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Abstract

The D1 dopamine receptor (D1R) has been implicated in numerous neuropsychiatric disorders, 

and D1R-selective ligands have potential as therapeutic agents. Previous studies have identified 

substituted benzazepines as D1R-selective agonists, but the in vivo effects of these compounds 

have not correlated well with their in vitro pharmacological activities. A series of substituted 

benzazepines, and structurally dissimilar D1R-selective agonists, were tested for their functional 

effects on D1R-mediated cAMP accumulation, D1R-promoted β-arrestin recruitment, and D1R 

internalization using live cell functional assays. All compounds tested elicited an increase in the 

level of cAMP accumulation, albeit with a range of efficacies. However, when the compounds 

were evaluated for β-arrestin recruitment, a subset of substituted benzazepines, SKF83959, 

SKF38393, SKF82957, SKF77434, and SKF75670, failed to activate this pathway, whereas the 

others showed similar activation efficacies as seen with cAMP accumulation. When tested as 

antagonists, the five biased compounds all inhibited dopamine-stimulated β-arrestin recruitment. 

Further, D1R internalization assays revealed a corroborating pattern of activity in that the G 

protein-biased compounds failed to promote D1R internalization. Interestingly, the biased 

signaling was unique for the D1R, as the same compounds were agonists of the related D5 

dopamine receptor (D5R), but revealed no signaling bias. We have identified a group of substituted 

benzazepine ligands that are agonists at D1R-mediated G protein signaling, but antagonists of 

D1R recruitment of β-arrestin, and also devoid of agonist-induced receptor endocytosis. These 

data may be useful for interpreting the contrasting effects of these compounds in vitro versus in 
vivo, and also for the understanding of pathway-selective signaling of the D1R.
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Dopamine is a critically important transmitter in both the central and peripheral nervous 

systems. In the central nervous system, dopamine regulates several important functions, 

including movement, learning and memory, reward circuitry, cognition, and certain 

neuroendocrine functions.1 Dysregulation of dopaminergic signaling is also central in the 

etiology and/or therapy of a number of neuropsychiatric disorders.2 The effects of dopamine 

are mediated by five different receptor subtypes that are members of the G protein-coupled 

receptor (GPCR) superfamily and are divided into two subfamilies on the basis of structure, 

pharmacology, and signaling properties.3,4 The D1-like subfamily consists of the D1 and D5 

receptors that are defined as being coupled to Gs/Golf proteins, which activate adenylate 

cyclase and increase cAMP levels. In contrast, the D2-like subfamily, consisting of the D2–

D4 receptors, is described as being coupled to Gi/Go proteins, which inhibit adenylate 

cyclase and modulate certain ion channels. However, as discussed below, both classes of 

dopamine receptors are also known to signal through additional pathways.

GPCRs, including dopamine receptors, are extremely important drug targets and account for 

approximately one-third of Food and Drug Administration (FDA)-approved medications.5 

Nonetheless, many of these medications can exhibit side effects that can range from 

bothersome to potentially toxic. Typically, these are due to off-target interactions of the drug 

with other receptors, channels, or transporters but sometimes are intrinsic to on-target 

activation by the drug itself. In these cases, the therapeutic effects of a drug targeting a 

GPCR may be due to stimulation of a specific signaling pathway activated by that receptor, 

whereas the side effect(s) is mediated by an alternative signaling pathway (e.g., ref 6). 

Hitherto, this has been an intractable problem as all agonist drugs for a receptor typically 

activate every signaling pathway associated with that receptor, as would the endogenous 

agonist. Recently, however, for many receptors, drugs that are capable of inducing or 

stabilizing unique active signaling states of the receptor such that they selectively activate 

one signaling pathway and not another or even inhibit a parallel signaling pathway have 

been identified.7–10 This observation has been termed “functional selectivity” or “biased 

agonism”, which obviously has enormous potential for drug discovery and 

development.11–14 Recently, a structural basis for the functional selectivity of several 
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GPCRs has been suggested,15–19 indicating that the rational design of functionally selective 

or signaling-biased compounds may be achievable.

Within dopamine receptors, functional selectivity of signaling has been clearly observed for 

the D2 receptor (D2R),20–24 which signals not only through G proteins but also through the 

multifunctional adaptor protein, β-arrestin. Agonist activation of the D2R leads to β-arrestin 

recruitment and the formation of a complex of protein kinase B (Akt) and protein 

phosphatase 2A. This results in the dephosphorylation and inactivation of Akt. Because Akt 

constitutively inhibits glycogen synthase kinase-β (GSK3β), the latter is then activated, 

leading to downstream signaling and behavioral outcomes.25,26 Recently, ligands for the 

D2R that are selectively biased for stimulating either G protein27 or β-arrestin-mediated 

signaling28,29 have been identified. These developments may assist in determining which 

signaling arms of the D2R are involved in various behavioral responses to receptor agonists 

and the therapeutic effects of various agents used to treat neuropsychiatric disorders 

associated with the D2R.

With respect to D1-like receptors, the existence of functionally selective agonists has been 

somewhat controversial. While D1Rs are well-known to signal through activating Gs, or 

Golf, and elevating intracellular cAMP levels, they have also been hypothesized to signal 

through Gq with subsequent activation of phospholipase Cβ (PLCβ) and Ca2+ mobilization. 

For instance, D1R-selective agonists from the benzazepine family have been postulated to 

selectively link the D1R to PLCβ signaling while having negligible effects in activating 

adenylate cyclase, or acting as antagonists of this latter response.30,31 A prototypical agonist 

from this group of compounds is SKF83959, which has been shown to induce unique 

behavioral effects in rodents.32–35 This hypothesis of PLCβ-selective D1R agonists has 

subsequently been partially revised with the identification of D1–D2 receptor dimers that 

have been postulated to switch their coupling from Gs (D1R) and Gi/o (D2R) to Gq and thus 

activate PLCβ.36 Indeed, SKF83959 has been proposed as a prototypical D1–D2 receptor 

dimer-selective agonist.37,38 However, the selectivity of SKF83959 for either D1–D2 

receptor dimers or D1 receptor-mediated PLCβ signaling has recently come under 

question39,40 (for a review, see ref 41). The possibility that the effects of SKF83959 on 

PLCβ-mediated signaling may not be mediated by D1Rs, or D1–D2 receptor dimers, but 

rather by interactions with other GPCRs or signaling proteins has been raised.39–44 Notably, 

D1Rs have also been suggested to signal through β-arrestin-mediated pathways,45 although 

biased signaling between β-arrestin- and G protein-mediated pathways has not been 

extensively investigated for the D1R, as for the D2R (see above).

We now report the identification of D1R-selective benzazepines that are functionally 

selective at the D1R in that they exhibit biased signaling through G proteins (increased 

intracellular cAMP levels) in the absence of recruiting β-arrestin. These highly biased 

ligands thus lack the possibility of signaling through β-arrestin-mediated pathways. Not all 

D1R-selective benzazepines were found to exhibit biased signaling properties, but included 

among the G protein-biased agonists was SKF83959, thus suggesting a possible mechanism 

for the unique effects of this drug in vivo. Interestingly, the benzazepines that were highly G 

protein-biased at the D1R exhibited less or no bias at the closely related D5R. Our results 

provide the first identification of G protein signaling-biased agonists for the D1R. Such 
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compounds may prove to be useful for treating neurological disorders in which D1R 

stimulation is desirable, such as Parkinson’s disease46 or cognitive disorders.47,48

RESULTS AND DISCUSSION

Recently, we investigated the receptor selectivity of the substituted benzazepine, SKF83959, 

which has been proposed as a prototypical D1–D2 heteromer receptor-selective agonist.39 

We were unable to generate data in support of this hypothesis but did find that SKF83959 

potently inhibited D1–D2 dimer-mediated Ca2+ mobilization in HEK293 cells.39 In other 

preliminary experiments, we found that when the D1R was expressed alone (in the absence 

of the D2R), SKF83959 potently stimulated D1R-mediated cAMP accumulation. 

Surprisingly, in parallel experiments, SKF83959 was incapable of promoting the recruitment 

of β-arrestin to the D1R, suggesting that it may exhibit bias between G protein- and β-

arrestin-mediated signaling of the D1R. We thus sought to characterize biased activation of 

these D1R signaling pathways using a series of SKF83959-related substituted benzazepines, 

and other structurally dissimilar D1R-selective agonists. The structures of all of the 

compounds used in this study are shown in Figure 1.

We initially investigated the ability of the D1R-selective compounds to promote D1R-

mediated cAMP formation (Figure 2 and Table 1). In Figure 2A, we tested three agonists 

from different structural categories that are known to exhibit selectivity for the D1R 

(reviewed in ref 49). Both dihydrexidine and A77636 stimulated cAMP accumulation to the 

same degree as dopamine, whereas apomorphine was not as efficacious, exhibiting ~75% 

efficacy compared to dopamine. Figure 2B shows the results with four D1R-selective 

substituted benzazepines that exhibit full, or nearly full, agonist activity with respect to 

stimulating cAMP accumulation. SKF81297 and SKF83822 are frequently used as highly 

efficacious D1R-selective agonists for in vitro and in vivo studies (e.g., refs 50–53), whereas 

fenoldopam (also known as SKF82526) is an FDA-approved antihypertensive agent.54 

Figure 2C shows the results with D1R-selective substituted benzazepines that are less than 

full agonists for stimulating cAMP accumulation. The most efficacious of these is 

SKF38393, while the least efficacious is SKF75670. Notably, SKF38393 is a well-known 

partial agonist of D1R-mediated cAMP accumulation.55–57 The observation that this 

compound exhibits high, but less than full, efficacy in these experiments suggests that there 

is receptor reserve for D1R-mediated cAMP accumulation. Interestingly, the HEK293 cells 

used for these experiments express ~350 fmol/mg of D1R, which is similar to, or somewhat 

less than, the level of D1R expression in rodent striatum or cortex.58,59 The well-known 

D1R-selective antagonist, SCH23390 (Figure 1), completely blocked cAMP accumulation of 

all the agonists tested (data not shown). The average EC50 and Emax values for all of the 

agonists tested in Figure 2 are listed in Table 1.

We next investigated the ability of the selected agonist ligands to recruit β-arrestin to the 

D1R (Figure 3 and Table 2) using a complementation assay as previously described.27,39 

Figure 3A shows that both A77636 and dihydrexidine are potent full agonists with respect to 

this functional response whereas apomorphine is a low-efficacy partial agonist. 

Apomorphine thus appears to exhibit biased efficacy with respect to G protein versus β-

arrestin activation by the D1R. We were also interested in evaluating these same compounds 
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for their ability to inhibit dopamine-stimulated β-arrestin recruitment, and the results are 

shown in Figure 3B. As expected, the full agonists A77636 and dihydrexidine were without 

effect in this assay, whereas the partial agonist apomorphine antagonized the dopamine 

response to approximately the level seen with stimulation by apomorphine alone. Complete 

inhibition of the dopamine response was observed with SCH23390. Figure 3C shows the β-

arrestin recruitment stimulated by four of the substituted benzazepines that were highly 

efficacious in stimulating cAMP accumulation. All of these compounds potently stimulated 

β-arrestin recruitment but exhibited partial agonist activity, generally between 50 and 60% 

of the maximal dopamine response. Not surprisingly, when tested as antagonists in this 

assay, all of the compounds displayed partial inhibition of dopamine-stimulated β-arrestin 

recruitment (Figure 3D). In Figure 3E, we investigate the ability of the five substituted 

benzazepines that were partial agonists in stimulating cAMP accumulation to recruit β-

arrestin to the D1R. Surprisingly, none of these compounds exhibited β-arrestin recruitment 

within the detection limits of the assay. In contrast, all of them functioned as potent 

antagonists of dopamine-stimulated recruitment of β-arrestin to the D1R (Figure 3F). These 

five compounds, SKF83959, SKF38393, SKF82957, SKF77434, and SKF75670, thus 

appear to be biased in their efficacy to promote D1R signaling through G proteins in the 

absence of β-arrestin recruitment and associated responses. The average EC50 and Emax 

values for all of the agonists tested in Figure 3 are listed in Table 2.

While it might be tempting to hypothesize that spare receptors in the cAMP assay could 

explain the difference in efficacies observed for some of the compounds in the β-arrestin 

assay, it should be noted that the cellular level of D1R expression in the β-arrestin assay is 

~10-fold (3200 fmol/mg of protein) higher than that of the cAMP assay (see above). 

However, it should also be noted that the cell background in these two assays differs 

(HEK293 for cAMP and CHO for β-arrestin). Thus, to rule out cell background as an 

explanation for the observed differences, we evaluated all of the compounds for their ability 

to stimulate cAMP accumulation in D1R-expressing CHO cells. Figure 1 of the Supporting 

Information shows that all of the G protein-biased agonists, including those that are entirely 

devoid of β-arrestin recruitment, are capable of potently stimulating D1R-mediated cAMP 

accumulation in a CHO cell background. Thus, cell background does not seem to play a role 

in the biased activity of the substituted benzazepines.

Because β-arrestin recruitment typically promotes receptor internalization, or endocytosis,60 

we investigated the activity of the compounds for promoting D1R internalization (Figure 4 

and Table 3). For this series of experiments, we used cells that are stably transfected with the 

D1R fused to a small fragment of β-galactosidase along with cotransfection of a 

complementing fragment of β-galactosidase that is fused to an endosomal marker protein.61 

When the receptor is internalized into endosomes, β-galactosidase is complemented and 

provides a luminescent signal upon addition of substrate. Figure 4A shows that 

dihydrexidine is a full agonist in this assay, whereas A77636 and apomorphine are partial 

agonists. The substituted benzazepines that exhibited partial agonist activity for promoting 

β-arrestin recruitment typically showed partial agonist activity for promoting receptor 

internalization (Figure 4B). Similarly, with the exception of SKF38393, which showed a 

small, but statistically significant (Student’s t test; p = 0.004) degree of receptor 

internalization, all of the substituted benzazepines that were unable to recruit β-arrestin 
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failed to promote receptor internalization (Figure 4C). The average EC50 and Emax values 

for all of the agonists tested in Figure 4 are listed in Table 3.

Figure 5 shows a comparison of the maximal agonist-stimulated cAMP accumulation, β-

arrestin recruitment, and receptor internalization produced by each agonist used in this 

study. In general, there is a good correlation between the ability of an agonist to promote β-

arrestin recruitment and internalization of the D1R. There are, however, some exceptions. 

For instance, A77636 was a full agonist in promoting β-arrestin recruitment yet was a partial 

agonist in inducing receptor internalization (Figure 5A). Conversely, SKF38393 appeared 

not to recruit β-arrestin but stimulated a small degree of receptor internalization. Those 

agonists that were partially efficacious in promoting β-arrestin recruitment were also partial 

agonists for promoting D1R internalization. Most importantly, the substituted benzazepines 

shown in Figure 5B, SKF83959, SKF82957, SKF77434, SKF75670, and SKF38393, that 

showed no β-arrestin recruitment largely failed to promote receptor internalization despite 

the fact that they were able to stimulate cAMP accumulation. These results further suggest 

that these compounds are highly biased for activating G protein-mediated signaling of the 

D1R.

Figure 5 also illustrates that some substituted benzazepine compounds exhibited little to no 

bias with respect to their efficacies for promoting cAMP accumulation versus β-arrestin 

recruitment and receptor internalization. For instance, the efficacies of chloro-APB for 

promoting β-arrestin recruitment and receptor internalization are only slightly lower than 

that for stimulating cAMP accumulation (Figure 5A). Similarly, for SKF83822, the 

efficacies for promoting cAMP accumulation and β-arrestin recruitment are similar while 

that for inducing receptor internalization is actually higher (Figure 5A). This suggests that 

the signaling bias seen for the compounds in Figure 5B cannot be explained by spare 

receptor or “signaling strength” phenomena.

We were also interested in evaluating the activities of the D1R G protein-biased agonists at 

the closely related D5 dopamine receptor (D5R). Figure 6A shows that these compounds 

also stimulate D5R-mediated cAMP accumulation with efficacies ranging from ~30 to 70% 

of the maximal dopamine response. A notable exception, however, was that SKF83959 did 

not exhibit agonist activity in this assay. Thus, in general, the activities for stimulating 

cAMP accumulation are similar to those observed with the D1R (Figure 2). However, in 

dramatic contrast to the D1R, all of the compounds were also partially efficacious in 

stimulating recruitment of β-arrestin to the D5R with efficacies ranging from 25 to 35% 

(Figure 6B). These results suggest that the compounds are less biased or even not biased at 

the D5R. In fact, SKF83959 even appears to exhibit “reverse bias” in that it is a partial 

agonist with respect to D5R-mediated β-arrestin recruitment while exerting no activity in 

stimulating cAMP accumulation. Thus, despite the structural similarities of the D1R and 

D5R, there are clearly agonists that can differ in their signaling biases at these two receptors.

The major finding of this investigation is the first identification of G protein-biased agonists 

of the D1R. We investigated a series of compounds based on the substituted benzazepine 

scaffold that had previously been shown to exhibit selectivity for the D1R. All of these 

compounds exhibited agonist activity for stimulating D1R-mediated cAMP accumulation, 
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albeit with a variety of efficacies. In contrast, when we examined the ability of these 

compounds to stimulate the recruitment of β-arrestin to the receptor, some of the compounds 

(SKF83959, SKF38393, SKF82957, SKF77434, and SKF75670) were completely inactive. 

This biased activity cannot be explained by less receptor reserve in the β-arrestin assay as 

these cells express approximately 10 times the number of D1Rs versus the cells used in the 

cAMP assay. Moreover, cell background appears not to be a factor as similar results were 

observed in two different cell backgrounds (HEK293 and CHO). Importantly, consistent 

results were obtained in investigating agonist-induced D1R internalization, which is 

mediated by β-arrestin.60 The compounds that were inactive in recruiting β-arrestin to the 

D1R were inactive in promoting receptor internalization (with the exception of SKF38393, 

which promoted a small but significant amount of receptor internalization). These results 

suggest that, when administered to animals, these biased agonists will only stimulate G 

protein-mediated signaling by the D1R (primarily cAMP accumulation), while not 

promoting receptor internalization or β-arrestin-mediated signaling. In fact, such compounds 

will block dopamine signaling through β-arrestin or dopamine-induced receptor 

internalization.

Currently, little is known about D1R signaling through β-arrestin-mediated pathways; 

however, Urs et al.45 have shown that opioid-promoted locomotor activity in mice is 

regulated by a D1R/β-arrestin-2/pERK complex. Moreover, Fieblinger et al.62 have shown 

that the formation of D1R/pERK complexes is regulated by mGluR5 receptors and may be 

involved in dyskinesias. The development and use of signaling-biased agonists should now 

help in the identification of the physiologic and potentially therapeutic roles of downstream 

signaling pathways of the D1R.

Notably, among the G protein-biased agonists that we identified was SKF83959. This 

compound has been used extensively for investigations of the D1R and has a complicated 

pharmacological history (reviewed in ref 41). It has variously been reported as a D1R 

agonist or antagonist for stimulating cAMP accumulation but has also been described as a 

biased agonist for stimulating PLCβ activity and mobilizing Ca2+ (see ref 41 and references 

cited therein). This hypothesis has recently undergone revision to suggest that SKF83959 is 

a D1R–D2R dimer-selective agonist, where the D1R–D2R dimer is selectively linked to 

PLCβ activation and Ca2+ mobilization (ref 38 and references cited therein). We recently 

investigated this hypothesis and found that, while co-expression of both D1 and D2 receptors 

was required to observe a dopamine-stimulated Ca2+ response in HEK293 cells, this largely 

appeared to be due to downstream cross-talk pathways rather than D1R–D2R interactions.39 

Surprisingly, we found that SKF83959 did not stimulate Ca2+ mobilization but rather 

functioned as an antagonist of this response. We also observed that SKF83959 was a 

somewhat promiscuous ligand that exhibited moderate affinity for a number of GPCRs.39 

On the basis of these and other data, Mailman and colleagues40,41 have suggested that 

SKF83959 is not a PLCβ-biased agonist at the D1R, or a D1R–D2R dimer-selective agonist, 

but simply a partial D1R agonist that exhibits a number of behavioral effects caused by off-

target activity at other GPCRs. In support of this hypothesis is the observation that in D1R 

knockout mice, “D1-selective” stimulation of PLCβ is still observed63 and that in adult 

rodents D1R–D2R dimers are either nonexistent or expressed at extremely low levels.64 We 

would now like to suggest an additional hypothesis, which is that the G protein-biased 
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activity of SKF83959 may be partially responsible for some of the unexpected behavioral 

effects of this ligand in vivo when compared to nonbiased D1R agonists.

Our current results do differ somewhat from those of Mailman and colleagues in that they 

found SKF83959 was a partial agonist of both D1R-mediated cAMP accumulation and β-

arrestin recruitment.40 An explanation for the difference in these results for β-arrestin 

recruitment is not immediately obvious; however, there are several observations that are 

important to note. First, we investigated a complete series of substituted benzazepines and 

identified several that exhibited the same signaling bias as SKF83959. Thus, our results are 

not limited to SKF83959. Second, our results with the G protein-biased agonists, including 

SKF83959, were corroborated using receptor internalization, which is mediated by β-

arrestin,60 as the functional output. Third, it is of concern that in the study of Lee et al.40 the 

SKF83959-induced β-arrestin recruitment was only partially attenuated by a saturating 

concentration of the D1R antagonist SCH23390. Finally, Mailman and colleagues have 

previously published data57 suggesting that SKF83959 does not promote D1R 

internalization, or downregulation, defined as a loss of [3H]SCH23390 binding, which 

would be in agreement with our data showing that SKF83959 does not enhance β-arrestin 

recruitment or promote D1R internalization. Thus, taken together, we feel that all of the data 

support the notion that SKF83959 is a G protein-biased agonist at the D1R, although we do 

agree that SKF83959 is not biased for promoting D1R (or D1R–D2R dimer)-mediated 

PLCβ activation.

It was of interest to compare the activities of the biased compounds at both D1R- and D5R-

mediated signaling outputs as these two receptors comprise the D1-like receptor subfamily. 

Surprisingly, despite the high degrees of structural similarity of these receptors,3 we 

observed significant differences in the functional activities of the D1R-biased compounds. 

Notably, all these compounds were able to promote the recruitment of β-arrestin to the D5R 

in contrast to their inability to recruit β-arrestin to the D1R. For the most part, the D1R-

biased compounds were partial agonists on both D5R-mediated cAMP accumulation and β-

arrestin recruitment. Strikingly, however, SKF83959 was devoid of activity on D5R-

mediated cAMP accumulation despite it being a potent but low-efficacy partial agonist of 

D5R–β-arrestin recruitment. These data suggest that SKF83959 is actually a β-arrestin-

biased partial agonist at the D5R, thus adding to its pharmacological complexity. Given the 

high degree of structural similary of the D1R and D5R, the small differences in structure 

may provide a starting point for identifying a structural basis for the biased signaling 

properties of the D1R and D5R.

Close inspection of the chemical structures of the biased and nonbiased substituted 

benzazepines did not reveal an obvious structure–activity relationship (SAR) for biased 

signaling activity at the D1R. Notably, however, the compounds used in this study were 

simply those that were commercially available rather than ones that were synthesized to 

interrogate the SAR for functional selectivity at the D1R. Future research will be directed at 

examining the chemical basis for the G protein signaling bias of the identified benzazepines, 

and determining if any of them are more D1R-selective than SKF83959. Such data might 

provide for the rational design of signaling-biased D1R agonists.
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A surprising finding from this study was the G protein signaling bias of apomorphine at the 

D1R. This compound is frequently used as a dopaminergic agonist in behavioral studies and, 

in fact, is an FDA-approved drug for the acute treatment of Parkinson’s disease. It will thus 

be of interest to further explore the apomorphine scaffold for developing compounds with 

biased signaling activity at the D1R and other dopamine receptors.

In summary, we have identified the first G protein signaling-biased agonists for the D1R. 

While D1R-selective agonists have shown great potential for the treatment of various neuro-

psychiatric disorders, such as Parkinson’s disease and impaired cognition, significant side 

effects such as hypotension and tolerance have precluded the approval of a number of 

candidate compounds. Our results suggest that a possible way forward for identifying 

improved drugs is to develop functionally selective D1R compounds, such as G protein-

biased agonists that will exhibit high clinical efficacy but will have fewer side effects, such 

as drug-induced tolerance.

METHODS

Materials

D1R and D5R stably transfected cell lines were made in house by stably transfecting 

HEK293T cells with the human D1R or were purchased from either DiscoveRx Corp. 

(Fremont, CA) (D1R-U2OS cells and D1R-CHOK1 cells) or Codex Biosolutions 

(Gaithersburg, MD) (D1R and D5R HEK293 cells), as indicated. Cell-plating (CP) media 

and all components of the PathHunter and HitHunter detection kits were purchased from 

DiscoveRx Corp. Cell culture media and reagents were purchased from Mediatech/Cellgro 

(Manassas, VA). Cell culture flasks and assay plates were purchased from ThermoFisher 

Scientific (Waltham, MA). SKF83959 and SKF83822 were purchased from Tocris 

Bioscience/RD Systems (Minneapolis, MN). All other compounds and reagents were 

purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified.

cAMP Accumulation Assay

Assays were performed on cells stably expressing the human D1R or D5R, including D1R-

CHOK1 cells (made in house), D1R-HEK293 cells (Codex Biosolutions), and D5R-

HEK293 cells (Codex Biosolutions), as indicated. HEK293 cell lines were maintained in 

Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal bovine serum, 100 

units/mL penicillin, 100 μg/mL streptomycin, 1 mM sodium pyruvate, 10 μg/mL 

gentamycin, and 250 μg/mL G418. CHOK1 cells were maintained in Ham’s F12 

supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 μg/mL 

streptomycin, 20 mM HEPES, 500 μg/mL hygromycin, and 400 μg/mL G418. Cells were 

incubated at 37 °C, 5% CO2, and 90% humidity. Cells were seeded in 384-well black, clear-

bottom plates at a density of 5000 cells/well at 10 μL/well. After incubation for 18–24 h at 

37 °C, 5% CO2, and 90% humidity, the medium was removed and replaced with 5 μL of 

PBS/well. Cells were then treated with 2.5 μL of varying concentrations of compound 

diluted in PBS containing 25 μM 4-(3-butoxy-4-methoxybenzyl)-imidazolin-2-one (Ro 

20-1724), 1 μM propranolol, and 0.2 mM sodium metabisulfite and incubated for 60 min at 

37 °C, 5% CO2, and 90% humidity. cAMP was measured using the DiscoveRx HitHunter 
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kit, according to the manufacturer’s recommendations. Briefly, an antibody and a working 

solution were added to each well according to the manufacturer’s protocol and incubated in 

the dark at room temperature for 60 min. Following incubation, EA reagent was added to the 

plates and luminescence (RLU) was measured (FDSS μCell, Hamamatsu Photonics K. K., 

Bridgewater, NJ) following a 3 h incubation in the dark at room temperature. Data are 

represented as a percentage of the control maximal dopamine-stimulated cAMP signal.

β-Arrestin Recruitment Assay

D1R and D5R agonist-mediated recruitment of β-arrestin-2 was assessed using the 

DiscoveRx PathHunter complementation assay, as previously described by our 

laboratory.27,65,66 Briefly, CHO-K1 cells stably expressing the D1R or D5R were seeded in 

cell plating (CP) media (DiscoveRx Corp.) at a density of 2625 cells/well in 384-well black, 

clear-bottom plates. Following incubation for 18–24 h, the cells were treated with the 

indicated concentrations of compound in PBS buffer containing 0.2 mM sodium 

metabisulfite and incubated at 37 °C for 90 min. DiscoveRx reagent was added to cells 

according to the manufacturer’s protocol followed by a 60 min incubation in the dark at 

room temperature. Luminescence was measured on a Hamamatsu FDSS μ-Cell reader for 5 

s (Hamamatsu), and data were collected using the FDSS software. Data were collected as 

relative luminescence units (RLUs) and normalized to a percentage of the control 

luminescence seen with a maximal concentration of dopamine, with zero percent being 

RLUs produced in the absence of any compound. The Hill coefficients of the concentration 

response curves did not significantly differ from unity.

Internalization Assay

Agonist-mediated D1R internalization was assessed using the PathHunter Total GPCR 

Internalization Assay System (DiscoveRx Corp.), as deployed for other GPCRs,61 which 

utilizes a U2OS cell line stably expressing the D1R tagged with a Prolink tag, and an 

enzyme acceptor tag fused to an endosomal marker protein. Trafficking of the tagged 

receptor to the endosomes results in complementation of the two enzyme fragments and a 

subsequent chemiluminescent signal. The assay was conducted according to the 

manufacturer’s recommendation. Briefly, cells were seeded in cell plating (CP5) media 

(DiscoveRx) at a density of 2250 cells/well in 384-well black, clear-bottom plates. 

Following incubation for 24 h, cells were treated with varying concentrations of compound 

in PBS containing 0.2 mM sodium metabisulfite and incubated at 37 °C for 180 min. 

Reagent was then added to cells according to the manufacturer’s protocol followed by 

incubation in the dark at room temperature for 60 min. Luminescence was then measured on 

a Hamamatsu FDSS μ-cell reader for 8–12 s (Hamamatsu), and data were collected using the 

FDSS software. Data are represented as a percentage of the maximal internalization 

produced with dopamine, with zero percent represented by luminescence seen in the absence 

of any compound.

Radioligand Binding Assays

Radioligand competition binding assays were conducted with slight modifications as 

previously described by our laboratory.39 HEK293 cells stably transfected with human D1R 

(Codex Biosolutions) were dissociated from plates using EBSS-, and intact cells were 
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collected by centrifugation at 900g for 10 min. Cells were resuspended and lysed using 5 

mM Tris-HCl and 5 mM MgCl2 (pH 7.4) at 4 °C. The cell lysate was centrifuged at 30000g 
for 30 min, and the membrane faction was resuspended in EBSS with calcium at pH 7.4. 

Cell membranes (100 μL, containing ~8 μg of protein for D2-like receptor assays or ~10 μg 

of protein for D1-like receptor assays) were incubated for 90 min at room temperature with 

either [3H]SCH23390 (D1R and D5R) or [3H]methylspiperone (D2R–D4R) in a final 

reaction volume of 250 μL. Nonspecific binding was assessed in the presence of 4 μM (+)-

butaclamol. Bound ligand was separated from free by filtration through a PerkinElmer 

Unifilter-96 GF/C 96-well microplate using the PerkinElmer Unifilter-96 Harvester, 

followed by washing three times, 1 mL per well, with ice-cold assay buffer. After samples 

had dried, 50 μL of liquid scintillation cocktail (MicroScint PS, PerkinElmer, Waltham, MA) 

was added to each well and plates were sealed and analyzed on a PerkinElmer Topcount 

NXT instrument.

Statistical Analysis

Data are expressed as a percentage of control values for each individual experiment. 

Nonlinear regression analyses were conducted using GraphPad Prism version 5.01 

(GraphPad Software, Inc., La Jolla, CA). Results are expressed as means ± SEM. IC50 and 

Emax values were calculated from individual concentration responses and then averaged to 

generate means and SEM values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

D1R D1 dopamine receptor

D2R D2 dopamine receptor

D3R D3 dopamine receptor

D4R D4 dopamine receptor

D5R D5 dopamine receptor

EC50 50% excitatory concentration

IC50 50% inhibitory concentration
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SEM standard error of the mean
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Figure 1. 
Chemical structures of compounds used in this study. (A) D1R-selective ligands shown 

include dihydrexidine, A77636, and apomorphine, as well as substituted benzazepines that 

were not found to be functionally selective for D1R signaling, including the D1R-selective 

antagonist SCH23390. (B) Substituted benzazepines that were found to exhibit D1R-

mediated G protein-biased signaling.
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Figure 2. 
Agonist stimulation of D1R-mediated cAMP accumulation. HEK293 cells stably expressing 

the D1R were assayed for agonist stimulation of cAMP accumulation as described in 

Methods. Cells were stimulated with the indicated concentrations of dopamine or test 

compound. (A) Cells were stimulated with the D1R-selective agonists A77636, 

dihydrexidine, and apomorphine. (B) Cells were stimulated with the indicated substituted 

benzazepines, all of which behaved as full, or nearly full, agonists of D1R-mediated cAMP 

accumulation. (C) Cells were stimulated with substituted benzazepines that behaved as 

partial agonists of D1R-mediated cAMP accumulation. All data are means of at least three 

independent experiments conducted on different days in triplicate and expressed as a 

percentage of the maximal signal given by dopamine (N = 3–4). EC50 and Emax values were 
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obtained for each individual experiment through nonlinear regression, and average data are 

reported in Table 1.
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Figure 3. 
Agonist stimulation of recruitment of β-arrestin to the D1R. DiscoveRx PathHunter cells 

were assayed for agonist-induced recruitment of β-arrestin-2 to the D1R as described in 

Methods. (A) Cells were stimulated with the D1R-selective agonists A77636, dihydrexidine, 

and apomorphine. (B) Cells were incubated with an EC80 concentration of dopamine (1 μM) 

along with the indicated concentrations of the test compounds shown in panel A. The known 

D1R antagonist SCH23390 was used as a control. (C) Cells were stimulated with the 

indicated substituted benzazepines, all of which behaved as partial agonists of D1R-

mediated stimulation of β-arrestin recruitment. (D) Cells were incubated with an EC80 

concentration of dopamine (1 μM) along with the indicated concentrations of the test 

compounds shown in panel C. The known D1R antagonist SCH23390 was used as a control. 

(E) Cells were stimulated with the indicated substituted benzazepines, none of which 

exhibited agonist activity of D1R-mediated stimulation of β-arrestin recruitment. (F) Cells 
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were incubated with an EC80 concentration of dopamine (1 μM) along with the indicated 

concentrations of the test compounds shown in panel E. The known D1R antagonist 

SCH23390 was used as a control. All data are means of at least three independent 

experiments conducted on different days in triplicate and are expressed as a percentage of 

either the maximal signal given by dopamine (A, C, and E) or the signal given by an EC80 

concentration (1 μM) of dopamine (B, D, and F). Average EC50/IC50 and Emax/Imax values 

were obtained using nonlinear regression analyses and are listed in Table 2.
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Figure 4. 
Agonist-induced internalization of the D1R. Receptor internalization assays were conducted 

using the D1R PathHunter internalization assay system as described in Methods. Percent 

internalization is expressed as the maximum produced by dopamine. (A) Cells were 

stimulated with the reference D1R-selective agonists, A77636, dihydrexidine, and 

apomorphine. (B) Cells were incubated with the substituted benzazepines that showed low 

or no bias in the cAMP and β-arrestin recruitment assays. (C) Cells were incubated with the 

substituted benzazepines that were G protein-biased and showed insignificant β-arrestin 

recruitment. All data are means of at least three independent experiments conducted on 

different days in triplicate and expressed as a percentage of the maximal signal given by 

dopamine (N = 3–4). EC50 and Emax values were obtained for each individual experiment 

through nonlinear regression, and average data are reported in Table 3.
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Figure 5. 
Comparison of agonist-stimulated cAMP accumulation, β-arrestin recruitment, and receptor 

internalization. The maximal response seen using each agonist at 30 μM is compared to the 

maximal response produced by dopamine in each assay as determined in the assays shown in 

Figures 2–4. The data represent the means ± SEM values from three or four individual 

experiments. (A) D1R-selective agonists that exhibited low or no signaling bias. (B) 

Activities of highly G protein-biased substituted benzazepines.
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Figure 6. 
Stimulation of D5R-mediated cAMP accumulation or β-arrestin recruitment by the D1R-

biased agonists. (A) D5R-expressing cells were stimulated with the five substituted 

benzazepines that exhibited high G protein bias at the D1R followed by cAMP measurement 

as described in Methods. (B) Recruitment of β-arrestin to the D5R following stimulation 

with the D1R-biased agonists was measured as described in Methods. All data are means of 

at least three independent experiments conducted on different days in triplicate and 

expressed as a percentage of the maximal signal given by dopamine (N = 3–4). EC50 and 

Emax values were obtained for each individual experiment through nonlinear regression, and 

average data are reported in Table 4.
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Table 1

Stimulation of cAMP Accumulation by D1R Agonistsa

compound EC50 (nM) Emax (% of DA)

dopamine 3.2 ± 2 100

A77636 1.6 ± 0.3 98.3 ± 8.5

dihydrexidine 1.5 ± 0.5 92.9 ± 1

apomorphine 0.45 ± 0.1 76.2 ± 8.9

SKF81297 2.0 ± 0.2 99.9 ± 2.9

chloro-APB 0.73 ± 0.1 87.9 ± 5

SKF83822 0.12 ± 0.06 73.9 ± 5.9

fenoldopam 2.8 ± 0.1 91.8 ± 3.8

SKF38393 1.1 ± 0.4 86.7 ± 9.3

SKF83959 0.2 ± 0.02 59.6 ± 11

SKF82957 0.3 ± 0.09 60.2 ± 4.5

SKF77434 1.0 ± 0.3 51.9 ± 3.8

SKF75670 0.45 ± 0.03 30 ± 3.7

a
EC50 and Emax values were obtained from nonlinear regression analysis of individual dose–response curves as shown in Figure 2. Comparison to 

the control maximal response exhibited by dopamine (DA) derives the percent response (Emax) of a test compound.
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Table 2

Stimulation of β-Arrestin Recruitment by D1R Agonists

compound

β-arrestin recruitment stimulationa β-arrestin recruitment inhibitionb

EC50 (nM) Emax (% of DA) IC50 (nM) Imax (% inhibition)

dopamine 240 ± 70 100 NA NA

A77636 3.6 ± 1.9 100.7 ± 8.6 NA <5

dihydrexidine 67.7 ± 8.2 106.2 ± 7.7 NA <5

apomorphine 22.6 ± 13.2 15.8 ± 3.6 652 ± 74 62.7 ± 5.3

SKF81297 13.2 ± 6 61.7 ± 2.6 18.7 ± 0.7 20.4 ± 3.4

chloro-APB 2.0 ± 0.4 57.7 ± 11.1 3.9 ± 1 29.5 ± 4

SKF83822 2.3 ± 1 61.5 ± 3.5 10.6 ± 2.8 20.4 ± 2.4

fenoldopam 31.7 ± 15 54.7 ± 3.8 42.6 ± 5.1 43.8 ± 1.9

SKF38393 >10000 <5 404 ± 47 >95

SKF83959 >10000 <5 8.6 ± 2.8 >95

SKF82957 >10000 <5 4.6 ± 0.8 >95

SKF77434 >10000 <5 299 ± 68 >95

SKF75670 >10000 <5 36.4 ± 11 >95

a
EC50 and Emax values were obtained from nonlinear regression analysis of individual dose–response curves as shown in panels A, C, and E of 

Figure 3. Comparison to the control maximal response exhibited by dopamine (DA) derives the percent response (Emax) of a test compound. 

Compounds that exhibited <5% stimulation of β-arrestin recruitment were considered inactive.

b
IC50 and maximal inhibition (Imax) values were obtained from nonlinear regression analysis of individual dose–response curves as shown in 

panels B, D, and F of Figure 3. Compounds that exhibited <5% inhibition of β-arrestin recruitment were considered inactive. NA indicates not 
applicable, as no inhibition was detected at the concentration tested.
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Table 3

Stimulation of Receptor Internalization by D1R Agonistsa

compound EC50 (nM) Emax (% of DA)

dopamine 2086 ± 600 100

A77636 0.18 ± 0.1 47.5 ± 2.8

dihydrexidine 428 ± 180 72.3 ± 1

apomorphine 14 ± 5.7 30.1 ± 6.7

SKF81297 23 ± 12 59.5 ± 9

chloro-APB 9.6 ± 0.6 72.3 ± 6.8

SKF83822 7600 ± 133 87.0 ± 2.5

fenoldopam 45.8 ± 26 52.7 ± 5.3

SKF38393 165 ± 55 17.5 ± 2.7

SKF83959 NA <5

SKF82957 NA <5

SKF77434 NA <5

SKF75670 NA <5

a
EC50 and Emax values were obtained from nonlinear regression analysis of individual dose–response curves as shown in Figure 4. Comparison to 

the control maximal response exhibited by dopamine (DA) derives the percent response (Emax) of a test compound. Compounds that exhibited 

<5% stimulation of receptor internalization were considered inactive. NA indicates not applicable as no measurable internalization was detected.
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Table 4

Stimulation of D5R Receptor Signaling by Biased D1R Agonists

compound

cAMP accumulationa β-arrestin recruitmenta

EC50 (nM) Emax (% of DA) EC50 (nM) Emax (% of DA)

dopamine 184.7 ± 57 100 13.6 ± 2.4 100

SKF38393 40.6 ± 3.9 77.4 ± 7.3 23.7 ± 5.8 42.9 ± 1.9

SKF83959 >10000 <5 3.7 ± 2 20.3 ± 1

SKF82957 0.17 ± 0.3 37.7 ± 2.6 0.82 ± 0.3 30.9 ± 1.1

SKF77434 80.8 ± 68.4 69.2 ± 7.3 29.9 ± 5.1 34.7 ± 1

SKF75670 0.019 ± 0.003 53.8 ± 8.5 5.5 ± 0.2 31.7 ± 0.6

a
EC50 and Emax values were obtained from nonlinear regression analysis of individual dose–response curves for cAMP accumulation or β-

arrestin recruitment as shown in Figure 6. Comparison to the control maximal response exhibited by dopamine (DA) derives the percent response 
(Emax) of a test compound.

ACS Chem Neurosci. Author manuscript; available in PMC 2017 January 13.


	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	METHODS
	Materials
	cAMP Accumulation Assay
	β-Arrestin Recruitment Assay
	Internalization Assay
	Radioligand Binding Assays
	Statistical Analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2
	Table 3
	Table 4

