iIScience

Characterization of Gog and Go,s activation by
catechol and non-catechol dopamine D1 receptor

agonists

Graphical abstract Authors
Anh Minh Nguyen, Ana Semeano,

Vianna Quach, Asuka Inoue,
David E. Nichols, Hideaki Yano

Correspondence
h.yano@northeastern.edu

In brief
Molecular biology; Neuroscience

oy oy
(1] (1]
o o
b= b=
L [N}

S @

\‘b(\c‘e ‘é’b%e ‘&’bge

F &N
1 Cognitive function || T Locomotor function
\ J Y,

Highlights
e Some D1R agonists displayed selective activation profiles
toward Gag or Gogie

e The selective in vitro profiles translate to their
electrophysiological and behavioral effects

e The «N domain of the Ga protein contributes to this subtype
selectivity of D1R

Nguyen et al., 2025, iScience 28, 112345

May 16, 2025 © 2025 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.isci.2025.112345 Co CellP’ress



mailto:h.yano@northeastern.edu
https://doi.org/10.1016/j.isci.2025.112345
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112345&domain=pdf

¢? CellPress

OPEN ACCESS

iIScience

Characterization of Goas and Go,s activation
by catechol and non-catechol
dopamine D1 receptor agonists

Anh Minh Nguyen,’ Ana Semeano,' Vianna Quach,’ Asuka Inoue,? David E. Nichols,® and Hideaki Yano'-**

1Department of Pharmaceutical Sciences, School of Pharmacy and Pharmaceutical Sciences, Bouvé College of Health Sciences, Center for
Drug Discovery, Northeastern University, Boston, MA, USA

2Graduate School of Pharmaceutical Sciences, Tohoku University, Sendai, Miyagi, Japan

3Division of Chemical Biology and Medicinal Chemistry, Eshelman School of Pharmacy, University of North Carolina, Chapel Hill, NC, USA
4Lead contact

*Correspondence: h.yano@northeastern.edu

https://doi.org/10.1016/j.isci.2025.112345

SUMMARY

The dopamine D1 receptor (D1R) couples to Gags and Ga, s and is crucial in regulating neurological and neuro-
psychiatric functions. In the brain, Ga,; is predominantly found in the striatum whereas Gog is expressed
elsewhere. Ourin vitro assays revealed that the tetracyclic catechol agonists dihydrexidine, methyl-dihydrex-
idine, doxanthrine, and the non-catechol compounds PF-8294, PF-6142 exerted full agonism for Gog
coupling but only partial agonism for Ga s coupling. In contrast, the non-catechol agonist tavapadon acted
as a full agonist at Go,o and a partial agonist at Gas. The effects of these ligands on the thalamocortical and
striatonigral electrophysiological events, as well as on the locomotor activity and cognitive function of mice
agreed with their selectivity profiles in vitro. These findings suggest the possibility of achieving region-spe-
cific pharmacology and open new directions for developing D1R drugs to treat relevant neurological and

neuropsychiatric disorders.

INTRODUCTION

The dopamine D1 receptor (D1R) is one of the most widely ex-
pressed dopamine (DA) receptor subtypes in the mammalian
central nervous system (CNS)' as DA receptors regulate a
breadth of important physiological and behavioral functions.?*
D1R activation has been reported to stimulate locomotor activ-
ity,“° drive motivation and reward-associated behaviors,®’
and mediate executive functions and working memory.®'°
Thus, D1R appears to be a promising target for drug develop-
ment against several neuropsychiatric disorders, including Par-
kinson’s disease (PD) and schizophrenia.

Developing selective D1R agonists has proven to be chal-
lenging. Classic selective D1R agonists usually contain the cate-
chol moiety of DA. Although some D1R agonists exhibited prom-
ising effects on cognitive function'" and locomotor activity, ' with
some even advancing to clinical trials, *"'* they were prematurely
terminated due to their severe side effects, unfavorable pharma-
cokinetic properties, and tolerance.’*'” Because of these is-
sues, there is a dire need for new D1R agonists that can overcome
these limitations but are equally efficacious. In recent years, a
new class of D1R agonists without the catechol moiety has
been discovered.'® " Remarkably, a few ligands from this class
have demonstrated antiparkinsonian effects, encouraging phar-
macokinetic profiles, and limited tolerance.?”” However, little

is known about their pharmacological differences because the
conventional catechol and novel non-catechol agonists have
not been compared in various assay modalities in a system-
atic way.

Selectively activating D1Rs in the medial prefrontal cortex
(mPFC) and the striatum has been suggested to be beneficial
in treating the negative symptoms of schizophrenia and PD,
respectively.”® We postulated that D1R region-specific phar-
macology could be achieved by exploiting the contrasting
localizations of Gas and Gagy, the two highly homologous
G-proteins coupled with D1R. Specifically, Gog is highly
segregated and enriched in the striatal regions, while Gas is
largely missing in the striatum and expressed in other areas
such as the cortex.”® We previously identified a compound
with efficacy bias toward Gag over Gays that showed differen-
tial neuromodulatory effects in the cortex or striatum.*°
Furthermore, the G protein subtype selectivity profile appeared
to be promising for therapeutic development of dopamine
receptors®'*? and translatable to the behavior of the tested
animals.®**® Here, we characterized structurally distinct D1R
agonists for their transducer activation properties in cells,
brain slices, and behavior. Our findings shed light on the
conformational differences of D1R that transduce the activa-
tion of these two G proteins and the potential utility of separate
targeting.
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Figure 1. D1R agonist-induced D1R-Gog
and -Goa,or engagement

Drug-induced BRET ratio change between D1R-
Rluc8 and Gas-Venus (A-C) or Gog-Venus (D-F)
in response to DA (black), SKF 81297 (dark or-
ange), SKF 38393 (light orange) (top row), DHX
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(blue), m-DHX (light blue), DOX (violet) (middle
row), TAV (red), PF-8294 (pink), and PF-6142
(magenta). Results were normalized to the E . of
DA response for D1R-Gas (A-C) and D1R-Go
(D-F) and presented as mean + SEM (n > 5).
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normalized to that of DA in the same con-
dition. In addition, SKF 81297 and SKF
38393, the established full and partial
D1R agonists, respectively, were used to
validate the assays’ sensitivity. As ex-
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50 #—+ e DAinrecruiting and activating both G pro-
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configurations used (Figures 1A, 1D, 2A,
and 2D).
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In this study, we investigated a series of
D1R agonists with diverse structures from
both catechol (dihydrexidine [DHX],
methyl-dihydrexidine [m-DHX], doxanthr-
ine[DOX])>* and non-catechol (tavapadon
[TAV], PF-8294, PF-6142)'° classes (Fig-

Drug-induced BRET (% normalized to DA)

ure S1). Unlike the control compounds
(i.e., DA, SKF38393, SKF81297), there
was a discernible difference in the effi-
cacy of these agonists relative to DA at
Go,s and Ga,r. Of the compounds tested,
DHX, m-DHX, DOX, PF-8294, and PF-

basal 10 9 -8 -7 6 -5
Log [compound]

RESULTS

D1R agonists with differential efficacy at Gog or Go¢
were identified in D1R-G protein engagement and
activation assays

We used receptor-Ga. engagement bioluminescence resonance
energy transfer (BRET), Ga-y activation BRET, and the fluores-
cence-based cAMP biosensor Pink Flamindo to study three
main stages of activation: (1) conformational change within the
receptor to accommodate the G protein upon agonist binding,
(2) subunit rearrangement/dissociation of heterotrimeric G pro-
tein following the GTP-GDP exchange, and (3) activation of im-
mediate signaling effector.

Inference about the full or partial agonism of one ligand was
made based on a reference compound, usually the endogenous
ligand of the receptor studied. For all cell-based assays, DA was
used as the reference and the efficacy of all ligands tested was
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6142 exerted full agonism at recruiting
Gas, evidenced by their comparable or
significantly higher efficacy at Gas, but
acted as partial agonists in Go.or engage-
ment. Interestingly, TAV induced Go
coupling with efficacy comparable to DA but was significantly
less efficacious at Ga, recruitment (Figures 1B, 1C, 1E, and 1F;
Table S1). Consistent with the results obtained from engagement
BRET, the efficacy and potency of these agonists were retained
when they were tested in activation BRET (Figures 2B, 2C, 2E,
and 2F; Table S2). TAV remained the only compound that
behaved as a full agonist at Ga.s activation whereas the rest of
the compounds showed a clear preference for activating Gos
over Gogs.

8 7 6 -5

Gos-Goo s subtype selectivity was consistently seen in G
protein function at cAMP production level

Activation of adenylyl cyclase (AC) via Gas and Ge.o to increase
cAMP is the major signaling pathway mediated by D1R. Thus,
drug-induced cAMP production was studied to evaluate Gos
and Ga.s activities at the functional level using the red-shifted
fluorescence-based biosensor Pink Flamindo.*®
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Figure 2. D1R agonist-induced D1R-Gog
Gas Gaolf and -Go, activation
i ®m DA = SKF 81297 SKF 38393 Drug-induced BRET ratio change between y7-
150- 150- Rluc8 and Gas-Venus (A-C) or Gos-Venus (D-F)
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in response to DA (black), SKF 81297 (dark or-
ange), SKF 38393 (light orange) (top row), DHX
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(blue), m-DHX (light blue), DOX (violet) (middle
row), TAV (red), PF-8294 (pink), and PF-6142
(magenta). Results were normalized to the
Emax of DA response for D1R-Gas (A-C) and
D1R-Gogs (D-F) and presented as mean + SEM

(n > 5).
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Receptor reserve is known to
confound D1R agonists’ intrinsic activity
in molecular expression systems where
the receptors are overexpressed.®¢8
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To address this concern, SKF81297,
SKF 38393, DHX, and TAV were used
in a cAMP production assay in which
the amount of D1R transfected was low-
ered by 40 times and cells were treated
with  N-ethoxycarbonyl-2-ethoxy-1,2-
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dihydroquinoline (EEDQ), an alkylating
agent as an irreversible dopamine re-
ceptor antagonist, to further reduce the
number of D1Rs expressed. While the
Emax Of these agonists was lowered in
the presence of EEDQ, their relative dif-
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P ferences in efficacy were maintained,
as seen in the experiments where
EEDQ was absent. (Figure S2). This sug-
gested that the intrinsic activities re-

ported for these compounds were
indeed true in a physiological environ-
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Both full and partial benzazepine catechol agonists (SKF
81297 and SKF 38393) showed a consistent efficacy level in
promoting cAMP production relative to DA as the G protein
engagement or activation assays (Figures 1A, 1D, 2A, 2D, 3A,
and 3D). The tetracyclic catechol compounds were equally effi-
cacious to DA at Ga, but were significantly less effective at Go
(Figures 3B and 3E). Similar to the G protein engagement and
activation assays, PF-8294 and PF-6142 showed full and partial
agonism in Gas- and Ga-mediated cAMP production, respec-
tively, whereas TAV behaved as a partial agonist at Gas and a full
agonist at Gays (Figures 3C and 3F; Table S3). In addition, po-
tency ranking was similar among G protein engagement, activa-
tion, and cAMP production assays as with SKF 81297 and PF-
8294 being the most and least potent, respectively, for both
Go,s and Goa,. Furthermore, SKF 38393, DHX, m-DHX, DOX,
and TAV were all within 0.8 Log[EC50] separation for each assay
(Tables S1-S3).

basal 10 9 -8

ment. Taken together, our assays pre-
sented a distinct profile in G-protein
activation of DHX, m-DHX, DOX, TAV,
PF-8294, and PF-6142 at two highly ho-
mologous transducers, Gas and Goys,
suggesting the possibility of developing compounds that selec-
tively target one subtype.

Pharmacological profiles for -arrestin 1 and 2
recruitment were distinct from G protein engagement
B-arrestin-mediated G protein-coupled receptor (GPCR) inter-
nalization is a well-characterized mechanism regulating signal
transduction.®® In addition, B-arrestin also acts as a scaffold
to recruit components of other signaling pathways independent
of G-proteins.“® Here, we used BRET to study p-arrestin recruit-
ment by these D1R agonists. As B-arrestin 1 and p-arrestin 2 are
widely expressed in the CNS, we evaluated these compounds’
activity at both subtypes relative to DA. SKF 38393 showed min-
imal recruitment of both B-arrestin 1 and 2 (22% and 28%,
respectively, Figures S3A and S3D; Table S4). SKF 81297 was
significantly less efficacious than DA in recruiting B-arrestin
1 and 2 (44% and 82%, respectively, Figures S3A and S3D;
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Figure 3. D1R agonist-induced cAMP pro-
duction via Gas and Gogs

Drug-induced fluorescence change of the cAMP
biosensor Pink Flamindo in D1R-Gas (A-C) or
D1R-Goas (D-F) in response to DA (black), SKF
81297 (dark orange), SKF 38393 (light orange) (top

50+

0+

row), DHX (blue), m-DHX (light blue), DOX (violet)
(middle row), TAV (red), PF-8294 (pink), and PF-
6142 (magenta). Results were normalized to the
Emax Of DA response for D1R-Ga (A—C) and D1R-
Goi (D-F) and presented as mean + SEM (n > 5).
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type selectivity among different dopa-
mine receptors.**™** Of the domains
involved at the interface, intracellular
loop 2 (ICL2) of D1R appeared to play a
crucial role in this selectivity and was

DOX
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within interacting distance with the aN
domain of the G protein (Figures 4A and
4B).?° Previously, by substituting six
amino acids in the aN helix of Gagy
(ERLAYK) with the Gag equivalent resi-
dues (DKQVYR) (Figures 4B and S4),
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referred to as Gor N, we were able to
partially restore the Gag selectivity of
DHX in engagement BRET.*° Here, we
used the untagged Ga, oN and moni-
tored the effect of this substitution at
the functional level. Compared to their
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effects in wild-type (WT) Gas and Gog
(Figures 3A and 3B), SKF 81297 and
SKF 38393 retained their relative efficacy
and potency in cAMP production in Go.o¢

aN (Figure 4C). However, there is a clear
difference in the efficacy of the other
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Table S4). These benzazepine catechol compounds showed
G-protein bias, as reported previously.*’

With the exception of m-DHX at B-arrestin 1 recruitment (70%)
(Figure S3B), the tetracyclic catechol compounds demonstrated
ahigh level of B-arrestin recruitment for both subtypes. Compared
to their efficacy at Gas engagement BRET assay, DHX, m-DHX,
and DOX appeared to be balanced agonists at these two trans-
ducers (Figures S3B and S3E). In contrast, the efficacy of the
non-catechol compounds at B-arrestin 1 and 2 recruitment was
significantly lower than that of DA (Figures S3C and S3F).
Cross-comparison with their Eax values at Gos coupling revealed
a clear bias for G-protein engagement of TAV, PF-8294, and
PF-6142.

oN swap in Go,;s chimera partially mimicked Gog activity

Recent cryo-EM structure studies suggested the receptor-G-
protein interacting domains that contribute to the G protein sub-

4 iScience 28, 112345, May 16, 2025
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compounds when tested with the Gog¢
aN chimera. The tetracyclic catechol
compounds (DHX, m-DHX, and DOX)
significantly increased the cAMP pro-
duction compared to their performance
in WT Goyt, approaching the level seen in WT Ga, (Figures 4D
and S5B).

The effect of this substitution appeared to be more profound in
the non-catechol compounds. We noticed the same trend in PF-
8294 and PF-6142 where the efficacy in Gogor N was signifi-
cantly enhanced from their Eax in WT Go. Strikingly, PF-
8294 efficacy in G, aN was comparable to that in WT Go.
TAV was the only Gag-selective compound in this set. When
tested with Gaor aN, TAV was significantly less efficacious in
producing cAMP than it was in WT Goy:. In addition, TAV efficacy
in Gaor aN was not different from that of Gos (Figures 4E
and S5C).

D1R-mediated enhancement of pathway-specific
synaptic events was seen with varied efficacy levels
Based onthe distinct distribution of Ga.s and Ga.orinthe CNS, Gog-
selective D1R agonists are expected to exert higher efficacy in
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Figure 4. D1R agonist-induced cAMP production via G,/ chimera
(A) Cryo-EM structure of TAV-bound D1R and mini-Gas complex (PDB: 7X2D).
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(B) The ICL2-aN interface of the D1R-Gas complex. Molecular graphics were generated in PyMOL 3.1. Drug-induced fluorescence change of Pink Flamindo
detecting cAMP level for DA (black), SKF81297 (orange), SKF38393 (light orange) (C), DHX (blue), m-DHX (light blue), DOX (violet) (D), TAV (red), PF-8294 (pink),
and PF-6142 (magenta) (E). Results were normalized to the E,ax of DA response for Gas, Gagrys chimera (aN), Gogr and presented as mean = SEM (n > 5).
Comparison of the Eax across Goas, N, and G, was done using one-way ANOVA followed by post-hoc Tukey test.

¥, P, p < 0.05, 0.01, 0.001, 0.0001, respectively.

modulating cortex-related electrophysiological events, whereas
compounds that induce better Ga,; coupling may preferentially
modulate events that are associated with the striatum. The thal-
amus is one of the major sources of glutamate input to the
cortex where it triggers cortical excitatory post-synaptic current
(EPSC) via N-methyl-D-aspartate receptors (NMDAR). As D1R
has been reported to potentiate the EPSC in the mPFC, recording
EPSCs from the cortical pyramidal cells in the presence of D1R
agonists may reveal NMDAR potentiation by D1R.**™*" By
contrast, activation of D1Rs at either axons or synaptic terminals
of striatal medium spiny neurons (MSN) has been reported to pre-
synaptically facilitate the substantia nigra pars reticulata (SNr)
inhibitory postsynaptic current (IPSC).**~°° Thus, monitoring the
IPSC of SNr y-aminobutyric acid (GABA)-ergic cells can allow
evaluation of D1R pharmacology of D1R-expressing MSN affer-
ents through the degree of enhanced response.®'>?

Here, we combined optical stimulation of channelrhodopsin-2
(ChR2)>® and whole-cell voltage clamp on mouse brain slices
to investigate D1R agonists’ effects on synaptic transmission in

the thalamocortical and striatonigral projections. AAV5-hSyn-
hChR2(H134R)-EYFP was stereotaxically injected into the medio-
dorsal thalamus of Drd7a-tdTomato BAC transgenic mice for the
expression in the thalamocortical pathway. In turn, the virus was
injected into the dorsal lateral striatum of WT mice for the striato-
nigral pathway. Three weeks post-surgery, ChR2 was success-
fully expressed, evidenced by the strong expression of yellow
fluorescence in the cortex (Figure 5A) or the SNr (Figure 5D).
D1R-expressing pyramidal cells in mPFC elicited an EPSC upon
blue LED light stimulation. When the slices were perfused with
1 uM SKF 81297, the EPSC peak amplitude significantly increased
(113.4% of baseline, p < 0.01). The same results were observed
when the slices were perfused with 1 uM DHX (113.1% of base-
line, p < 0.05). However, perfusing 1 uM tavapadon did not
enhance the cortical EPSC amplitude (Figures 5B and 5C). The
EPSC potentiation effect of SKF 81297 was abrogated when the
slices were concurrently perfused with 10 uM SCH 23390, a selec-
tive D1R antagonist, and 1 uM SKF 81297 (Figures S6A and S6B),
showing the specificity of D1R-mediated EPSC effect.

iScience 28, 112345, May 16, 2025 5
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Figure 5. Gas and Go.s activities in brain slice electrophysiology
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ChR2-YFP injection in the mediodorsal thalamus projecting to the prelimbic/infralimbic mPFC of D1R-tdTomato mouse (A) and in the dorsal striatum projecting to
the SNr of WT mouse (D). Scale bar: 500 pm. Average traces of the optically elicited ChR2-driven EPSCs in the mPFC (B) and IPSCs in the SNr (E) following 2 ms of
photostimulation by blue light. Analysis of the D1R-mediated potentiation of EPSCs in the mPFC (C) IPSCs in the SNr (F) for 1.0 uM SKF81297, DHX, and TAV
(orange, blue, and red) was done using one-way ANOVA followed by post-hoc Tukey test.

*, **, **p < 0.05, 0.01, 0.001 respectively.

Photostimulation of the MSN GABAergic afferent in the SNr
elicited an IPSC that was markedly enhanced by 1 uM SKF
81297 (123.3% of baseline, p < 0.01). This SKF 81297 effect
was antagonized by SCH 23390 (Figures S6C and S6€D). In
contrast to its effect in the mPFC, 1 uM tavapadon significantly
potentiated the IPSC in the SNr (123.1% of baseline, p < 0.05).
This effect was comparable to that seen with SKF 81297. DHX,
on the other hand, failed to modulate the IPSC in the SNr
(Figures 5E and 5F). The electrophysiological effects seen
from the recordings with DHX and TAV were consistent with
their selectivity profiles in vitro (Figures 1, 2, and 3). This finding
suggested that D1R agonists that preferentially activate one G
protein subtype might be able to selectively modulate the elec-
trophysiological events in the area where that G protein is en-

6 iScience 28, 112345, May 16, 2025

riched, indicating that D1R region-specific pharmacology can
be achieved by targeting the G-protein subtypes.

Locomotor rescue in cataleptic mice revealed a
significant difference in efficacy between tavapadon
and dihydrexidine

D1R in the striatum regulates locomotor activity, likely via Goy,
due to its high level of expression in this brain region.** The psy-
chostimulatory effect of D1R agonists reflects this Go.o-medi-
ated striatal function. However, endogenous DA can be a poten-
tial confounding factor in studying this effect in vivo as it can
mask the effects of D1R agonists via D1R in both the striatum
and elsewhere. Therefore, it is necessary to deplete the endog-
enous DA levels to elicit an akinetic state so that D1R agonist



iScience ¢? CellPress
OPEN ACCESS
A SKF 81297 B TAV Figyr_e 6. D1R agonists effect on locomotor
50- 350+ . activity
kkk (A—-C) Psychomotor stimulatory effect of SKF-
:E: - 3 . 81297 [S] (A), TAV [T] (B), and DHX [D] (C) at 1, 3,
;’275' %275' 6 mg/kg (S1, S3, S6 etc.) in combination with
% ns . é ns : 1 mg/kg quinpirole (Q1) on DA-depleted reserpi-
7] | . @ i nized mice.
a2 g o 200 . x, wx me s < 0,05, 0.01, 0.001, 0.0001, respec-
g T’ E . tively, compared to the effect of saline using one-
% 1254 . . 1 g 1254 way ANOVA followed by post-hoc Dunnett test.
'E o -g (D) Comparison of the ambulatory distance
< " < - induced by these drugs at 6 mg/kg was done using
504 b 50 T one-way ANOVA followed by post-hoc Tukey test.
ﬁ . |%;—| et x, xx we s 0,05, 0.01, 0.001, 0.0001, respec-
Y T T T Y * T tively.
& N ) © @ N &) ©
67}\0 \f-’ \f-’ \f-’ 5 r\"/\ r\"/\ r\"/\
¢ o o & & o
& DHX & Mice that received 6 mg/kg SKF 81297
350- 350- ice that received 6 mg/kg
ook i * showed a significantly higher discrimina-
3 - B tory index (DI = 0.38) than the saline-in-
S 275- S 2754 . _
g g jected group (DI = 0.05). As expected,
K ns H . 6 mg/kg DHX exhibited comparable effi-
2 200- 2 200 . . cacy to SKF 81297 in enhancing the
E- ¢ E’ s: cognitive function of the mice (DI = 0.33),
<] 2 T . L
< 4254 S 1254 i while 6 mg/kg TAV wgs S|gn|f|cantly_ Igss
2 . £ .o effective (DI = 0.07) (Figure 7). In addition,
= . . < :. the drugs did not alter the locomotor ac-
50 ° i 50+ tivity of the mice (data not shown), indi-
:E. ° : cating that the increase in DI observed
8 > e e & <o & was indeed due to the enhancement
» x x x x x x : o .
P N N N N N N in cognitive function. These results are
(e (e (e (e2 (2 (2

effects in the striatal neurons can be studied effectively as widely
reported for DA drugs.’® " To that end, reserpine was used to
irreversibly block the vesicular monoamine transporters 1 and
2 (VMAT-1 and VMAT-2), rendering the depletion of DA in the
synaptic terminals.®®

SKF 81297, DHX, and TAV induced significant locomotor stim-
ulation in a dose-dependent manner (Figures 6A-6C). At the
highest tested dose (6 mg/kg), the effects of TAV and SKF
81297 were comparable. Interestingly, DHX was significantly
less efficacious than either of the aforementioned drugs in stim-
ulating locomotor activity (44.79% of SKF 81297 and 45.09% of
TAV) (Figure 6D). That is in line with our in vitro and ex vivo data
and suggests that Ga,s-selective D1R agonists might be better
at rescuing locomotor activity, probably due to their preferential
stimulation of D1Rs in the striatum.

Tavapadon and dihydrexidine exhibited distinct
effectiveness in enhancing cognitive function in mice
D1Rs in the mPFC serve a crucial role in mediating cognitive and
executive functions, as well as social behaviors.”*®' As Gos is
predominant in the mPFC, we hypothesized that Gos-selective
compounds would better modulate the behavior associated
with this region. To investigate the cognitive effect of these phar-
macological agents, the novel object recognition (NOR) assay
was chosen due to its robustness and high sensitivity.®?%*

consistent with the functional selectivity
profiles in vitro and the electrophysiolog-
ical effects of these compounds, corrobo-
rating the hypothesis that Gas-selective D1R agonists would be
more effective in modulating cognitive functions.

DISCUSSION

It has been reported that the restricted conformation of the
B-phenyl-dopamine pharmacophore renders the selectivity and
full agonism at D1R of catechol D1R agonists.®* Here, we
expanded on this finding and revealed a differential activation
profile of DHX, m-DHX, and DOX at two homologous G protein
subtypes, Gas and Gay. Although these compounds exerted
full agonism at Ga,, they behaved as partial agonists at Goo
(Figures 1, 2, and 3). This characteristic was discernibly different
from that of the benzazepine catechol D1R agonists, where the
B-phenyl ring is not restricted. We surmised the rigid ring struc-
ture of these compounds might contribute to the activity bias to-
ward Goai.

A series of arylphenoxyaryl D1R agonists was developed
in recent years and their structure-activity relationships have
been studied by several groups. Modifications of the two hetero-
cyclic groups at the ends or the core linking structure could dras-
tically alter the selectivity of these compounds between G protein
and B-arrestin signaling.'®'9?%*” Replacing the trifluoromethy!
pyridine ring of TAV with the pyridofuran ring of PF-8294 and
PF-6142 increased potency in the cAMP production assay and
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Figure 7. D1R agonists effect on cognitive function using the novel
object recognition assay

Comparison of the discriminatory index (DI) of WT mice following the admin-
istration of SKF-81297 [S6], TAV [T6], and DHX [D6] at 6 mg/kg *p < 0.05
compared to the SKF 81297-injected group using one-way ANOVA followed
by post-hoc Dunnett test.

also enhanced both efficacy and potency in the B-arrestin recruit-
ment assay.’® By contrast, substituting the imidazopyridine ring
of PF-8294 with the imidazopyrazine ring of PF-6142 at a different
attachment position increased efficacy and potency in the cAMP
production assay, but did not cause a significant change in the
B-arrestin recruitment assay.'®?” These findings align with our
current data on Gags-mediated cAMP production and B-arrestin
recruitment (Figures 3C and S3). To our knowledge, we are the
first to report the profiles of these compounds at Gas and Gooy.
Interestingly, TAV, PF-8294, and PF-6142 consistently showed
differential activities at these two G proteins. Although PF-8294
and PF-6142 demonstrated selectivity toward Gos, TAV was
selective toward Go;. This suggests that by substituting the het-
erocyclic groups of the arylphenoxyaryl pharmacophore, in addi-
tion to altering the G protein—B-arrestin relationship, subtype
selectivity can also be modified. This finding is significant given
the unique expression pattern of Gas and Go.; in the CNS and
the behaviors associated with these regions.

The B-arrestin-mediated GPCR internalization accounts for
developing drug tolerance.®® The high efficacy at B-arrestin
recruitment of DHX, m-DHX, and DOX (Figures S3B and S3E)
might explain the rapid tolerance usually seen with tetracyclic
catechol D1R agonists.'® Our results on B-arrestin recruitment
of PF-8294 and PF-6142 (Figures S3C and S3F) agreed with
the previously published data regarding the reduced desensiti-
zation of D1R upon drug exposure.®’ Furthermore, the low f-ar-
restin recruitment of TAV could be one reason for this com-
pound’s improved tolerability in clinical trials.”*

Our previous publication showed that the aN/IL2 (Ga/D1R) inter-
face contributes to the G protein subtype selectivity of these com-
pounds.®° Although the chimeric construct Go «N significantly
altered the efficacy of these compounds trending toward Ga, their
potency remained unchanged from WT Go.s (Table S3), suggest-
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ing that other domains might also contribute to G protein subtype
selectivity. Despite the high degree of homology, there are do-
mains with divergent amino acid sequences between Gas and
Goaorr, especially at the regions interfacing D1R (Figure S4). A
more thorough analysis of subdomains is warranted and currently
underway.

Our electrophysiology data indicate a pathway-specific effect
of DHX and TAV. We expected that selective targeting of G pro-
tein subtype via D1R would allow modulation of the neurological
and neuropsychiatric outcomes associated with that region.
Specifically, cortical D1R has a significant role in regulating ex-
ecutive functions and working memory,®'%¢® whereas striatal
D1R is one of the main players in voluntary movements, reward,
and motivation.**77-%9 Thus, region-specific G protein activa-
tion via D1R will have great implications for developing treat-
ments for several disorders, such as cognitive deficiency and
movement disorder, while potentially limiting the adverse off-
target effects from globally activating all the D1Rs in the brain.

Developing D1R agonists, especially ones with the catechol
moiety, has been proven to be challenging due to appreciable
adverse effects. It has been reported that some compounds
are epileptogenic or can decrease seizure thresholds.”®”" In
addition, cardiovascular effects are the other concern regarding
the safety of these agonists. In fact, hypotension prevented
several compounds from advancing to later phases of clinical tri-
als,"""® which might be due to the off-target effects of these
drugs on peripheral D1Rs.”> Some degrees of seizures were
observed in a few mice when tested at 6 mg/kg of SKF 81297,
although this phenomenon was not observed with DHX and
especially Go-biased TAV, even at 10 mg/kg (data not shown).

Based on our in vitro and electrophysiology results, we ex-
pected that DHX and TAV might exhibit different efficacy in con-
trolling the mPFC-mediated cognitive function and the striatum-
mediated locomotor activity. Indeed, our results on locomotor
rescue of these D1R agonists on DA-depleted mice showed a
significantly higher efficacy of TAV compared to DHX (Fig-
ure 6D). In contrast, the data from the NOR assay indicated
that DHX was more effective than TAV in improving the cognitive
function of the tested mice (Figure 7). These findings were
particularly interesting because they corroborated our hypothe-
sis that it would be possible to selectively activate D1Rs in
different brain regions by exploiting the unique expression
pattern of Gas and Gos in the CNS, thereby allowing manipula-
tion of selective physiological functions controlled by one partic-
ular brain region or cell-type.

Overall, our study suggested that the in vitro G protein subtype
selectivity profile of D1R agonists is translatable to their physio-
logical effects. The current study design is a reliable model to
screen for compounds with different clinical significance. The
results reported at various physiological levels herein consis-
tently showed that TAV had a unique efficacy bias toward Goy ¢
whereas PF-8294, PF-6142 and the DHX analogs series showed
a Guos efficacy bias.

Limitations of the study

This study focused on the G-protein subtype selectivity of D1R
and its potential clinical application in several neurological and
neuropsychiatric disorders. While the data corroborated the



iScience

notion that Gas-selective agonists would be more beneficial in
treating cognitive deficiency and Ga,-selective agonists would
have more desirable outcomes in the treatment of movement
disorders, we are aware that cognitive functions and locomotor
activity are far more complex and nuanced. More models, there-
fore, should be used to investigate the behavioral effects of the
evaluated biased drugs. In addition, studying the drug effects
following chronic use as opposed to single use would be more
clinically relevant. Lastly, we discovered that the six residues
at the C terminus of the aN domain of the G proteins contributed
to this subtype selectivity. However, since the receptor-G-pro-
tein interface also involves other domains, such as a4 and o5,
investigating these domains will further elucidate the molecular
mechanism underlying this phenomenon.
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GraphPad Prism 10 GraphPad Software
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
HEK293T (ATCC Cat# CRL-3216) and Goa.s/oi-KO 293A cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% penicillin-streptomycin at 37°C and incubated in 5% CO2 — 95% mois-
turized air.

Mouse strains

All experiments were conducted under the guidelines provided by the Institutional Animal Care and Use Committee at Northeastern
University (protocol number 22-1031R), per applicable laws and regulations. Wildtype (C57BL/6J, RRID: IMSR_JAX:000664) and
Drd1a-tdTomato (B6.Cg-Tg(Drd1a-tdTomato)6Calak/J, RRID: IMSR_JAX:016204) mice were maintained on a 12-h light/dark cycle
with food and water supply ad libitum. Mice aged 12 to 20 weeks old were used for the experiments, and littermates of both sexes
were randomly assigned to each experiment group. All mice were drug-naive before the experiments.

METHOD DETAILS

Transfection

HEK293T or CL4 cells were seeded at 4 million cells per 10-cm plate. A constant amount of cDNA was transfected using polyethy-
leneimine (PEI) (1:2 w/w). For engagement BRET assays, CL4 cells were transfected with D1R-RLuc8 (Renilla Luciferase), Ga.s-
154Venus or Gao-155Venus, G2, Gy7, and RIC8B. For activation BRET assays, CL4 cells were transfected with untagged D1R,
Goas-67Venus or Gag-69Venus, GB2, Gy7-RLuc8, and RIC8B. For cAMP production assays, CL4 cells were transfected with
D1R, Gay or Gos or GagraN, GB2, Gy7, RIC8B, and Pink Flamindo (a fluorescence-based cAMP biosensor). For B-Arrestin recruit-
ment assays, WT cells were transfected with D1R-RLuc8, B-arrestin1-Venus or B-arrestin2-Venus, and GRK2. The ratio between the
transfected constructs had been previously optimized for the dynamic range of the drug-induced BRET change, as described
previously.*°

Bioluminescence resonance energy transfer (BRET)

Forty-eight hours post-transfection, cells were harvested and resuspended in potassium-based buffer (140 mM KCI, 10 mM NaCl,
1 mM MgCl,, 0.1 mM KEGTA, 20 mM NaHEPES, pH 7.2) for engagement and activation BRET or phosphate-buffered saline (PBS)
containing 200 uM sodium bisulfite (NaBi) for B-Arrestin recruitment assays. Cells were distributed at 100,000 cells per well in a white
96-well plate and 5 nM coelenterazine H was added. Ligands at varying concentrations were added 1 minute later. For engagement
and activation BRET assays with Ga,y, cells were pre-incubated with 10 ug/ml digitonin for 60 minutes prior to ligand addition.”®
Bioluminescence and fluorescence emissions were recorded at 485 and 530 nm, respectively.

cAMP production assay using the biosensor Pink Flamindo

Cells were prepared as described above for the BRET assay, except that they were resuspended in PBS containing 200 uM Na Bisul-
fite and distributed in a black 96-well plate. The plate reader is set at 540 nm excitation and 590 nm emission. For the experiments
with EEDQ, cells were treated with 100 uM EEDQ at room temperature for 1 h before the D1R agonists were introduced.

Stereotaxic surgery

Drd1a-tdTomato BAC transgenic mice were anesthetized and maintained with isoflurane/oxygen through a nose cone mounted on a
stereotaxic apparatus. The scalp was opened, and two holes were drilled in the skull (-0.4 mm AP, +0.4 mm ML, -3.5 mm DV from
bregma for the thalamocortical pathway; 0 mm AP, +2 mm ML, -3 mm DV from bregma for the nigrostriatal pathway). AP, ML, and
DV, which stand for anterior-posterior, medial-lateral, and dorsal-ventral, respectively, were the spatial coordinates relative to the
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bregma. AAV5-hSynapsin-hChannelrhodopsin 2(H134R)-EYFP virus at a titer of 2 x 10" vg/ml (0.5 pl/side) was injected at 0.1 pl/min.
The needle was left in place for 1 minute before being slowly removed.

Slice electrophysiology

Horizontal (for the nigrostriatal pathway) and coronal slices (for the thalamocortical pathway) at 220 um thickness were prepared us-
ing a vibratome (VT-1000S, Leica) to capture the substantial nigra reticulata (bregma -4.90 - -3.75 mm) and prelimbic/infralimbic parts
of the medial prefrontal cortex (bregma 1.20 - 1.95 mm). Mice were anesthetized with isoflurane and perfused with modified artificial
cerebral spinal fluid (m-aCSF) containing (in mM): 92 NMDG, 20 HEPES, 25 glucose, 30 NaHCO3, 1.2 NaH,PO,, 2.5 KClI, 5 sodium
ascorbate, 3 sodium pyruvate, 2 thiourea, 10 MgSQO,4, 0.5 CaCl,, 300-310 mOsm, and pH 7.3-7.4. Slices were sectioned in cold
m-aCSF, recovered at 32 °C in the same buffer saturated with carbogen for 10 min, and transferred to a holding chamber filled
with carbogen-saturated aCSF (holding aCSF) containing (in mM): 92 NaCl, 20 HEPES, 25 glucose, 30 NaHCO3;, 1.2 NaH,POy,,
2.5 KCl, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 1 MgSQ,, 2 CaCl,, 300-310 mOsm, and pH 7.3-7.4. During recordings,
slices were continuously perfused at 2 ml/min with carbogen-saturated aCSF containing (in mM): 124 NaCl, 2.5 KClI, 1.25 NaH,PQOy,, 1
MgCl,, 26 NaHCOg, 11 glucose, 2.4 CaCl,, 300-310 mOsm, and pH 7.3-7.4. The temperature of the recording chamber was main-
tained at 31-32°C. Electrodes (3-5 MQ) were backfilled with an internal solution containing (in mM): 120 mM K gluconate, 20 KClI,
0.05 EGTA, 10 HEPES, 1.5 MgCl,, 2.18 Na, ATP, 0.38 Na GTP, 10.19 Na phosphocreatine, 280-285 mOsm, and pH 7.3-7.4. Pyra-
midal neurons in layer V of the mPFC and GABAergic neurons in the SNr were visually identified using IR-DIC optics with an upright
microscope (Olympus). Whole-cell voltage-clamp recordings (held at resting membrane potential) were made using a MultiClamp
700B amplifier (2 kHz low-pass Bessel filter and 10 kHz digitization) with pClamp 11 software (Molecular Devices).

For ChR2 evoked responses, the thalamocortical and striatonigral terminals were photostimulated using a 473 nm DPSS blue
laser. The laser was controlled by an Optogenetics TTL Pulse Generator (Doric Lenses, Quebec, Canada). The stimulation protocol
consisted of 4 pulsed lights at 5 s intervals with a 2 ms pulse duration at 1 mW, followed by a 40 s pause. After voltage-clamp
recording was established, cell response to photostimulation in the absence of the drugs (baseline) was recorded for 20 minutes fol-
lowed by 6 — 10 minutes of drug perfusion at the rate of 1 — 2 ml/min. Peak amplitudes in the last 3 minutes of each condition were
used for statistical analysis.

For the thalamocortical pathway, the following numbers of slices were recorded for each drug condition: 1 uM SKF 81297 (15 re-
cordings from 7 animals), 1 uM SKF 81297 and 10 pM SCH 23390 (10 recordings from 4 animals), 1 uM DHX (9 recordings from 5
animals), 1 uM TAV (8 recordings from 6 animals). For the nigrostriatal pathway, the following numbers of slices were recorded for
each drug condition: 1 uM SKF 81297 (8 recordings from 4 animals), 1 uM SKF 81297 and 10 uM SCH 23390 (7 recordings from
4 animals), 1 uM DHX (6 recordings from 5 animals), 1 uM TAV (7 recordings from 5 animals).

Locomotor assay

Reserpine 3 mg/kg (injection volume 10 ul/g bodyweight) was administered subcutaneously 18 — 20 h before undertaking the behav-
ioral assays. Following the 18 — 20 h period, mice were injected intra-peritoneally with a cocktail of quinpirole 1 mg/kg and either SKF
81297, DHX, or TAV at 1, 3, 6 mg/kg (injection volume 10 pl/g bodyweight). Mice were introduced to a 28 cm x 28 cm open-field arena
(ENV-520, Med Associate Inc.) for a 60-minute recording session in 4 bins of 15 minutes. Data was reported as the average ambu-
latory distance (cm) in 1 bin.

Novel object recognition assay

Each mouse was handled for at least 2 minutes every day for one week before it was habituated to an empty arena (43 cm x 43 cm) for
5 minutes the day before the familiarization phase. In the familiarization phase, mice were allowed to freely explore the arena with 2
identical objects placed diagonally for 7 minutes. Then, they were returned to their home cage for an inter-trial interval (ITl) of 24 h. On
the test day, mice were injected with saline, SKF 81297, DHX or TAV at 6 mg/kg (injection volume 10 pl/g bodyweight) 60 minutes
before the trial. During the testing trial, mice were allowed to explore the arena with 2 objects placed diagonally, 1 from the familiar-
ization phase and 1 novel object for 7 minutes. The objects used in the familiarization phase were randomly chosen, and the positions
of the familiar and the novel objects were randomly assigned for each test animal to minimize the effects of object and place pref-
erence. Exploratory behavior was defined as the mice having their nose pointed toward the objects and the distance between the
nose and the object was less than 2 cm. All phases of the assay were recorded on video, and the time spent exploring each object
was determined using ANY-maze. If any mice failed to reach a total of 14 s of exploration time in either the familiarization or testing
phase, they would be excluded from data analysis. Data was reported as discriminatory index (DI), which was calculated using the
following equation:

_ time exploring new object — time exploring familiar object

DI ——
total exploring time
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted independently at least 5 times. For in vitro assays, the value of n represents the number of indepen-
dent experiments. For electrophysiology experiments, the value of n represents the number of recordings. For the behavioral assay,
the value of n represents the number of animals. Data is shown as mean + S.E.M (standard error of the mean) with or without individual
data points. Statistical details, including statistical tests and defined confidence intervals based on p-values of the experiments, are
described in the figure legends. Statistical comparisons were made using GraphPad Prism 10. One-way ANOVA followed by the rec-
ommended post-hoc analysis by Prism was used to make comparisons between conditions.
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