has a predominant intracellular localization of 

immunolabeled GABAA receptors (as shown in Fig 29). GABAA receptor internalization is 

blocked when the cells are pretreated with specific dopamine antagonist 1 pM SCH 

23390. The rate of the GABAA receptor translocation is calculated as the number of the 

cells that exhibit GABAA receptor localization at both the ceIl surface plasma membrane 

and within intracellular compartments as a percentage of total transfected cells. In cells co- 



D~R+GABAAR 

control dopamine 

Fig 29. Dopamine causes membrane translocation of GABAA receptor through 

activition of D5 receptor. HEK-293 cells are CO-transfected with GABAA and D5 

receptor and stained with primary antibody against GABAA receptor 82 subunt and labled 

with Rhodamine (TRITC)-conjugated secondary antibodies. The subcellular location of 

immunofluresent labled receptors are then examined under confocal microscope. GABAA 

receptors only localize at the cell membrane surface when CO-transfected with D5 receptor, 

but when treatment with 10 pM dopamien at 37% for 10 min, 61 -1 8% of the labled 

GABAA receptor localize at both cell surface and intracellular compartments, and these 

GABAA receptor internalization are blocked when pretreated with specific dopamine 

antagonisrt 1 pM SCH 23390 (not shown). The rate of the GABAA receptor translocation 

is calculated as the number of the cells that GABAA receptor localize both at the cell 

surface and the intracellular cornpartment as a percentage of total transfected cells. Each 

experienment is repeated 4 times and about 1,000 transfected cells are counted each time. 



expressing GABAA and D l  receptors, labeled GABAA receptors are trafficked and 

localized at cell surface plasma membrane independent of treatment with 10 pM of 

dopamine (Fig 30). Each experiment was repeated 4 times and during the course of 

experimentation - 4,000 transfected cells were counted . 

(b) Dopamine induce GABAA Receptor internalization via the D5 receptor 

C-terminus 

To confirm that GABAA receptor translocation is similarly mediated by direct protein 

protein binding with the CT tail of the dopamine D5 receptor, we assessed whether co- 

expression of the mini gene of D5 receptor C-terminus can block GABA trafficking. As 

shown in Fig.31, GABAA receptor internalization induced by pretreatment with dopamine 

in D5 receptor transfected cells was completely blocked by cotransfection of D5-CT tail 

encoding peptides. Co-transfection GABAA and D5 receptors with the mini gene that 

encoding D l  receptor C-terminus has no effect on agonist promoted D5 receptor mediated 

internalization of GABA receptors. 

(c) 0 5  induced GABAA Receptor internalization not mediated by PKA, PKC 

or TK signal transduction elements 

HEK-293 cells CO-expressing GABAA and dopamine D5 receptor were pretreated 

with PKA, PKC or tyrosine kinase inhibitors (Rp-CAMP, staurosprine, genestein) at 37OC 

for 20 min followed by treatment with dopamine (1 0 PM) for 10 min at 37OC, and then the 

cells were fixed, permeablized and stained with primary antibody anti-P2 subunit of 

GABAA receptor and Rhodamine (TR1TC)-conjugated secondary antibody and scanned 

by confocal microscopy. As shown in Fig. 32, al1 the three protein kinase inhibitors can 

not block the dopamine induced D5 receptor mediated GABAA receptor internalization . 

These data clearly indicate that dopamine D5, but not D l  receptors, functionally regulate 
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Fig 30. No GABAA receptor translocation in the cells CO-expressing GABAA 

receptor and Dl receptor with dopamine stimulation. HEK-293 cells are co- 

transfected with GABAA receptor and Dl receptor and stained with primary antibody 

against GABAA receptor P2 subunit and labeled with Rhodamine (TRITC)-conjugated 

secondary antibodies. The subcellular location of immunofluresent labeled receptors are 

then examined under confocal microscope. GABAA receptors only localize at the cell 

membrane surface with and without dopamine treatment. Each experiment is repeated 4 

tirnes and about 1,000 transfected cells are counted each time. 
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Fig 31. The C-terminus of D5 receptor (d5t) is required for the dopamine 

modulate GABAA receptor translocation. HEK-293 cells are CO-transfected with 

GABAA receptor, D5 receptor and the mini gene of D5 receptor C-terminus and treated 

with or without dopamine (10 FM). The fixed cells then were stained with primary 

antibody against GABAA receptor P2 subbing and labeled with Rhodamine (TR1TC)- 

conjugated secondary antibodies. The subcellular location of immunofluresent labeled 

receptors are then examined under confocal microscope. the GABAA receptor 

internalization induced by pretreatment with dopamine when only CO-transfected with 

GABAA receptor and D5 receptor is completely blocked by the CO-transfection with D5 C- 

terminus mini gene. Each experiment is repeated 4 times. 
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Fig 32. D5 receptor mediated GABAA receptor translocation through a PKA, 

PKC and tyrosine kinase independent pathway. HEK-293 cells CO-transfected with 

GABAA receptor and D5 receptor are pretreated with PKA, PKC or tyrosine kinase 

inhibitors (Rp-CAMPS, staurosprine, genestein) at 37% for 10 min followed by treatment 

with dopamine (1 0 PM) for 10 min at 37% with or without dopmaine (1 0 PM). The fixed 

cells then were stained with primary antibody against GABAA receptor /32 subunit and 

labeled with Rhodamine (TRITC)-conjugated secondary antibodies. The subcellular 

location of irnmunofluresent labeled receptors are then examined under confocal 

microscope. As a results, al1 the three protein kinase inhibitors can not block the dopamine 

induced GABAA receptor intemalization via the activation of dopamine D5 receptor. 



GABAA receptor channel activity via receptor translocation in a PKA, PKC and TK 

independent manner and is in line with the functional data provided in pewious sections. 



Discussion 

Dopamine plays a central role in the control of motor kinction, emotional states, and 

endocrine physiology. Many neurological disorders are thought to reflect disruptions in 

dopaminergic signaling. The near total loss of the doparninergic innervation of the striatum 

is the precipitating cause of Parkinson's disease (Wooten, 1990). The discovery that 

schizophrenic symptorns can be alleviated by neuroleptic dnigs and the finding that these 

drugs' primary site of action is via the blockade of dopamine receptors has indicated 

involvement of the dopamine systern in schizophrenia (Hartman & Civelli, 1996). In 

addition, deficits and or/alterations in dopaminergic neurotransmission have been 

suggested to play a critical role in many psychomotor disorders, as well as in the 

maintenance and expression of psychostirnulant effects of drugs of abuse and possibly 

other addictions, such as, alcoholism and smoking. 

lnhibitory mechanisrns of the central nervous system are mediated by intrinsic and 

synaptic ionic channels. Many neurotransmitter systems have inhibitory actions on CNS 

neurons, but the synaptic transmission mediated by GABA is widely considered as the 

major inhibitory process in mammalian CNS (Nicoll et al., 1990). Inappropriate action of 

GABA at CNS synapses has been implicated in the pathologies of a number of 

neurological and psychiatric disease states. Alterations in GABA neurotransmission have 

been observed in brain tissue from schizophrenic patients, and imbalances in both GABA 

and glutamate levels occur in Huntington's chorea and epilepsy (Clark & Amara, 1993). 

Studies with select GABA uptake blockers have shown that these drugs are capable of 

blocking seizure activity (Clark & Amara, 1993). 

GABA and dopamine signal transmission at chernical synapses in the central 

nervous system involves two structurally and functionally divergent families of 

neurotransmitter receptors: GABAA receptor, a member of the ligand-gated ion channels, 

mediate fast (in less than a miIlisecond) inhibitory synaptic transmission; and DI/D5 



receptors, belong to the G protein-coupled receptor super-family, exerting their biological 

functions through coupling to the G protein signal cascades. The fact that dopamine D5 

receptor localizes selectively with GABAA receptors on the cortical dendritic shafts has 

provided evidence suggesting that these two receptors may interact with each other. 

Previous studies on brain tissue or slices have shown a strong functional interaction 

between GABAergic and dopaminergic systems, but none of them revealed the molecular 

mechanism involved in this phenornena due to the lack of an experimental model. Our 

initial studies were to test the functional interaction between these two major 

neurotransmitter receptors using a CO-expressing system which CO-transfected cDNAs 

encoding GABAA receptor with either D l  or D5 receptor to HEK-293 cells. Due to the 

complex assembly of GABAA receptor subunits, we chose alp2yL combination of 

GABAA receptor based on evidence that it represents -40% of the GABAA receptor in rat 

brain (Mckeman & Whiting, 1996). 

Functional interaction between D5 rece~tor and GABAA - receptor 

Although several studies have reported that dopamine regulates GABAA chloride 

channel activity through the activation of dopamine D l  like receptors, to date, no studies 

have determined precisely which of the two Dl like receptors mediate this effect. In large 

part this is due to the lack of highly selective D l  or D5 receptor agonists or antagonists. 

We therefore CO-transfected Dl or D5 receptor cDNA with GABAA receptor into HEK-293 

cells to assess their functional interactions and elucidate the molecular mechanisms 

mediating these events. 

As described in detail in section 3.1, the results were unexpected. As depicted in 

Figure 17, we show that brief [IO min] agonist stimulation [IOpM dopamine] of dopamine 

D5, but not D l ,  receptors attenuates the amplitude of GABAA al,B2,y2 receptor-mediated 

whole-ceIl CI- currents by -30% in CO-transfected HEK-293 cells. Dopamine mediated D5 

receptor modulation of GABAA receptor currents were concentration dependent with an 



estimated EC50 of -250 nM, vittually identical to the estimated EC50 for dopamine 

stimulated cAMP accumulation in these cells [see below] and blocked by pretreatment of 

cells with the D l  receptor antagonist, SCH-23390 [1 PM]. More irnportantly, as illustrated 

in Figure 20, we show that D5 selective modulation of GABAA receptors appears not to 

be dependent upon the cAMP/PKA pathways, since these interactions are not found to 

be blocked by pretreatment of cells with Rp-CAMP, a potent inhibitor of cAMP dependent 

pathways; systems known to regulate both GABAA and dopamine D l  like receptor 

function [ McKernan & Whiting 1996, Wan et al 1997,a,b; Krishek et al 1994; Moss et al 

1995; Neve and Neve 1997; Karoor & Malbon 19981. 

Moreover, these functional interactions were not uni-directional since GABAA 

receptor stimulation modulated dopamine D5, but not Dl ,  receptor stimulated responses. 

As depicted in Figure 7, brief GABAA receptor stimulation reduced dopamine D5, but not 

Dl ,  receptor cAMP accumulation by -45%; an effect blocked by either bicuculline or 

picrotoxin. Moreover, we document that these agonist promoted reciprocal interactions are 

not a product of: [ I l  differential Dl or D5 receptor expression levels [Z] due to altered 

agonist affinity characteristics of these receptors or [3] caused by the competitive 

inhibition at the receptor ligand binding site. As such, this is the first evidence 

dernonstrating that [l]; the functional differentiation of cloned human Dl and D5 receptors 

and [2]; the existence of reciprocal GABA~doparnine receptor interactions in the same ce11 

which appears not to be dependent on classically defined receptor signal transduction 

cascades. 

WHAT MECHANISM CAN ACCOUNT FOR THE RAPID CO-DIRECTIONAL 

REDUCTION OF GABNDS RECEPTOR FUNCTlON IN THESE CELLS? To provide 

clues to the molecular mechanism[s] that may be responsibls for the observed rapid 

reduction of GABAA receptor whole cell currents following brief agonist stimulation of 

dopamine D5, but not D l ,  receptors, transiently transfected 293 cells expressing D1D5 

with GABAA receptors were visualized by immuno-confocal laser scanning microscopy in 



the presence or absence of 10 pM dopamine. As illustrated in Figure 29, in control 

untreated cells, GABAA receptors are preferentially localized to the plasma membrane 

surface. However, following D5, but not Dl ,  receptor stimulation there is a rapid relocation 

of the GABAA receptor [-60%] from the plasma membrane to intracellular compartments. 

Moreover, D5 stimulated GABAA receptor translocation could not be antagonized by 

inhibiting either PKA/PKC or tyrosine kinase pathways [Fig 321. These data suggest that 

in addition to increases or decreases in the frequency and/or mean duration of receptor 

channel openings, another rnechanism by which GABAA mediated receptor activity may 

be rnodulated is via the rapid trafficking of GABAA receptors either towards or away from 

the cell surface. These data are consistent with the notion that GABAA receptor mediated 

responses maybe a product of synaptic receptor number [Nusser et al 1998; Wan et al 

1997b 1. 

Agonist induced sequestration of plasma membrane G-linked receptors, including 

Dl-like receptors, has long been identified as a means by which receptor sensitivity is 

modulated and the prirnary mechanism by which these receptors are desensitized [Ng et 

al 1995; Dumartin et al  1998; Ferguson et a l  l996,1998]. We wondered, how and why 

only agonist promoted subtype specific D5, but not D l ,  receptor stimulation can 

effectively internalire and traffic GABAA receptors. The differential rate of D5 vs. D l  

receptor desensitization could not account for this effect, since preliminary time course 

experiments indicate that continued stimulation of D l  receptors for up to 40 minutes stili 

doeâ not modulate GABAA receptor whole cell currents. Moreover, since Dl and D5 

receptors couple to functionally homologous effector systems in these cells. we wondered 

why GABAA receptor stimulation only modulates dopamine D5, but not D l ,  receptor 

CAMP accumulation. We reasoned that an entirely different molecular mechanism, 

possibly a consequence of sequence specific motifs inherent in the D5 receptor, must be 

operative to allow for both the obsewed reciprocal functional interactions between 

GABAA and D5 receptors and for selective D5 mediated GABAA receptor internalization. 



DIRECT PR0TEIN:PROTEIN BlNDlNG BETWEEN DOPAMINE 05 AND 

GABAA - RECEPTOR SUBUNITS. In an attempt to define the structural basis for these 

events, we focused on the carboxyl terminal tail region of D5 and Dl receptors. The 

carboxyl terminus of G-linked receptors is known to influence G protein-coupling and 

second messenger activation, constitutive activity, receptor de-sensitization/internalization 

and trafficking [Gabilondo et al. 1997; Hasegawa et al. 1996; lnnamorati et al. 1998; 

Jensen et al. 1996; Matus-Leibovitch et al. 19951- D l  and D5 intracellular carboxyl 

terminal domains display particular sequence divergence with little observed deduced 

amino acid homology between al1 cloned members of the dopamine Dl and D5 receptor 

classes. We therefore examined whether the CT tail domain of D1D5 receptors interacts 

with the GABAA receptor. We provide in vitro evidence for both direct and indirect 

protein:protein binding between dopamine D5 and GABAA receptors. 

As depicted in Figure 22, GST fusion proteins encoding the cytoplasmic carboxyl 

terminal [Cq tail domain of dopamine D5, but not Dl, receptors recognize and precipitate 

native solubilized hippocampal GABAA receptors. Similarly, fusion proteins of the second 

intracellular loop of GABAA receptor PZ,  y2 subunit precipitates native hippocampal 

dopamine D5, but not Dl receptors. Moreover, we determined that the binding of the D5- 

CT tail to the GABAA receptor y2 subunit is direct and not mediated by some accessory 

receptor binding protein. This contention is based on our observation that in-vitro 

translated 3%-labeled DS-CT tail peptide probes bind to fusion proteins encoding only 

the second intracellular cytoplasmic loop of y2. but not, al or p2 subunits of GABAA 

receptors in blot overlay assays [Fig 241. Similarly, only 3%-labeled $2. but not, al or p2 

subunits of GABAA receptors bind directly to GST-DSCT tail domains, but not to fusion 

proteins encoding Dl CT-tail sequences [Fig 251. 

As discussed above, in HEK-293 celIs, brief agonist stimulation of dopamine D5 

receptor promotes a reduction in the amplitude of GABAA whole cell currents and 

conversely GABAA receptor stimulation reduces dopamine 05 stimulated CAMP 



accumulation in these cells. No effects are seen following dopamine D l  receptor 

stimulation, despite the fact that both Dl and 05 receptors activate cAMP levels to similar 

extents. Neither does GABAA receptor stimulation modify D l  receptor promoted cAMP 

production [see Fig 71. These data, coupled with the inability of selective inhibitors of PKA 

dependent pathways to modulate GABAA receptor function in cells CO-expressing these 

receptors suggests that, at least under these conditions and cell rnodel system, reciprocal 

D5 and GABAA receptor interactions are not dependent on cAMP activation pathways. 

We hypothesized, based on our in vitro blot overlay and affinify precipitation 

experiments, that one potential mechanism that may account for these observations is the 

direct protein:protein interaction between dopamine D5CT tail sequences to the second 

in tracellular loop of sub type specific GA BAA receptor $2 subunits. We pro vide e vidence 

for this contention . 
We examined the ability of chimeric human Dl/dSt and DSIdl t tail receptor mutants 

to establish reciprocal functional interactions with GABAA receptors. These chimeras have 

been prepared using an anchored three primer based PCR strategy as previously 

described in the lab [ Liu et al., 1995; Lee et al 1 996; et a l  1 997; Saguaro et al 1 9981. 

These receptors have been characterized at both a pharmacological and functional level, 

and have been determined to couple to and stimulate cAMP accumulation to levels 

virtually identical to wild type [wt ]  receptors in expressed cells. We documented, that Dl 

receptors in which the CT tail has been swapped with the CT tail of D5 receptors will 

reconstitute functional GABA~/dopamine receptor interactions as defined by the ability of 

this receptor to modulate GABAA whole cell CI- currents and that, conversely, GABAA 

receptor stimulation will now reduce Dl/dSt receptor rnediated cAMP accumulation. In 

contrast, D5Idlt receptor mutants display characteristics of Dl receptor when it 

functionally interacts with GABAA receptor, which shows that it lost the ability of functional 

reciprocal modulation between D5 and GABAA receptor. Moreover, we show that these 

events are associated with the trafficking of GABAA receptors to intracellular 



compartments. In line with our prediction, D5M1CT mutants now fail to interact with 

GABAA receptors and vice versa. 

Moreover, we choose to use HEK-293 cell lines for our studies since: [ i l  these 

cells have been used extensively in the charactenzation of either dopamine Dl  or GABAA 

receptor mediated responses; [ii] provide a useful cell mode1 to study the molecular 

rnechanisms underlying receptor trafficking [On & Kobilka; 19941 and [iii] are easily and 

efficiently transfected by calcium phosphate. 

A more direct approach to study the effects of the putative dopamine D5CT and 

GABAA receptor y subunit binding domain and its functional significance is with the use of 

mini genes. Cells CO-expressing wt D5 and GABAA receptors were transfected with mini 

genes encoding either [il the CT-tail of D5 or D l  receptors or [iilthe second intracellular 

loop of al, B2 and y2 receptor subunits and assessed, as above, for dopamine D5 

receptor modulation of GABAA receptor whole cell currents and, conversely, for GABAA 

receptor stimulated decreases in dopamine D5 cAMP accumulation. Identical experiments 

were conducted on cells CO-expressing dopamine D l  and GABAA receptors which was 

used as "controls". Mini gene encoding peptides of a prescribed length and containing 

sequence information of desired structural motifs are capable of intedering with the function 

of either endogenous or expressed proteins with unprecedented levels of specificity and 

have been used in a variety of studies ranging from receptor blockage of G-protein 

coupling paylor et al 19961, receptor dimerization [Hubert et a1 19961 and trafficking [Lee et 

al 1996; Stoffel et al 1997 ; Shupliakov et al 19971 to name a few. We predicted that mini 

genes encoding dopamine D5, but not, DlCT tail peptides and well as mini genes 

encoding y2, but not, a2 or 82 peptides will act as competitive peptide inhibitors of the 

dopamine DBCT tail and GABAA receptor y2 subunit protein: protein binding site and 

block, in a concentration dependent manner, dopamine D5 mediated reductions of GABAA 

channel activity and GABAA receptor rnediated reductions of 05 cAMP activity. Peptide 

expression levels were quantified via western blotting. In control experiments, we 



assessed whether minigene encoded peptides independently modulate D5/D 1 receptor 

mediated cAMP production or block GABAA mediated CI- channel activity. Accumulated 

evidence with the use of the D5CT receptor minigene indicates that it does not modulate 

D5 or D l  receptor coupling to adenylate cyclase but can block GABAA receptor 

modulation of D5 mediated cAMP accumulation and D5 mediated reductions in GABA 

whole cell currents. It should be noted that an additional amino acid, in the form of an 

initiation methionine, needs to be introduced into the coding sequence of the minigene for 

peptide expression and by necessity cannot represent true wt sequence- We believe, 

however, that the selectivity of the interaction for D5CT and GABAA receptor y2 subunits 

and the use of many additional mini genes encoding diverse sequence motifs [e.g. Dl CT 

tail, a and fl loops], ail of which wiil contain an initiation methionine, should act as 

appropriate controls and eliminate the possibility of spurious non-specific binding 

interactions. 

FinalIy we document that indeed reciprocal and functional dopamine D5 and GABA 

receptor interactions are absolutely dependent upon the CO-expression of the y2 subunit. 

This was achieved by analyzing cells coexpressing dopzmine 05, Dl and GABAA 

al /P2 receptor units alone for their ability to modulate each others function. GABAA 

receptors lacking the y2 subunit are fully functional in these cells [Gorrie et al 1997;Wan et 

al 1997a,b]. We predicted, based on our hypothesis, that GABAA receptors not 

expressing y2 subunits will not functionally modulate D5 receptor cAMP mediated 

responses and that, conversely, D5 receptor stimulation will not reduce GABAA receptor 

whole ceIl currents using the approaches defined above. 

We have not however assessed if conferred functional attributes of GABAA 

receptor responses by y subunits are perturbed as a consequence of DSCT 

binding. As mentioned in the introduction, low micromolar concentrations of ~ n 2 +  potently 

reduces GABAA receptor current amplitude [Draghun et al., 19901 and interestingly 

enough, zinc has been shown to allosterically modulate ligand binding to dopamine D l  



receptors as well. ln both neural and heterologus expression systerns, the presence of 

GABAA receptor y2 subunits renders receptors insensitive to the modulatory effects of 

exogenous 2n2+ [Saxena 8 MacDonald 19941. Since the GABAA receptors ability to 

respond to 2n2+ ions is inhibited by y2 subunits [Costa 1998; Wan et al 1997a; Yan & 

Surmeier 19971, we hypothesize that by binding to the $2 receptor subunit the D5CT tail 

could render the y2 subunit inactive and incite GABAA receptor sensitivity to 2n2+. Using 

HEK-293 cells CO-expressing the GABAA receptor (xllP2/y2 subunits alone or with 

minigenes encoding either Dl or DSCT tails, we will assess in future work the amplitude of 

GABAA receptor stimulated whole ceIl currents in response to increasing concentrations of 

~n 2+ 11-1 00p Ml using standard methods previously described. Similarly, 

benzodiazepines, such as dizapam, greatly potentiate GABAA receptor whole cell 

currents and unlike ~ n 2 +  ions, absolutely require the presence of the y2 subunits to 

mediate these effects [MacDonald & Olsen 1994; Connolly et al 1996; Wan et al 1997al. 

We predict therefore, that in cells expressing GABAA receptor orl/p2/y2 subunits, 

diazepam [SpM-full agonist] enhancement of GABAA mediated whole ceII currents will be 

abolished in a concentration dependent rnanner by minigenes encoding D5 but not D l  CT 

receptor sequences. 

In any event, the data when taken together was cornpletely unexpected. To date, 

al1 established direct or indirect protein interactions of GPCRs have been restricted to 

those involved in G-protein signaling events, such as G-protein a subunits, GRKs, 

arrestins [Ferguson et al 1996,1998 ] and /or with their down Stream effector and regulatory 

molecules [ Zamponi et al 1997; Wyszynski et al 1997; Hall et al 19981. As such, this is 

the first demonstration of direct protein binding between two structurally and functionally 

divergent receptor classes. Evidence that direct protein-protein binding between domains 

of 05  and GABAA receptors enables reciprocal functional receptor cross-talk in transfected 

cells will highlight a cornpletely novel signal transduction pathway by which subtype 



specific G-protein linked receptors and ligand gated channels may regulate synaptic 

strength. 

Protein-protein interaction 

The complex anatomy of neurons demands a high degree of functional 

organization. Regulated protein-protein interactions are central to cell signaling. Many 

proteins involved in the signaling process contain specialized noncatalytic modular 

domains whose function is to localize the protein or to allow interaction with other signaling 

molecules. The physical association of two or more proteins in a signaling pathway is 

necessary in order to attain efficiency of signaling and maintain specificity of response. A 

number of categories of protein-protein interactions in the central nervous system are 

known to occur. These include the interaction between (1) ligand-gated ion channel with 

postsynaptic cytoskeleton protein, e.g.: in hippocampal neurons, NMDA NR2 subunits 

colocalize with the postsynaptic domain protein PSD95 and NR2 subunits which contains 

a TSXV motif at the COOH-terminal domain interacts with the second PDZ domain of PSD 

95. These protein-protein interaction may play a general role in connecting receptors and 

channels to signal transduction pathways (Kornau et al., 1995 Niethammer et aL, 1996); 

(2) ion channel with actin-binding protein: the fact that the activity of NMDA receptors is 

dependent on the integrity of actin suggests a functional interaction between NMDA 

receptor and actin. Studies on this phenornena have indicated that a-Actin-2 which co- 

localizes in dendritic spines with NMDA receptor and the putative NMDA receptor- 

clustering molecule PSD-95 binds directly to the C-terminus of both NRI and NR2B 

subunits of the NMDA receptor (Wyszynski et al., 1997); (3) ion channel with G- 

proteins, e.g. G-protein bg complex direct binding to voltage-dependent calcium channel 

(Waard et ai., 1 997). Certain G-protein-coupled receptors can inhibit the voltage-gated 

Ca2+ channel function on controlling neurotransmitter release at the synapse (Takahashi 

& Momiyama, 1993; Wheeler et al., 1994). This interaction is mediated by direct binding 



via the G protein f3y complex and a subunit of the Ca2+ channel; (4) ion channel with 

protein kinases, e.g. NMDA receptor is regulated by the channel-associated protein 

tyrosine kinase Src via a direct interaction (Yu et aL, 1997); (5) G-protein linked receptor 

directly bind to the effector without via G-proteins, e.g. $2-adrenergic receptor directly 

interacts with the Na+N+-exchanger. b2-adrenergic receptor, one of the G protein-linked 

receptor, traditionally was thought to influence its intracellular events via the activation of 

G proteins. However, some of the physiological effects of the P2-adrenergic receptor can 

not be explained by this pathway, the typical example is its regulation of cellular pH by 

modulation of Na+/H+ exchanger function. Recent studies indicate that the Na+/H+ 

exchanger type 3 physically binds to the P2-adrenergic receptor C-terminus with a PDZ 

domain-mediated interaction without affecting $2-adrenergic receptor mediated adenylyl 

cyclase , and this process displays an agonist-dependent manner (Hall et al., 1998). 

The precise localization of proteins at the pre- and post-synaptic membranes is 

required for the fidelity and plasticity of synaptic transmission. Membrane receptors and 

ion channels are often localized to selected subcellular sites and coupled to specific signal 

transduction machineries. Transmitter release machinery must be positioned at the 

presynaptic active zones, poised to release neurotransmitter in response to changes in 

membrane potential. Rapid response to neurotransmitters requires spatial localization and 

clustering of postsynaptic neurotransmitter receptors. Recent studies have identified the 

PDZ domain of PSD-95 as a protein-protein interaction modulation that mediates the 

binding of a class of submernbraneous proteins to membrane receptors and ion channels 

and serve to locaiize these proteins to specific subcellular sites (Saras & Heldin, 1996; 

Kornau & Seeburg, 1997; Fanning & Anderson, 1996; Cowburn, ? 996). This domain 

binds to proteins containing the tripeptide motif (S/T)XV at their COOH termini (kim et al., 

1995; Kornau et al., 1995 Niethammer et al., 1996). PDZ domain-containing proteins have 

been shown to rnediate protein-protein interactions during receptor and ion channel 



clustering and to recruit kinases and phosphotases to their membrane-associated 

substrates. 

Receator translocation 

Trafficking of the receptor away from the plasma membrane has been 

demonstrated as one primary means by which neurotransmitter or G-Iinked receptor 

responsiveness is rapidly inactivated. Previous studies have indicated that receptor 

desensitization appears to be an important mechanisrn for terminating synaptic actions of 

GABA during synaptic transmission (Dingledine & Korn, 1985; 1990) and may criticat 

during brief flurries of GABA release that could occur normally or during seizures 

(Thalmann & Hershkowitz, 1985). 

SeveraI studies have shown a direct link between neurotransmitter receptor or 

transporter function with their cellular localization. The best example are the studies on 

glucose transporter translocation. In adipocyte, binding of insulin to its receptors causes a 

rapid translocation of GLU-4 glucose transporter to the plasma membrane to increase 

glucose uptake in these cells. This insulin-induced GLU-4 translocation implicates several 

different pathways: (1) this process can be completely prevented by wortmannin, a 

selective phosphatidylinositol 3-kinase inhibitor, which suggests this translocation rnay be 

regulated by tyrosine kinase; (2) the fact that this process can be blocked by cleaving 

the vesicle-associated membrane protein (VAMP-2) and cellubrevinutilize or treatrnent 

with fusion protein encoding the soluble form of VAMP-2 provide evidence that this 

process utilize a mechanism of regulating vesicle docking and fusion analogous to that 

found in neuroendocrine tissues (Cheatham et ai., 1996); (3) studies on GLU-4 have 

shown that the endocytosis of GLU-4 is mediated by GTPase dynamin based on the fact 

that mutation of dynamin can block the GLU-4 internalization (AI-Hasani et al., 1998), (4) 

there are also studies on GLU-4 indicating that GLU-4 uptake and translocation can be 

stirnulated by constitutively active Akt, a serinehhreonine kinase that requires a functional 



phosphatidylinositol 3-kinase to be stimulated by insulin and other growth factors (Kohn 

et al., 1996); (5) Cytochalasin D, a widely used inhibitor of actin filament formation, 

causes a dose- and time-dependent disassembly of the actin network. It inhibits the 

insulin-stimulated trafficking of glucose transporters translocation without affecting the 

basal glucosal transporters in the plasma membrane (6) recent studies on GLU-4 reveal a 

novel pathway that is independent of both the phosphatidylinositol 3-kinase and AM 

kinase and which involves G-protein [Guanosine 5'-O-(3-thiotriphosphate) (GTPyS)] 

mediated GLU-4 translocation similar to that induced by insulin treatrnent (Elmendorf et al., 

1 998). 

Neurotransmitter transport plays an important role in maintaining normal 

neurotransrnission by clearing released neurotransmitters, For instance, the dopamine 

transporter is a target in the action of psychostimulant drugs of abuse and exogenous 

neurotoxins potentially involveci in the etiology of Parkinson's disease (Pifl et al., 1993; 

Uhl et al., 1994). Recent evidence indicates that several members of the Na+-coupled 

transporter family are regulated by second messengers via redistribution of transporters 

between intracellular location and the plasma membrane. Studies on Xenopus oocytes 

expressing GABA transporters (GATI) have shown that at low expression levels, 

activator of PKC induces redistribution of GATI from intracellular vesicles to the plasma 

membrane and increases GABA transport. This translocation can be prevented by 

botulinum toxins, a inhibitor of proteins that involve vesicle release and recycling (Corey 

et al., 1994; Quick et al., 1997). Sirnilarly, serotonin and dopamine transporters have also 

been shown to be regulated by PKA, PKC-induced alteration of cell surface expression 

(Qian et aL, 1997; Zhang et al., 1997; Pristupa. et al., 1998). 

It is well established that the levels of receptors for neurotransmitters present on 

the plasma membrane alter in response to changes in the levels of the ligands for the 

receptors. The ligands can alter the rate of receptor sequestration or endocytosis and 

thus play a major role in receptor desensitization. Two of the common mechanisrns 



regulating G protein-coupled receptor signal transduction are phosphorylation and 

internalization (sequestration), which are associated with receptor desensitization. 

Studies on P2-adrenergic receptors indicated that agonist-rnediated receptor 

phosphorylation by P-adrenergic receptor kinase facilitates subsequent interaction with an 

arrestin protein to regulate receptor internalization (Menard et al., 1997). Dynamin, 

aGTPase that regulates the formation and internalization of clathrin-coated vesicles, is 

essential for the agonist-promoted internalization (Zhang et al., 1996). Furthermore, 

receptor phosphorylation by different protein kinases including G protein-coupled receptor 

kinases, CAMP-dependent protein kinase and tyrosine kinase, play an important role in 

facilitating receptor internalization (Freedman et al., 1 995). Studies on sornatostatin 

receptor also suggest that neuropeptide binding to G protein-linked receptors may result 

in internalization of receptor-ligand complexes, followed by intracellular mobilization and 

degradation of the ligand into its target cells (Nouel et al., 1997). 

Several members of the G protein-coupled receptor family have been shown to 

move from the plasma membrane to the cytoplasm. This receptor translocation involves 

receptor phosphorylation/dephosphorylation and interaction with other proteins. 

lncreasing dopamine availability by pretreating LLCPK1 cells expressing D l  receptor with 

Dl agonist, dopamine precursor, or an inhibitor of dopamine metabolism lead to a rapid 

translocation of Dl receptor from the cytosol to the plasma membrane (Brismar et al., 

1998); Similarly, in vivo studies on striatal neurons, acute activation of dopamine 

receptors by direct agonists or endogenous dopamine induce a significant receptor 

redistribution-internalization, which may suggest a critical event that contributes to the 

postsynaptic response in vivo (Dumartin et al., 1998). In addition to G protein-linked 

receptors, evidence of ligand-gated ion channel membrane translocation has been shown 

that insulin causes a rapid GABAA receptor translocation from the intracellular compartment 

to the plasma membrane in both transfected cells and cultured hippocampal neurons (Wan 



et al., 1997b). This rapid recruitment of functional GABAA receptor to postsynaptic 

domains may suggest a fundamental mechanism for the generation of synaptic plasticity. 

While receptor translocation away frorn or to the plasma membrane rnay be a 

primary mechanism by which synaptic neurotransrnission is regulated, the molecular 

mediating events are attributable in large part to accessory protein moieties, some of 

which are involved in receptor clustering and synaptic vesicle recycling and 

desensitization. We provide here evidence, for an additional rneans by which the activity 

of one receptor system can be rapidly modulated by another; namely through direct 

protein : protein interactions. The exact molecular mechanisrns by which this event occurs 

remains unknown and will be the subject of future investigations. 

One unexplained phenornenon is the inability of D l  receptor mediated cAMP 

accumulation to modulate GABAA receptor channel activity. This is particularfy intriguing 

since many studies have documented strong modulatory influences on GABA receptor 

currents by cAMP stimulation of PKA pathways. One possibility that might explain the 

lack of functional cross-talk between D l  and GABA receptors is that dopamine D l  

receptors interact with another unknown protein and this interaction blocks the potential 

interaction between D I  and GABAA receptors. Evidence supporting this hypothesis 

include our preliminary data on the D l  receptor and PSD-95 . PSD95 is an abundant 

cytoskeleton-associated protein found in the postsynaptic density fraction of rat 

synaptosomes (Cho et al., 1992). It belongs to the family of membrane-associated 

proteins which shares three PDZ dornains in their amino terminus, an SH3 domain, and a 

carboxyl-terminal yeast guanylate kinase homology domain. Much evidence has 

accumulated suggesting that PSD95 may play a role in receptor and ion channel clustering 

and synaptic neuronal localization, e.g. NMDA receptor NR2 subunits and Shaker-type 

K+ channel interact with PSD 95 respectively (Kim et al., 1995; Kornau et al., 1995; 

Niethammer et al., 1996). The CO-locafization of D l  receptor and NMDA receptor on the 

neuron spines raised the possibility that D l  receptor may interact with PSD95 as well. 



By CO-expressing PSD95 cDNA with either D l  or D5 receptor into HEK 293 cell Iine, 

dopamine D l  like receptors function was assessed by measuring the intracellular cAMP 

accumulation following dopamine stimulation. Interestingly, as shown in Fig. 33, while 

dopamine 0 5  receptor mediated cAMP accumulation is identical to that produced by D5 

receptor alone, Dl receptor-mediated cAMP accumulation was increased by three fold. 

Amino acid sequence analysis indicates that in the C-terminus of the D l  receptor, there is 

an ESiTXV motif which is a consensus sequence consewed in receptor or ion channels 

interacting with PSD95, while no similar amino acid sequence motif is found in D5 receptor 

C-terminus. Whether or not the interaction between D l  receptor and PSD95 is the reason 

causing the functional difference of D l  and D5 in interacting with GABAA receptor needs to 

be further studied. HEK-293 cells do express some endogenous PSD-95 like molecules 

[Garner , persona1 communication]. 

Indirect GABAA - and do~amine 0 5  receptor interactions 

Using affinity purification methods, CO-incubation of GST-fusion protein of Dl and 

D5 C-terminus with rat brain extract result in the physical coupling of the D5 C-terminus 

with GABAA receptor which was confirmed by Western Blot analysis using GABAA 

receptor cx subunit antibody (Fig 23). Only the B and y subunits of the GABAA receptor, 

but not the a subunit, interact with D5 receptor. In contrast, blot overlay experiments 

failed to reveal direct B2 loop binding to D5 receptors. As outlined in the text above, these 

data rnay suggest that GABAA receptor P2 subunits may interact with D5 receptor CT 

domains indirectly through some as yet unidentified protein. 

There is considerable evidence that gephyrin, a 93-Kda peripheral membrane protein, 

could act as a bivalent linker protein that connects the large intracellular loop of the P 

subunit of the glycine receptor with subsynaptic microtubules. Gephyrin clusters on the 



Fig. 33. PSD 95 modulates dopamine D l  receptor-rnediated cAMP accumulation. 

HEK-293 cells transiently co-expression PSD95 with either Dl or 05 receptor were 

assayed for cAMP accumulation following dopamine (1 0 pM) stimulation. Dopamine D l  

receptor stimulation of cAMP accumulation is increased by three fold while no changes in 

dopamine D5 receptor mediated cAMP levels. Results shown are representative of 5 

independent experienments each conducted in duplicate. 



neuronal surface are disrupted after treatrnent with demecolcine, a microtubule-dissociating 

agent (Kirsch et al., 1991 ; Kirsch & Betz, 1995; Meyer et al., 1995) and it is essential for 

the formation of postsynaptic glycine receptor clusters. Both the glycine receptor and 

gephyrin are precisely CO-localized to the postsynaptic membrane of spinal neurons and 

function in clustering this receptor at synapses (Triller et al., 1985; Nicola et al., 1992)- 

Further studies have shown that Gephyrin is closely associated with the GABAergic 

synapse, and CO-localized with a2 subunit of GABAA receptor in the rat spinal cord, 

cerebellum and retina ( Triller et al., 1987; Mitchell et al., 1993, Bohlhalter et al., 1994; 

Cabot et al., 1995; Sassoe-Pognetto et al., 1995; Sassoe-Pognetto & Wassle, 1997). It 

may be involved with clustering of GABAA receptors (Kirsch et al., 1995; Sassoe- 

Pognetto et al., 1995) as well. Therefore, gephyrin may act as an anchoring protein for 

different types of neurotransmitter receptors at postsynaptic sites on central neurons 

(Kirsch et al., 1993; Kirsch & Betz, 1993). The presence of alternative splice variants at 

four sites in the N-terminal-half of gephyrin also supports the idea of multiple attachment 

sites(Prior et al., 1992). Recent studies indicated that Gephyrin and GABAA receptors 

are CO-localized at the sarne hot spot already at the earliest stages of retinal synaptic 

devetopment (Sassoe-Pognetto & Wassle, 1997), which support the idea that gephyrin 

plays an important rote in the formation and maintenance of some GABAergic synapses. 

Co-exp ression of gep hyrin and GABAA receptor subunits in fibroblasts, reveal that P3 

subunits particularly CO-localize with gephyrin in intracellular aggregates (Kirsch et al., 

1995). Large gephyrin clusters are observed on dendritic shafts or cell body but not on 

dendritic spines of hippocampal neurons, and as such, seem likely to be associated with 

GABAergic synapses. Studies on the glycine receptor show that the recombinant 

gephyrin interacts directly with the glycine receptor P subunit (Meyer et al., 1995). No 

direct interaction was found between the most closely related GABAA receptor subunit 

and gephyrin by direct biochemical methods. It may be that some GABAA receptor 

subunits interact with a particular post-translationally modified f o m  of Gephyrin (Craig et 



al., 1996). Based on al1 the information above, gephyrin may be a potential candidate 

protein that rnay play a role in the dopamine D5 receptor indirectly interaction with the P 

subunit of GABAA receptor. Alternatively, recent studies indicate that the AMPA receptor, 

another ligand-gated ion channel, interacts with inhibitory G proteins (Gi) (Wang et al., 

1997), but to date there is no evidence support that GABAA receptor couples to any G 

protein. All data, when taken together, suggest that GABAA and D5 receptor interactions 

seem not to mediated by receptor-mediated second messenger systems, further 

supporting the possibility that this interaction may be regulated by protein-protein 

physical interactions. 

Interaction of D5 recentor with GABAA - receptor in schizophrenia 

Schizophrenia is a severe, chronic, and debilitating mental disorder that involves 

dysfunction in a vast array uf cognitive and emotional systems and occurs in one out of 

every 100 persons (Andreasen 1997; Flaum & Andreasen 1997). The etiology and 

physiopathology of schizophrenia have been the focus of intense research efforts for 

decades, during which time the "dopamine hypothesis" has predominated and put forth 

the contention for an association between a hyperactive striatal dopaminergic 

neurotransmission keceptor system and schizophrenia [Seeman, 1987; Goldstein and 

Deutch 1992; Seeman, 1993; Hietala & Syvalahti, 1996; Joyce & Meador-Woodruff, 

1997; Joyce et al., 1997). While there has been some recent support for increased 

synaptic dopamine leveis in schizophrenics (e.g. Reith et al, 1994; Laruelle et al, 1996; 

Breier et al, 1997;Abi-Dargham et al  1998), in its origind form the comerstone on which the 

dopamine hypothesis rested was based largely on pharmacological indications of: (i) the 

psychomimetic action of dopamine mimetics such as amphetamine and L-dopa (Poole and 

Brabbins, 1996); (i i)  the ability of neuroleptics or anti psychotics to block hallucinations 

and delusions in schizophrenia, Huntington's and Alzheimer psychosis, and in L-DOPA- 

induced psychosis; (iii) the clinical manifestations of Parkinson like syndromes follow 



chronic antipsychotic therapy and finally; (iv) antipsychotic potencies of neuroleptics, as 

indexed by the therapeutic steady-state molarity in the plasma water of treated 

schizop hrenics, correlate directly with their in vitro affinities or Ki values for native 

dopamine D2 receptors ; while for cIozapine and some other atypical neuroleptics this 

correlation best matches with expressed affinities for the hurnan 04 receptor [Baldessarini, 

1997; Seeman et al 19971. 

Although there is contention on this issue, direct biochemical evidence for the 

"dopamine receptor hypothesis" of schizoph renia is buttressed by observations that: (i) 

compared to other psychomotor diseased individuals, higher densities or levels of D2 like 

receptors, as indexed by the binding of two radioactive ligands. [3~]spiperone or 

[3~]~emonapride. have been observed in at least 50% of post-mortem schizophrenic 

brain striata, including those that have never received anti-psychotic medication and 

similarly, (ii) positron emission tomography [PET] of never medicated or medicated 

schizophrenics reveals increased levels of 02 like receptors at least with one PET imaging 

ligand, [' 'Cl-spiperone (Crawley et al 1986; Wong et al, 1988; 94; 97; Tune et al., 1993; 

96; Ebert et al., 1994; Pearlson et al., 1995; Gjedde et al, 1996; Tamminga et al., 1998). 

Despite the inherent attractiveness of the model, it has become evident that the 

conjecture that schizop h renia is exclusively a state of striatal dopaminergic 

hyperexcitability is too simplistic [see Davis 1991; Kahn & Davis 19951. Recent 

modifications to the "dopamine hypothesis" of schizophrenia include pathophysiological 

mechanisrns in numerous brain specific pathways that involve more than just the activity 

of one neurotransmitter/ receptor systern [Carlsson et al 1 997, Tamminga, 19981. 

Considerable experimental attention has been focused on the prefrontal cortex, 

which along with other limbic cortical structures including the cingulate cortex, have been 

implicated as forming part of the neural substrates underlying schizophrenia [Kotrla & 

Weinberger, 1995; Cannon 1 996; Fletcher et al., 1 9981. Dopaminergic hypofunctionality in 

these regions is thought to contribute significantly not only to the observed impairment of 



"working memory", cognitive function and negative symptomolgy [Nordstrom et al., 1 995 

Farde et al., 19901 associated with schizophrenia, but to hallucinations as wel 

[Silbersweig et a l  1995; Dolan et al, 19951. While the functional consequence of prefronta 

dopaminergic neurotransmission is not fully known, recent work suggests that pyramida 

neurons within the cortex/hippocampus underlie the cellular basis for working memory and 

that dopamine acting through dopamine D l  like receptors can modulate this process 

[Williams & Goldman Rakic, 1995; Goldman Rakic & Selemon, 19971. The role of D l  -1ike 

receptors in the maintenance and expression of prefrontal hypo-dopaminergic states of 

schizophrenia is further buttressed by observations that : [il Dl -like receptor stimulation 

can alleviate some of the "negative" symptomolgy of schizophrenia [Lidow et al  19981; 

and [ii] prefrontal cortical Dl receptors are reduced in schizophrenics, the magnitude of 

which is related to the severity of negative symptoms [Okubo et al, 1997,a,b]. Despite 

reductions of Dl like receptor activity, CAMP levels are not reduced in schizophrenics 

[Opeskin et al 19961 although there are conflicting reports in other brain regions [Dean et al  

1997j. 

Interestingly enough, aberrations in cortical GABAergic activity has also been 

postulated to play a key role in the pathophysiology of schizophrenia [Van 

KammenJ 977; Benes 1997,aj. Much evidence has accumulated to indicate that in addition 

to decreased doparninergic activity the hypo-active prefrontalBippocampaI cortex of 

schizophrenics displays changes related to inhibitory GABAergic neurons and GABAergic 

synapses. These changes include decreased levels of glutarnic acid decarboxylase, the 

enzyme for GABA synthesis, GABA uptake sites and increased GABAA receptor binding 

[Benes et al  1996,a,b] in prefrontal cortical/hippocampal neurons. These changes do not 

involve altered levels of mRNA or protein synthesis/translation and do not appear to be 

associated with losses of GABAergic intemeurons. [Akbarian et al  1995a; b; Selemon et a l  

19951. Clinical studies are consistent with the notion of reduced GABAergic 

neurotransmission in schizophrenics and it is of interest to note that schizophrenics also 



show decreased sensitivity to or an uncoupling of the regulation of GABAA receptor 

function by benzodiazepines [Benes et a l  1997b3. Taken together these data strongly 

suggest that both dopamine D l  like and GABAA mediated neurotransmission is perturbed 

in a number of cortical centers of the schizophrenic brain. 

Our studies here have shown that the GABAA and 05 receptor functionally 

interact through both direct and indirect protein-protein binding. These data also raise the 

question of the role of this interaction in the pathophysiology of schizophrenia. Previous 

studies have shown that a reduced density of interneurons and an increase in GABAA 

receptor binding activity occur in the substantia nigra, pars reticulata, anterior cingulate 

cortex, prefrontal cortex and hippocampus of schizophrenic subjects (See R. E. et aL, 

1989; 1990; Benes, et al., 1992; 1996a; 1996b), suggesting a decrease of inhibitory 

activity in schizophrenic subjects. These data are consistent with other postmortem 

studies showing decreased GABA uptake in both the hippocampal formation (Reynolds 

et al., 1 990) and orbital frontal cortex (Simpson et al., 1 989) and reduction in the numbers 

of prefrontal neurons expressing messenger RNA for glutamate decarboxylase (Akbarian 

et al., 1995) in patients with chronic schizophrenia. Furthermore, studies with a selective 

radio-ligand [(1231)iomazenil] which binds to the benzodizepine subunit of the GABAA 

receptor complex with high affinity indicate that there is a significant correlation between 

the severity of schizophrenia symptoms and ('23l)iomazenil binding in limbic cortical 

regions: the severity of the negative syrnptoms of schizophrenia which are believed 

associated to dopamine Dl-iike receptors were inversely related (to 1231)iomazenil binding 

in the medial frontal region, suggesting a dysfunction of the benzodiazepine subunit of the 

GABAA receptor complex may contribute to the appearance of schizophrenic symptoms 

(Busatto et al., 1997). Recently, a postmortem study has reported that there is 

widespread up-regulation of GABAA receptor binding activity throughout most subregions 

of the hippocampal formation of the schizophrenic brain. Interestingly, in schizophrenic 

brain regions where significant increases of GABAA receptor binding activity was 



observed, the benzodiazepine receptor binding site, a component of the GABAA receptor, 

shows no changes between normal and schizophrenic subjects (Benes et al., 1997a). 

This suggestis that defective GABAergic integration in schizophrenia may be associated 

with an uncoupling in the regulation of the GABAA and benzodiazepine receptors. 

Moreover, as discussed in the introduction, since schizophrenics additionally display poor 

modulation of GABAA receptor responsiveness by benzodiazepines it has been 

postulated that GABAA a and B subunits are uncoupled from y subunits in these 

individuals [Benes 1997a,b]. We hypothesize, based on our in vitro blot overlay and 

affinity precipitation experiments, that one potential mechanism that may account for these 

observations is the direct protein:protein interaction between dopamine D5CT tail 

sequences to the second intracellular loop of subtype specific GABAA receptor y2 

subunits. Since benzodiazepine binding is conferred by the y subunit of GABAA receptor, 

and if D5 receptor direct binds to y subunit, the observed uncoupling of the 

benzodiazepine binding site from the GABAA receptor in schizophrenia may implicate 

D~/GABAA receptor interaction in the pathology of schizophrenia. We postulate that the 

observed uncoupling of benzodiazpeine responsiveness in schizophrenics is due to the 

direct and non disassociated binding of the D5 CT tait to the y subunit rendering this 

subunit inactive and unable to confer its subtype specific attribute to the GABAA alp 

receptor complex. We plan to directly test this hypothesis in post mortern schizophrenics 

brains. 

SUMMARY: 

I document here that subtype selective and reciprocal functional receptor cross- 

talk, as indexed by dopamine D5, but not D l ,  attenuated GABAA al,P2,y2 receptor- 

mediated whole-cell currents and GABAA receptor mediated reductions of D5 CAMP 

accumulation in CO-tranfected HEK-293 cells, required the presence of GABAA receptor y2 

subunits and were competitively inhibited by mini-genes encoding sequences of either 



the dopamine D5-CT tail or the second intracellular loop of the y2 subunit. This functional 

interaction is regulated through the direct coupling between the carboxyl terminal [Cl 

domain of subtype specific dopamine D5 receptors with the second intracellular loop of 

the GABAA receptor y2 subunit and the indirect binding through the D5 receptor C-terminal 

and the second intracellular loop of the GABAA receptor P2 subunit which provides an 

additional means by which ligand gated channel and G-protein linked receptor cross-talk is 

achieved (surnmarized in Fig 34). 

Future Directions 

We have identified a novel molecular mechanism allowing for recept0r:receptor 

cross-talk. Based on these data and the molecular mode1 presented here, the ground work 

for many hypotheses and predictions have been laid and need to be tested in order to 

validate oui conclusions. A number of these corne immediately to mind and these include: 

(1) Which of the multiple GABAA subunits and specific isoforms are necessary and 

sufficient to sustain the obsewed functional interaction with D5R? 

As outlined in the introduction, the GABAA receptor is composed of multiple 

subunits each existing in distinct molecular isoforms and/or slice variants. Different 

neuronal populations. particularly in the hippocampus and frontal cortex. express different 

molecular forrns of a@ and y subunits which appear to have distinct subcellular 

localization. Similarly, expression of different combinations of these subunits in 

heterologous systems produces GABAA receptors that Vary in their pharmacology and 

ion channel properties [Costa et al 1998 Sperk et al 1997, Craig et al 1996; Dunn et al 

19961. As such, future experiments should initially focus on whether different molecular 

isoforms of p[1,3] and yI1,3] subunits, as a well as, y2 splice variants [we have been 

using the short splice form] of GABAA receptors [McKernan & Whiting 19951 will similarly 

reconstitute reciprocal functional interactions between D5 and GABAA receptors using the 

assay systems defined herein. These cDNAs are currently available in the lab [obtained 
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Fig 34. A schematic representation of the potential mode1 depicting the mode 

by which dopamine D5 and GABAA receptors interact. Dopamine D5 receptor 

interact directly to the GABAA receptors y2 subunits and indirectly to the P2 subunit of 

GABAA receptor, possibly through an adaptor protein, such as gephyrin. 



from Drs. C. Kaufman & Gunnersen at the NIH- NIDDKD division and from Dr. Wang at 

HSC, 1. This work will also be of help in pinpointing or narrowing down particular regions 

and amino acid motifs that may be necessary for protein:protein binding to DSCT taik 

[see below]. Further work with different combinations of receptor subunits rnay be initiated 

depending on the outcome of the experiments described above. 

(2) The identity of the amino acid motifs or residues of the DBCT tail and conversely of the 

y2 intracellular loop that confer selective functional coupling and proteimprotein binding 

interactions. 

Having established that dopamine D5 and GABAA receptor interactions can be 

modified by disrupting direct protein : protein interactions between the D5CT tail and 

intracellular loop of y2 subunits further work should determine and identify the particular 

amino acid residues that form the active protein:protein binding motif. This will initially be 

achieved with the use of successive deletionsltruncations of in vitra -translated 358- 

labeled D5-CT tail peptides and assessing for protein:protein interactions with GST 

fusion proteins encoding the 2nd intracellular loop of the y2 subunit in blot overlay 

experiments. Preliminary data using this approach has already indicated that sequence 

specific motifs within the last 50 amino acid residues of the DSCT tail are critical for direct 

protein binding to GST y2 fusion proteins. A preliminary search through Swiss 

Protein/GenBank data bases has not, however, revealed any particular sequence 

homology in this region to known protein:protein binding motifs. In any event, once a 

region of more manageable lefigth is identified, specific amino acid residues comprising the 

D5CT/GABAA y subunit binding interactions will be identified by site directed mutagenesis 

[depending on the length of the region concerned] using either a PCR and mutant oligo 

based approach or standard mutagenesis kits as previously described in the lab . The 

effects of these single amino acid mutations on direct protein : protein binding to y2 

receptor subunit will be assessed in blot overlay assays. Random generated peptides of 



similar length and overall net charge wili be used as controls as well as those encoding 

D l  -C f  tails. 

(3) An identical series of experiments are planned for determining those critical amino acids 

enabling direct y2 receptor subunit proteimprotein interactions with D5 but not D l  CT tails. 

Once specific amino acid have been so identified, we will directly assess whether 

dopamine 05 or GABAA receptor y2 subunits in which these amino acid residues have 

been mutated reconstitute functional receptor cross-talk as defined above. While we 

expect that single amino acid mutations in either D5 or GABAA receptor y subunits to 

abolish functional receptor cross-talk we cannot exclude at this point that multiple amino 

acid residues/structural motifs or points of contact may actually comprise the direct protein : 

protein binding site between 05 and y2 receptor subunits. If this indeed turns out to be 

the case, further work, with the use of multiple mutated amino acid receptor residues will 

be assessed using a strategy similar to that described above. 

As outlined in this thesis, we surmised based on immunoconfocal microscopy, that 

dopamine D5 mediated reductions of GABAA receptor whole ce11 currents is due to the 

rapid sequestration of GABAA receptors from the plasma membrane cell surface. We 

hypothesized, therefore, that the observed GABAA receptor mediated reduction of D5 

receptor CAMP accumulation in these cells may also be diie rapid sequestration of D5 

receptors. The CO-traffickinq of both GABAA and dopamine D5 receptors in response to 

agonist stimulation of one receptor subtype would account for the obsewed CO-directional 

effects on both GABAA and dopamine D5 receptor function-a process mediated by direct 

protein:protein binding of D5 to GABAA receptors. Major future objectives should 

determine: 

whether GABAA and D5 receptors are sequestered and CO-localized 

or CO-trafficked to specific subcellular compartments following agonist 

stimulation of only one receptor subtype and ; 



whether this process is a result of the direct protein:protein binding 

of D5CT tail to GABAA receptor y2 subunits. 

Since the data presented here have only been obtained in heterologus 

expressing cells, we wish to confirm the physiological relevance of our observations in 

hippocampal cell cultures and slices preparations since marked differences may exist and 

have been observed between transfected and native neuronal cell populations with 

regard to GABA receptor mediated responses. For example, dopamine D l  like receptor 

stimulation is known to affect GABA receptor mediated neurotransmission [Grenhoff & 

Johnson 1997; Bosse & Di Paolo 19951. In midbrain slices, dopamine acts tonically at 

presynaptic D l  receptors of "direct" striatal afferent GABAergic neurons to augment both 

GABA release and nigral inhibitory postsynaptic potentials [Cameron and Williams, 1993; 

Byrnes et ai 19971. lin other neuronal populations, can either enhance [Radnikow & 

Misgeld, 1998; Yan & Surmeier, 19971 or reduce [Momiyama & Sim, 19961 evoked GABAA 

synaptic currents. 

Future work should also assess dopamine D I  receptor modulation of GABA 

receptor synaptic activity in cultured hippocarnpal preparations under the 

experimental conditions described here. In brief, we will initially assess whether 

D1D5 receptor stimulation modulates whole cell GABA receptor currents and trafficking to 

determine whether this event is mediated by direct protein:protein interactions between 

the two receptor systems. Moreover, while cultured neurons provide the best preparation 

for detailed mechanistic studies on the modulation of synaptic receptor mediated 

responses by neurotransmitters or other agents, they are not suitable for studies aimed at 

addressing the physiological significance of synaptic modulation since normal synaptic 

circuitry and connections are lost in culture. As a complementary approach, future work 

should plan to investigate subtype specific D l  and D5 modulation of GABAA receptor 

mediated synaptic inhibition in hippocampal brain slices since DI/D5 and GABAA 

receptors are al1 intimately involved in the generation of physiological process of long-term 



potentiation [LTP] and long-term depression [LTD] [Paulsen & Moser 1998; Tsien et al 

1996; Mct-lugh et al 19961. More long terni aims will include a direct test of the functional 

significance of these interactions in D1/D5 gene substituted rnice in which D l  receptors will 

replace the expression of D5 receptor containing neurons and vice versa. 

An extension of our hypothesis would suggest SPECIFIC NMDA AND 

DOPAMI NE D 1 RECEPTOR INTERACTIONS: Fast excitatory neuro-transmission in the 

mammalian brain is mediated by three classes of receptor, ail of which contain intrinsic ion 

channels and respond to the neurotransrnitter glutamate. These ionotropic receptors are 

termed NMDA, AMPA [a-amino 3-hydroxy-5-methyl-methlisoxazole-4-proponc acid] and 

kianate receptors [Ozawa et al 1998, Lerea 19971. NMDA receptors are comprised of 

NRI subunits, which exist as a number of slice variants, and NR2 subunits, which are 

encoded by four different gene products, terrned NR2 A-D. As with GABAA receptors the 

NMDA receptor is believed to exist as heteropentametric assemblies of these subunits. 

Numerous studies have shown the functional interaction between dopamine Dl 

like receptors and NMDA receptors. For example, activation of postsynaptic D I  receptors 

enhances the synaptic activation of NMDA receptors in rat nucleus accurnbens neurons, 

and promotes a transsynaptic feedback inhibition of glutamatergic synaptic transmission 

via release of adenosine (Harvey & Lacey, 1997) in a CAMP independent manner. The 

postsynaptic facilitatory interaction between D l  and NMDA receptors was demonstrated 

by the potentiation by dopamine and the selective D l  receptor agonist SKF 38393 of 

inward currents evoked by applied NMDA and also was demonstrable on the EPSC of 

the pharmacologically isolated NMDA receptor-mediated component of synaptic 

transmission and in dorsal striatal neurons (Cepeda et a/., 1993; Colwell & Levine, 1995; 

Levine et al., 1996), and the neocortex (Cepeda et al., 1992). In the hippocampus, 

dopamine, via the activation of D l  receptor, induces a long-lasting synaptic potentiation 

(Huang & Kandel, 1995), there are also report that dopamine decreases NMDA-mediated 

synaptic transmission in neocortex (Law-Tho et a/., 1994). It seems that the action of 



dopamine on NMDA-mediated synaptic transmission are expressed differently depending 

on the area and possibly the type of neurons studied. On the other hand, NMDA 

receptor antagonist attenuates dopamine D l  receptor modulation on neuronal activity in rat 

substantia nigra (Huang et al., 1998). Although the functional studies on D l  and NMDA 

receptors were well done, the rnechanism by which these two receptors interact is still 

unclear. The CO-existence of D l  receptor, NMDA receptor and PS095 together with the 

interaction between D1/PSD95 and NMDAlPSD95 raise the possibility these two 

receptors rnay interact through an adapter protein, PSD95. 

Based on our original hypothesis of the close spatial proximity between NMDA 

and D l  receptors on spines of hippocampal or cortical pyramidal cells, we predict that 

reciprocal NMDA and dopamine D l  receptor interactions should be evident in cells co- 

expressing these receptors and that these may be a product of direct protein:protein 

interactions. As already mentioned we have begun work on the contention that D l  

receptors may selectively only modify NMDA receptor mediated responses and vice 

versa. At present, we can show that, as with 0 5  and GABAA receptors, in vitro 

translated D1CT but not D5CT Iabeled peptides bind directly to the CT tail domain of 

both NR2A and B, but not NRI  subunits of NMDA receptors in blot overlay assays. 

Functionally, NMDA receptor stimulation only modulates D l ,  but not D5, receptor mediated 

CAMP accumulation in HEK-293 cells CO-expressing these receptors. 

Our working hypothesis is, therefore, that direct protein:protein binding between 

the CT domains of dopamine D l  and NR2AIB receptor subunits of NMDA receptors 

enables reciprocal and functional cross-talk between G-protein linked and ligand gated 

channels in re-combinant cell lines. Future work should include (1) a characterization of D l  

receptor and NMDA receptor functional interaction using a CO-expression system, 

(2)confirm the functional role of PSD95 in the Dl and NMDA receptor interaction, (3) 

investigation of the D l  receptor selective motifs and amino acid residue confers a 

functional interaction with the NMDA receptor, (4) possible signal transduction pathway 



that accounts for the functional interaction between D l  and NMDA receptor, (5) isolation 

and characterization of those proteins and mecbanisms specifically involved in the 

trafficking of dopamine Dl and D5 receptors based on the fact that selective 

developmental aberrations of channel or receptor associated trafficking proteins may 

subserve some of the observed functional deficits of dopamine and excitatory/ inhibitory 

receptor mediated neurotransmission in schizophrenia. We expect that data obtained from 

these experiments will aid in the development of novel therapeutic strategies and 

hopefully provide novel genetic markers for schizophrenia. 

Si~nificance 

This work has provided evidence that, [il direct protein-protein binding between 

domains of structurally and functionally divergent receptor classes represents a 

previously unappreciated signal transduction mechanism whereby subtype specific 

receptors can act in concert to regulate synaptic strength and [ii3 the data will provide a 

molecular framework in which to view ligand gated and dopamine Dl-like receptor 

interactions, aberrations of which are thought to underlie the maintenance and expression 

of cognitive elements in schizophrenia and [3] functional differentiation of multiple D l  

receptor subtypes 
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