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Engineered D2R Variants Reveal the Balanced and Biased
Contributions of G-Protein and -Arrestin to Dopamine-
Dependent Functions

Samuel ) Rose', Thomas F Pack', Sean M Peterson', Kaitlin Payne', Emiliana BorrelliZ and Marc G Caron™'"

'Department of Cell Biology, Duke University Medical Center, Durham, NG, USA; 2Department of Microbiology and Molecular Genetics, University
of California, Ivine, Irvine, CA, USA; *Department of Medicine and Neurobiology, Duke University Medical Center, Durham, NC, USA

The dopamine D2 receptor (D2R), like many G-protein-coupled receptors, signals through G-protein- and p-arrestin-dependent
pathways. Preferential activation of one of these pathways is termed functional selectivity or biased signaling and is a promising therapeutic
strategy. Though biased signaling through D2Rs has been demonstrated, acquiring the mechanistic details of biased D2R/G-protein and
D2R/B-arrestin signaling in vivo has been challenging because of the lack of techniques that specifically target these interactions in discrete
cell populations. To address this question, we employed a cell type-specific viral expression approach to restore D2R variants that
preferentially engage either G-protein or p-arrestin signaling in ‘indirect pathway' medium spiny neurons (iMSNs), because of their central
role in dopamine circuitry. We found that the effect of haloperidol antagonism on D2R metabolic signaling events is largely mediated by
acute blockade of D2R/G-protein signaling. We show that a D2R-driven behavior, nestlet shredding, is similarly driven by D2R/G-protein
signaling. On the other hand, D2R-driven locomotion and rearing require coordinated D2R/G-protein and D2R/B-arrestin signaling. The
acute locomotor response to amphetamine and cocaine similarly depend on both G-protein and p-arrestin D2R signaling. Surprisingly,
another psychotropic drug, phencyclidine, displayed a selective D2R/B-arrestin potentiation of locomotion. These findings highlight how
D2R mostly relies upon balanced G-protein and B-arrestin signaling in iIMSNs. However, the response to haloperidol and phencyclidine
indicates that normal D2R signaling homeostasis can be dramatically altered, indicating that targeting a specific D2R signal transduction

pathway could allow for more precise modulation of dopamine circuit function.
Neuropsychopharmacology (2018) 43, |164—1173; doi:10.1038/npp.2017.254; published online 20 December 2017

INTRODUCTION

Dysfunction of dopamine D2 receptor (D2R) signaling is
implicated in many neurological and psychiatric disorders
including schizophrenia, attention deficit hyperactivity dis-
order, and Parkinson’s disease. Compounds that modulate
dopamine levels or target D2R directly have been intensely
pursued for several decades (Seeman et al, 1976; Carlsson,
1978; Weinberger, 1987; Kane et al, 1988) with many
successfully clinical treatments in wide use. It is now well
recognized that G-protein-coupled receptors (GPCRs),
which includes the D2R, signal through G-protein-depen-
dent and G-protein-independent mechanisms. Gai/o-
mediated D2R signaling inhibits adenylyl cyclase and cyclic
adenosine monophosphate (cAMP) production (Kebabian
and Calne, 1979; Nishi et al, 1997). G-protein-independent
D2R signaling, however, is initiated by GPCR-kinase (GRK)-
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dependent phosphorylation of D2R, and the subsequent
interaction of D2R with the multifunctional adaptor protein
p-arrestin2. Along with desensitizing G-protein-dependent
signaling, the D2R/f-arrestin2 interaction initiates signaling
in its own right (Beaulieu et al, 2005; Urs et al, 2012). In
certain instances, a single ligand for a GPCR, including some
examples for D2R, can serve as an agonist to one of these
pathways, but not the other. This selective activation of a
given pathway is termed functional selectivity or biased
signaling and represents a promising pharmacotherapeutic
strategy (Bohn et al, 2000; Allen et al, 2011; Whalen et al,
2011). Indeed, functionally selective D2R ligands would fulfill
an unmet need because of the relatively poor efficacy and
broad side-effect profile of existing D2R ligands (Lieberman
et al, 2005).

Harnessing the therapeutic potential of functionally
selective D2R signaling requires a better understanding of
D2R signaling bias in relevant neural cell types, where the
biased signaling profile of a receptor is determined by the
expression level of GRKs, arrestins, and likely many other
factors (Urs et al, 2016). Complicating this effort, D2Rs are
expressed in many brain regions, including cortex, hypotha-
lamus, amygdala, midbrain, and striatum (Weiner et al,
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1991). In the striatum alone, D2Rs are expressed by several
cell types including cholinergic interneurons (Kharkwal et al,
2016a), y-aminobutyric acid (GABA)-ergic interneurons
(Centonze et al, 2003), projections from midbrain dopami-
nergic neurons (Bello et al, 2011), as well as on medium
spiny neurons (also known as spiny projection neurons) that
project to the so-called ‘indirect pathway’ (iMSNs) in the
classical go-no-go basal ganglia model (Alexander et al, 1986;
Gerfen et al, 1990). Though D2Rs play an important role for
each of these cell types, recent studies using cell type-specific
knockouts illustrate the necessity of D2Rs expressed by
iMSNs (iMSN-D2Rs) for many behavioral and physiological
functions (Dobbs et al, 2016; Kharkwal et al, 2016b; Lemos
et al, 2016). iMSN-D2R knockout mice mimic whole-body
D2R knockout mice in that they exhibit deficits in
locomotion, skilled movements, and the acute response to
cocaine (Baik et al, 1995). Therefore, we sought to define the
contributions of D2R/G-protein and D2R/f-arrestin signal-
ing in iMSNs with respect to behavior, antipsychotic, and
psychotropic responses in mice.

To investigate functionally selective signaling in iMSN-
D2Rs, we combined cell type-specific knockout with our
recently characterized biased D2R variants (Peterson et al,
2015) for a viral reconstitution approach. We first used a
Cre-lox approach to delete D2Rs in iMSNs. Then we re-
expressed D2R variants engineered to preferentially engage
either D2R/G-protein (mostly Gai/o) or D2R/f-arrestin
(mostly p-arrestin2) signaling. This viral reconstitution
approach allows for cell type-specific manipulation, an
advantage over most pharmacological approaches. Further-
more, this approach targets only the interaction between
G-protein and f-arrestin with D2Rs, an advantage over gene
knockout approaches that disrupt the signaling of other
GPCRs. Furthermore, with side-by-side investigation of both
biased D2R variants, this approach allows for an impartial
comparison between D2R/G-protein and D2R/f-arrestin
signaling with regard to their functional effects. Through
this approach, we evaluate how D2R undergoes alterations to
the balance between G-protein and p-arrestin signaling
under various physiological states.

MATERIALS AND METHODS
Mouse Lines

All animal studies were conducted in accordance with the
Duke University Institutional Animal Care and Use Commit-
tee and in accordance with the NIH guidelines. Drd2"/ox.;
Adora2A-Cre™ (iMSN-D2X°) and Drd2™¥f°* littermates
(Cre-controls), on a C57BL/6] background, were generated
as previously described (Urs et al, 2016). Male and female
adult mice (2-6 months of age) were used for all studies.
Animals were housed in a 12h light/dark cycle in tempera-
ture- and humidity-controlled environment with food and
water access ad libitum.

Viral Vectors and Stereotaxic Surgeries

D2R expression vectors were similar to those in Peterson
et al (2015), with slight modifications. Briefly, a gene block
(Integrated DNA Technologies, Coralville, IA) was designed
containing mCerulean-P2A-HA sequences flanked by 5’
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Kpnl and 3’ BamHI sites and was cloned into the pcDNA3.1
vector. Then, the WT and mutant D2Rs were PCR amplified
with primers adding 5° BamHI and 3" EcoRI sites and then
ligated into the above vector. This construct was then cut and
ligated in the reverse orientation using the Nhel and Ascl
sites in a pAAV-DIO vector.

Constructs were packaged into adeno-associated virus
(AAV) pseudotype 10 using the triple-transfection technique,
as previously described (Xiao et al, 1998). Titers of each virus
were determined to be between 1x 10'* and 1x 10" vector
genomes/ml using qPCR.

With mice anesthetized under 2% isoflurane, viruses were
delivered at AP=+1.1 mm, ML=+ 1.7 mm, DV=-2.9mm
(dorsal striatum), and —4.0 mm (ventral striatum). To each
site, 0.75 pl was delivered bilaterally. Mice were allowed to
recover for 2 weeks before any experimentation.

Drugs

p-Amphetamine, cocaine HCl, and phencyclidine HCI were
obtained from Sigma-Aldrich (St Louis, MO), dissolved in
sterile 0.9% saline, and delivered i.p. at 10 ml/kg bodyweight.
Haloperidol (Sigma-Aldrich) was dissolved in minimal
glacial acetic acid and brought to volume in saline. pH was
adjusted to 6.0 with NaOH and was delivered i.p. at 5 ml/kg.

Histology

Histological procedures are detailed in the Supplementary
Materials and Methods. To estimate the volume of striatum
with viral expression, every sixth brain section was imaged at
x 12 with an AxioZoom v16 microscope equipped with Zen
image acquisition software (Zeiss, Oberkochen, Germany).
Using NIH Image] software (Bethesda, MD), a blinded
observer traced the striatum according to a mouse brain
atlas, along with the portion of striatum that had mCerulean+
expression. Percentage volume with expression was estimated
by dividing the mCerulean+ area, in mm?, by total striatal
area, in mm?. The intensity of HA+ immunostaining was
measured using the Image] mean gray value measure, where
gray value was assessed following black and white conversion
of the image and background subtraction.

For signaling experiments, 1: 500 dilutions of Rabbit anti-
c-fos (Santa Cruz Biotechnology, Santa Cruz, CA), Rabbit
anti-phospho-H3 (Ser10) (Cell Signaling Technology), Rab-
bit anti-Jun (Cell Signaling Technology), Rabbit anti-egrl
(Santa Cruz Biotechnology), and Rabbit anti-phospho S6
(Ser235/236) (Cell Signaling Technology) were used to label
cellular markers. The X125 double-labeled images were
taken on an AxioZoom v16 microscope. Cell counting was
carried by an observer blind to treatment and viral group and
at least 65 mCerulean+ neurons were counted per animal.
Image] software was used to determine whether mCerulean+
neurons contained marker labeling with fluorescence in-
tensity values x 2 greater than background that was defined
by the average fluorescence intensity value of 10 reference
cells without marker labeling. Fluorescence intensity values
in each mCerulean+ neuron, not corrected for background,
was also analyzed.
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Figure | Viral restoration approach for expressing biased D2R variants in iMSNs. (a) Schematic of a viral transgene packaged in AAV, containing a double-
floxed inverted open reading frame. Drd2M1ex: A2 Acre (iIMSN-D2*°) mice lack endogenous D2R expression in iIMSNs while simultaneously allowing Cre-
dependent expression of viral transgenes in iIMSNs. AAVs induce expression of HA-tagged D2R variants (purple) and label iMSNs with mCerulean. (b) No
colocalization between mCerulean+ and ChAT+ neurons (scale bar= 100 pm). (c) mCerulean labels iIMSN (striatopallidal) projections in external globus
pallidus (GPe), but not dMSN (striatonigral) projections in substrantia nigra pars reticulate (SNr) (scale bar= 500 um). (d) Representative images of mCerulean
(top) and HA immunostaining (bottom) in the rostral striatum of IMSN-D2Y™WT iMSN-D2V P iMSN-D2AYCPL and iIMSN-D2YPEOA mice (scale
bar=>500 pm). (e) The extent that each virus was expressed was quantified by measuring the volume of dorsal and ventral striatum with expression of
mCerulean. IMSN-D2™™WT (0 =), IMSN-D2Y" P (n=7), and iMSN-D2""PEOA mice (n=5) showed similar percent striatum with mCerulean,
whereas IMSN-D2Y"Pt (n=7) showed slightly less striatal volume with expression (ANOVA with Bonferroni post hoc test, *p<0.05). (f) HA
immunostaining intensity was quantified as a measure of D2R expression. Whereas iMSN-D2YWT (1= 6) iMSN-D2"" P (0 =7), and iIMSN-D2/V-D8oA
mice (n=5) do not differ, HA immunostaining intensity was significantly reduced in iIMSN-D2*"GPt (n=7) (ANOVA with Bonferroni post hoc test,
##kp <0.001). Values represent mean + SEM.

Locomotor Activity RESULTS

Open-field activity was measured in an Accuscan activity ~ Viral Restoration Strategy
monitor (Omnitech Electronics, Columbus, OH) and
performed as previously described (Urs et al, 2012). Briefly,

unstimulated open field locomotor activity was measured in SO . . . .
20 min increments over 60 min in drug-naive mice. For drug appr(.)z%ch with biased D2R Varj@}‘ﬁi' First, mice carTy g the
challenges, after 30 min of acclimation, drugs were injected, conditional Drd2 allele (Drd2" ) were crossed with BAC

and mice returned to the open field. Locomotor activity was ~ (ransgenic AdomZA;(%re*/ mice to create mice lacking D2Rs
measured in 5 min intervals over 120 min. in iMSN (iMSN-D2™" mice), while preserving D2R expres-
sion in all other cell types. Next, bilateral stereotactical
injections of the AAV vectors into the dorsal (caudate-
Nestlet Shredding putamen) and ventral striatum (nucleus accumbens) drove

Nestlet shredding was performed as previously described (Li ~ €XPression ‘?f a vector containing a human - synapsin-1
et al, 2006). Briefly, mice were placed in a clean cage with a promoto.r-drlven double-floxed 1nv<?rted ORF (DIO), the
preweighed 4 cm x 4 cm cotton nestlet (~2 g). After 3 h, the GFP variant mCerulean, a self-cleaving P2A sequence, and

amount of shredded nestlet was determined by weighing the =~ one of four HA-tagged mouse D2R variants in iMSNs
remaining nestlet. (Figure 1a). The four D2R variants were identical to those

published by Peterson et al (2015), wild-type ("WTID2R), a p-
arrestin  signaling-biased  variant  (IA1?*RMMOPIp R
ParlpoR), a G-protein signaling-biased variant (2™

Data were analyzed by standard one and two-way ANOVA VISLIDoR; [6PUDoR), and a signaling-deficient point
and repeated-measures ANOVA tests; individual genotypes mutant (""***/D2R) for a negative control. The four groups
and viral groups were compared using post hoc Bonferroni’s ~ of mice (IMSN-D244V™WT, - iMSN-D2A4V"OProt - MSN-
test in Graphpad Prism software (La Jolla, CA). Principal D2AAVAaT - and iIMSN-D24AV-P8AY - (differed only in the
components analysis (PCA) was performed using JMP  D2R variant their iMSNs express, and did not express
software (SAS, Cary, NC). endogenous iMSN-D2Rs.

In order to impartially evaluate the functional consequences
of biased D2R signaling in iMSNs, we used a viral restoration

Statistical Analyses

Neuropsychopharmacology



To verify exclusivity of expression in iMSNs, we examined
mCerulean+ cells in striatal tissue sections that were
immunostained with choline acetyl transferase (ChAT), a
marker for cholinergic interneurons (Kharkwal et al, 2016a).
We observed no colocalization between ChAT+ and
mCerelean+ cells (Figure 1b; n=25 ChAT+, n=138
mCerulean+ neurons counted). iMSNs project to external
globus pallidus (GPe), whereas direct pathway MSNs that
express D1Rs (dMSNs) project to substrantia nigra reticulate
(SNr) (Alexander et al, 1986). Exploiting this projection
pattern, we looked for mCerulean+ axonal fibers in these two
nuclei. As expected, mCerulean+ axonal fibers were observed
in GPe, but not SN, illustrating the specificity of transgene
expression to the iMSN subtype (Figure 1c). Taken together,
these data confirm viral expression was specific to iMSNs.

Next, we sought to quantify D2R expression in each of the
iMSN-D2R**Y groups. When expressed in HEK293T cells or
overexpressed in iMSNs, the functionally selective variants
show differences in membrane expression, and thus
differences in D2R expression were expected in the iMSN-
D2R**Y groups. However, changes in expression levels do
not appear to significantly affect the pharmacological fidelity
(trafficking, ligand binding, signal transduction) of the
receptor variants in HEK293T cells (Peterson et al, 2015).
We measured receptor expression in each of the iMSN-
D2R*Y groups by immunostaining for the N-terminal HA
tag on each receptor variant (Figure 1d). iMSN-D244V"WT,
iMSN-D2*4V# and iMSN-D2**V"P%A mice had similar
expression of mCerulean and HA immunostaining intensity
(Figure 1le and f), with robust expression in rostral
dorsomedial and ventromedial striatum (including nucleus
accumbens) targeted by the stereotaxic coordinates
(Figure 1d). Interestingly, iMSN-D2*4V"GP™! mice showed
significantly less expression of mCerulean (F; ,; =3.30,
p<0.05; Figure le) and HA immunostaining intensity
(F5,21=19.6, p<0.001; Figure 1f). Comparatively lower
expression of the [“PUD2R mutant was also seen in the
overexpression model (Peterson et al, 2015), and likely
reflects compensatory downregulation of D2R in the absence
of p-arrestin-mediated desensitization of signaling. These
differences in D2R expression present a significant caveat for
the interpretation of our data, though we did not observe an
association between behavior and expression level
(Supplementary Figure S1), arguing that D2R expression
level, once above a certain threshold, is not the primary
factor for dopamine-driven functions. Furthermore, we
wanted to avoid manipulating [P™D2R levels because
compensatory downregulation may be a way for the cell to
avoid toxic levels of signaling. Thus, the iMSN-D2R*4Y
groups display different, but expected, levels of expression.

D2R Antagonist-Induced Signaling Is Mostly Mediated
by D2R/G-Protein Blockade

To imBartially investigate D2R signaling in the iMSN-
D2R*Y groups, we examined the expression of five cellular
response markers following systemic haloperidol adminis-
tration: c-fos, phospho-Ser-235/236 ribosomal protein S6
(pS6), phospho-Ser-10 histone H3 (pH3), early growth
response-1 (egr-1), and Jun proto-oncogene (c-Jun). These
markers are well-established responses to the D2R antagonist
haloperidol (Rogue and Vincendon, 1992; Bertran-Gonzalez
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et al, 2008; Valjent et al, 2011; Kharkwal et al, 2016a), though
each of these markers is downstream of different combina-
tions of signaling pathways (Sheng and Greenberg, 1990;
Bertran-Gonzalez et al, 2009; Bonito-Oliva et al, 2013;
Bahrami and Drablos, 2016). Thus, we hypothesized that as
D2R/G-protein and D2R/f-arrestin signaling activate distinct
signaling pathways, distinct combinations of cellular re-
sponse markers in iMSN-D2R*AY groups might be present
following haloperidol. We treated the four iMSN-D2%4Y
groups with vehicle, 0.5mg/kg, or 2mg/kg haloperidol,
harvested the brain 1h later, and quantified responses in
transfected iMSNs by counting colabeled mCerulean+ and
cell response marker+ cells (Figure 2a-e). As a secondary
quantification method we measured fluorescence intensity
of the cell response markers in each cell counted
(Supplementary Figure S2). As haloperidol could activate
markers through off-target receptors, the inactive iMSN-
D2AAVP8A oroup provided an important control. Thus,
expression of a given marker was deemed statistically
significant only when an active D2R variant was different
from within- roup saline treatment and haloperidol-treated
iMSN-D244V P804 mice. Haloperidol at 0.5 m§/l§g caused a
significant increase of c-fos in iMSN-D2*4V"WT mice
(interaction, Fg 4,=2.73, p<0.01; Figure 2a) and pS6 in
iIMSN-D2*4V"WT mice (interaction, Fg 4,=2.99, p<0.01;
Figure 2b), but not in iMSN-D244V-GPrt or iMSN-D24AV-
P mice. Haloperidol at 0.5 mg/kg did not significantly alter
pH3, egr-1, or c-Jun expression in any of the groups.
Haloperidol at 2mg/kg caused c-fos (p<0.001), pS6
(p<0.001), egr-1 (viral genotype, F; 4,=3.59, p<0.01;
Figure 2d), and c-Jun (interaction, Fg 4,=6.48, p<0.001;
Figure 2e) but not pH3 expression in iMSN-D2**V"VT mice.
In iMSN-D2*4V"GP™ mijce, 2 mg/kg haloperidol significantly
increased pH3 (interaction, Fg 4, =10.5, p<0.01), pS6
(p<0.01), egr-1 (p<0.05), and c-Jun (p<0.001) but not
c-fos. In iMSN-D2*AV/™ mice, only egr-1 (p<0.05;
Figure 2d) was increased by 2 mg/kg haloperidol. We further
analyzed responses to 2 mg/kg haloperidol with PCA. Each
signaling response was treated as a unique feature of each
animal and the first two principal components (PCs) were
plotted (Figure 3). PC1 distinguished iMSN-D244V#2™ from
iMSN-D2**V"WT and iMSN-D2*4V"P™! mjce. PC2 distin-
guished iMSN-D244V-GPrt from iMSN-D24V"WT mice,
although less robustly. Thus, between the two functionally
selective variants, iMSN-D2*4V"6P™" mice most resemble
iMSN-D244V"WT in their signaling response to haloperidol.
The egr-1 response, though, shows that the -arrestin-biased
variant (iMSN-D2*4V/T) s capable of transducing a
specific aspect of haloperidol-induced changes.

Basic iMSN-D2R-Driven Behaviors Involve Both D2R/G-
Protein and D2R/f-Arrestin Signaling

In the classic ‘go-no-go’ model of the basal ganglia,
dopamine neurotransmission through iMSN-D2Rs disinhi-
bits basal ganglia circuits and facilitates motor output
(Alexander et al, 1986). Although canonical models of D2R
signaling indicate that motor output is driven by G-protein-
mediated reduction in intracellular cAMP (Kebabian and
Calne, 1979), a role for f-arrestin-mediated signaling has also
emerged (Beaulieu et al, 2005; Urs et al, 2012). Here, we
sought to objectively assess the role for both D2R/G-protein

Neuropsychopharmacology
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and D2R/p-arrestin signaling in stimulating motor output.
We first examined deficits in iMSN-D2X° before viral
reconstitution to establish that motoric deficits were driven
by a lack of iMSN-D2Rs. Indeed, iMSN-D2%° mice showed a
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deficit in open-field behavior (interaction, F, ,5=10.5,
p<0.001; Figure 4a), in agreement with others using the
same Cre-lox strategy (Kharkwal et al, 2016b; Lemos et al,
2016). Next, we tested the iMSN-D2**V groups for
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Figure 2 D2R antagonist-induced signaling is mostly mediated by D2R/G-protein interaction. The five commonly used cellular response markers were
assessed | h following i.p. injection of 0.5 mg/kg haloperidol (n=6 IMSN-D2"WT n =5 iIMSN-D2MVY"CPt =5 IMSN-D2V P and n=4 iIMSN-
DzAAV’DBOAb 2 mg/kg haloperidol (n=5 iIMSN-D2""™WT =5 IMSN-D2MY-GPet = 5 iMSN-D2V P2 and n=4 IMSN-D2"PE9%) o vehicle (n=4
IMSN-D2AYWT = 5 iMSN-D2AY-CPt = 3 iMSN-D2Y P and n=3 iIMSN-D2Y P8 mCerulean+ iMSNs in the dorsal striatum that were
immunopositive for the cellular response marker were counted and are expressed as a percentage of total mCerulean+ iIMSNs. Activation was defined as a
significant increase over IMSN-D2"Y"P8A mice, Representative images of vehicle and 2 mg/kg haloperidol conditions are shown (scale bar =50 pm). (a) The
0.5 mg/kg haloperidol caused c-fos expression in IMSN-D2*Y"""T mice (two-way ANOVA of viral genotype x drug dose interaction with Bonferroniﬁ?st hoc
test, #p<0.01), but not in iIMSN-D2V P op iMSN-D2AMYCPot mice. Similarly, 2 mg/kg haloperidol caused c-fos expression in iIMSN-D2Y"™WT mijce
(**#p <0001, but not in IMSN-D2V ™ o iIMSN-D2AYSP™ mice, (b) The 0.5 mglkg haloperidol increased S6 phosphorylation in iIMSN-D2**Y"T mice
(two-way ANOVA of viral genotype x drug dose interaction with Bonferroni post hoc test, **p <0.01), but not in iIMSN-D2V P o iMSN-D2AAY-GProt
mice. The 2 mg/kg haloperidol increased $6 phosphorylation in iIMSN-D2*Y"™T mice (*#%p <0.001) and iIMSN-D2"SPt mice (#p <0.01) but not in
iMSN-D2V 2™ mjce, (c) The 0.5 mg/kg haloperidol did not increase H3 phosphorylation in any of the viral genotypes. Alternatively, 2 mg/kg haloperidol
increased H3 phosphorylation in iIMSN-D2*Y"5P®t mice (two-way ANOVA of viral genotype x drug dose interaction with Bonferroni post hoc test,

#%p <001), but not in IMSN-D2*™WT or iIMSN-D2**P*™ mice. (d) The 0.5 mg/kg haloperidol did not increase egr-1 expression in any of the viral

genotypes. The 2 mg/kg haloperidol, however, increased egr-1 expression in iIMSN-D2

AV mice (two-way ANOVA on effect of viral genotype with

Bonferroni post hoc test, *#p<0.01), IMSN-D2V-SPt mice (*p <0.05), and IMSN-D2VP™ mice (*p <0.05). (€) The 05 mglkg did not increase c-Jun

expression in any of the viral genotypes. The 2 mg/kg haloperidol induced c-Jun expression in iIMSN-D2Y
genotype % drug dose interaction with Bonferroni post hoc test, **#*p <0.001), and iIMSN-D

mice (two-way ANOVA on viral

QAAVEGProt (ki < 0,001). Values represent mean + SEM.

1.0 1
05 1 o iMsN-D2™"
° 8
S 00- %o o = s

- BAV-far ®
iMSN-D2 o

-05 @ iMSN—D2MV‘GW

'1 .0 T T 1

0.0 0.5 1.0 1.5
PC1

Figure 3 PCA in the cell activation markers over iIMSN-D2VY-D8OA
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open-field locomotion. Whereas iMSN-D2*4V""T restored
open-field locomotion (time, F, ;3=6.22, p<0.05;
Figure 4b), showing a significant difference from iMSN-
D244V-P%0A mice, both iMSN-D244V/" and iMSN-D244"-
Gprot ice showed partial restoration of locomotion, with
responses between iMSN-D244V P804 apd iMSN-D24AYVWT
mice. These differences could not be explained by differences
in D2R expression, as we observed no significant association
between locomotion and HA intensity (Supplementary
Figure S1). iMSN-D2X° also showed a deficit in rearing
behavior (p<0.01, Figure 4c). iMSN-D2**V"™WT showed a
trend (F, ,3=2.47, p=0.06) toward restoring rearing,
though similar to open-field locomotion, neither iMSN-
D2ARYVAAT nor IMSN-D2AAY-GPIOt fylly restored rearing
(Figure 4d). Like the cellular c-fos response, neither D2R/
G-protein nor D2R/f-arrestin signaling, alone, was sufficient
to fully restore locomotion and rearing behavior.

Next, we examined nestlet shredding behavior, a natural
rodent behavior that requires coordinated motor skills and is
triggered by anxiogenic stimuli (Li et al, 2006; Angoa-Perez
et al, 2013). We hypothesized that iMSN-D2Rs were required
for nestlet shredding as they are involved in emotional
valence and coordinated motor activity (Baik et al, 1995;
Richard and Berridge, 2011). Indeed, iMSN-D2"° were

deficient in nestlet shredding behavior (p <0.01; Figure 4e).
Interestingly, iMSN-D244Y"5P™ mice (F; 40=3.4, p<0.05),
but not the other two active D2R variants, showed signiﬁcant
restoration of this behavior over iMSN-D244VP84A mijce,
Thus, this particular behavior seems to be driven by D2R/G-
protein signaling. It is interesting to note that despite the fact
that [“P®UD2R had reduced receptor expression and
incomplete locomotor activity, the nestlet shredding pheno-
type was completely restored. This, along with the sufficiency
in haloperidol responses, indicates that [“PD2R is fully
functional at lower expression levels.

P-Arrestin Signaling Drives the D2R Phencyclidine
Response

Along with basic, exploratory locomotion, dopamine signal-
ing also mediates the psychomotor effect of drugs like
amphetamine, cocaine, and phencyclidine (PCP) (Wise and
Bozarth, 1987). Although each drug increases presynaptic
dopamine release and locomotion, the precise mechanisms
differ from drug to drug (Carboni et al, 1989; French et al,
1993; Covey et al, 2013; Daberkow et al, 2013). How these
differing mechanisms affect D2R activation and whether
biased signaling plays any role in distinguishing one drug
response from another is not known. To investigate these
questions, we tested the locomotor response to amphetamine,
cocaine, and PCP in iMSN-D25° mice and iMSN-D2*4V
groups. We observed deficient responses to 3 mg/kg amphe-
tamine (interaction, F,g 406=26.5, p<0.001; Figure 5a),
10 mg/kg cocaine (interaction, F,g 406=11.7, p<0.001;
Figure 5c), and 6 mg/kg PCP in iMSN-D2° mice (interac-
tion, Fg; 606 =6.72, p<0.01; Figure 5e), verifying previously
published results (Dobbs et al, 2016; Urs et al, 2016). iMSN-
D2*4V"WT mice showed restoration of amphetamine-induced
locomotion (interaction, Fg; 1137 =2.80, p<0.01 where in-
dicated; Figure 5b). iMSN-D2*4V 7 and iMSN-D2A44Y-Gprot
mice demonstrated only partial restoration of amphetamine-
induced locomotion (Figure 5b). With cocaine, however,
iMSN-D2*4V"WT  (interaction, Fgy, ¢06=6.75, p<0.001),
IMSN-D24AV# (5 <0.001), and iMSN-D244V-GProt mice
(p<0.01) all showed significant restoration of locomotion
(Figure 5d). Cocaine-induced locomotion in iMSN-D2AAV-WT
required D2R expression in both dorsal and ventral striatum,
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Figure 4 Examination of IMSN-D2R-biased signaling pathways in basic D2R-driven behaviors. (a) iIMSN-D2? and Cre- littermate controls were tested in a
novel open field for | h (n=8/genotype). Locomotion was significantly reduced in iMSN-D2 © (two-way repeated-measures ANOVA of genotype X time
interaction with Bonferroni post hoc test, ***p<0.001). (b) Next, IMSN-D2V™WT (n=10), iIMSN-D2VCPt (n = |2), IMSN-D2"VP™ (n=12), and
IMSN-D2MVPEA (1 — 9) were tested in the novel open field. IMSN-D2V™T showed restoration of open-field locomotion compared with iIMSN-D2AAY-D8A
(two-way repeated-measures ANOVA on effect of time with Bonferroni post hoc test, *p <0.05). iIMSN-D2*"5P® and iIMSN-D2VP™ mice showed
intermediate restoration effects, with no significant difference found between these viral genotypes and iIMSN-D2YWT o iIMSN-D2VPEA mice. (¢) Rearing
was assessed concurrently to locomotion. Rearing was significantly reduced in iIMSN-D2? compared with Cre- littermates (Student's t-test, **p <0.01). (d)
Rearing showed nonsignificant trend toward restoration in iIMSN-D2""T compared with iIMSN-D2*VPE mjice (ANOVA with Bonferroni post hoc test
p=006), but not in IMSN-D2Y Pt and iIMSN-D2YPa™ mice. (e) Nestlet shredding behavior was assessed in iIMSN-D2? and Cre- littermate controls.
iMSN-D2? showed a reduction in this behavior (Student's t-test, **p<001). (f) Nestlet shredding was significantly restored in iIMSN-D2Y"SPt mice
(ANOVA with Bonferroni post hoc test, *p <0.05). Values represent mean + SEM.

as expression of D2R individually in these subregions was
insufficient in restoring locomotion (Supplementary
Figure S3). Intriguingly, PCP-induced locomotion was
potentiated in iMSN-D2*4V#*™ (interaction, Fg; go6=6.72,
p<0.01), whereas iMSN-D24AV-6Prot ohowed minimal re-
storation (Figure 5f). These findings illustrate selective roles
for D2R/G-protein and D2R/f-arrestin signaling in the
locomotor response to these three drugs, with a surprisingly
robust role for D2R/f-arrestin si%?aling in PCP-induced
locomotion. Interestingly, iMSN-D2"° mice showed normal
conditioned place preference for cocaine, illustrating the
specificity of the iMSN-D2X effect to acute psychomotor
effects, at least for cocaine (Supplementary Figure S4).

DISCUSSION

D2Rs are critical for many normal neurobehavioral functions
and are a target of therapeutics for Parkinson’s disease,
schizophrenia, and other basal ganglia-related disorders.

Neuropsychopharmacology

Since the discovery of f-arrestin-mediated D2R signaling, a
growing body of literature has demonstrated biased D2R
signaling and its importance in various contexts (Beaulieu
et al, 2005; Masri et al, 2008; Allen et al, 2011; Urs et al, 2015;
Urs et al, 2016). Few of these studies, however, have
examined biased D2R signaling in a manner that does not
disrupt pleiotropic signaling proteins. Using biased receptor
viral reconstitution, we examined the functional conse-
quences of biased D2R signaling in a way that preserves non-
dopaminergic signaling and limits our manipulations to
iMSNs. We show that cellular responses to D2R antagonism
are mostly driven by D2R/G-protein signaling, though D2R/
p-arrestin signaling contributes as well. Behaviorally, we
show that neither D2R/G-protein nor D2R/f-arrestin
signaling, alone, can drive locomotion. Finally, we show that
D2R/p-arrestin signaling potentiates phencyclidine-induced
psychomotor effects. These data highlight the importance of
iMSN-D2Rs for neurobehavioral functions and demonstrate
GPCR functional selectivity with unprecedented precision.
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Figure 5 Examination of iIMSN-D2R-biased signaling pathways in psychomotor drug effects. (a) iIMSN-D2"° (n=8) and Cre- (n=8) littermate controls
were tested for their locomotor response to 3 mglkg amphetamine. Amphetamine-induced locomotion was significantly reduced in iMSN-D25 mice
following 3 mg/kg compared with Cre- controls (two-way repeated-measures ANOVA on genotype * time interaction with Bonferroni post hoc tests within
time points, ¥¥p <0.001). (b) Next, IMSN-D2"™WT (= 0. IMSN-D2AAY-CPTt (1 = [2), IMSN-D2*VF™ (n = 12), and IMSN-D2"P8A (n = 9) were
tested for amphetamine-induced locomotion. IMSN-D2*Y" T mice showed significant restoration of amphetamine-induced locomotion over iIMSN-D2Y"
PEOA (two-way repeated-measures ANOVA on viral genotype x time interaction with Bonferroni post hoc tests, #p <0.05 and **p <0.01). IMSN-D2/AY-SPret
and iIMSN-D2V 2™ mice showed intermediate restoration effects, with no significant difference found between these viral genotypes and iIMSN-D2*YWT
or IMSN-D2VPEA miice. (¢) Locomotion was significantly reduced in iMSN-D2? following 10 mg/kg cocaine (two-way RMANOVA on genotype X time
interaction with Bonferroni post hoc tests, ¥%p < 0.001). (d) iIMSN-D2"*WT (n = 6), IMSN-D2Y" Pt (5 = 8), iIMSN-D2V P (4 = 8), and IMSN-D2Y
PEOA (= 6) were similarly tested following 10 mg/kg cocaine. The IMSN-D2Y™WT IMSN-D2AY-SPt and iIMSN-D2Y P mice all showed significant
restoration of cocaine induced locomotion (two-way repeated-measures ANOVA on genotype X time interaction with Bonferroni post hoc tests, **p <0.01
and *#¥*p < 0.001). (e) Finally, PCP-induced locomotion was tested in iMSN-D25® and Cre- mice that was significantly reduced in iMSN-D2° mice (two-way
repeated-measures ANOVA on genotype x time interaction with Bonferroni post hoc tests, *#p<0.05 and **p<0.001). (f) iIMSN-D2YF™ mice (n=8)
showed significant restoration of PCP-induced locomotion over iIMSN-D2*Y"P89% mice (n=6) (two-way repeated-measures ANOVA on genotype X time
interaction with Bonferroni post hoc tests, *p <0.05 and **p <0.01 Bonferroni post hoc tests). IMSN-D2V"™WT (n =€) and iIMSN-D2Y"“P™! mice (n=8),
however, only showed intermediate restoration, not significantly differing from iIMSN-D2*V"P8% mice, Values represent mean + SEM.

G-Protein-Biased Haloperidol Responses that antagonism of D2R/f-arrestin signaling is capable of
driving haloperidol-induced egr-1 expression. Thus, some
overlap of D2R/G-protein and D2R/f-arrestin signaling likely
occurs. Furthermore, the inability of iMSN-D2R**V"5P™ mice
to reconstitute c-fos expression points to the necessity for
cooperation between D2R/G-protein and D2R/f-arrestin
signaling for certain neuronal changes. As it is becoming
understood that iMSNs are a genetically heterogeneous cell
population (Gokce et al, 2016), the biased effects of
haloperidol on unique subpopulations of iMSNs will be
interesting to dissect in the future.

Our finding that most of the cell signaling response to
haloperidol is driven by blockade of acute D2R/G-protein
signaling is in concert with existing data. Several studies have
illustrated the importance of adenylyl cyclase-cAMP-PKA-
DARPP32 signaling for haloperidol-induced phosphoryla-
tion of S6 and H3, and the expression of c-fos and egr-1
(Bertran-Gonzalez et al, 2008; Bertran-Gonzalez et al, 2009;
Valjent et al, 2011; Bonito-Oliva et al, 2013). On the other
hand, ERK 1/2, which is activated by both D2R/G-protein
and D2R/p-arrestin signaling (Peterson et al, 2015), is critical
for haloperidol-induced signaling as well (Bertran-Gonzalez
et al, 2008; Valjent et al, 2011). Our approach confirms that
the metabolic changes induced by haloperidol are mostly due
to D2R/G-protein signaling disruption. These data are in  Our finding that reconstitution of D2R/f-arrestin or D2R/G-
support of a model where antipsychotics mediate gene  protein signaling only partially reconstitutes open-field
transcriptional changes and long-term effects through  locomotion, individually, are interesting in the context of
antagonism of D2R/G-protein signaling (Bateup et al, 2010;  Parkinson’s disease. Recent studies using iMSN-D2R*® mice
Allen et al, 2011), whereas antagonism of D2R/f-arrestin ~ show that loss of D2Rs in iMSNs mimics parkinsonian
signaling mediates nontranscriptional changes to cell phy-  hypokinesia by enhancing GABAergic transmission from
siology that mediate the reduction in the positive symptoms  iMSNs to GPe, and by enhancing iMSN lateral inhibition of
of schizophrenia (Masri et al, 2008; Allen et al, 2011; Urs dMSNs (Dobbs et al, 2016; Lemos et al, 2016). Our data point
et al, 2012). An important update to this model is our finding ~ to a cooperative role for D2R/f-arrestin and D2R/G-protein

A Range of Signaling Modes in D2R-Driven Behaviors
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signaling in mediating these physiological effects and driving
open-field locomotion. Future work could focus on determin-
ing how each signaling pathway contributes to the main-
tenance of normal iMSN physiology, though targeting one
biased D2R signaling pathway is unlikely to be a ‘silver bullet’
for reversing parkinsonian symptoms. Our nestlet shredding
data, however, illustrate that a single biased D2R signaling
pathway is capable of driving a D2R-dependent behavior on
its own.

Finally, we illustrated the complex role that biased D2R
signaling plays in mediating psychotropic drug responses.
Amphetamine, cocaine, and PCP require iMSN-D2Rs to
mediate their acute effect on locomotion, making the viral
reconstitution approach ideal for elucidating the biased D2R
signaling mechanisms of these drugs. Despite a similar
requirement of iMSN-D2Rs, amphetamine, cocaine, and
PCP engage biased D2R signaling in different ways.
Amphetamine, like unstimulated open-field locomotion,
requires a combination of D2R/p-arrestin and D2R/G-
protein }]gnaling as neither iMSN-D2R**V"CP™! nor iMSN-
D2RMV72T mjce fully restore amphetamine-induced loco-
motion. On the other hand, iMSN-D2RAAV-GProt 34 iMSN-
D2RAAV#T both  individually restored cocaine-induced
locomotion. Both amphetamine and cocaine directly increase
dopamine transmission. Amphetamine, though, is a so-
called dopamine ‘releaser’, depleting vesicular stores and
promoting nonexocytotic dopamine efflux via reverse
transport, whereas cocaine merely inhibits the dopamine
transporter (Sulzer, 2011). These differing pharmacologies
translate to a difference in their effects on tonic dopamine
signaling. Although both drugs enhance phasic dopamine
signals, amphetamine also enhances tonic dopamine signal-
ing by depleting the reserve pool of dopamine in the
presynaptic terminal (Covey et al, 2013; Daberkow et al,
2013). Our results raise the intriguing possibility that biased
D2R signaling, at least in part, translates the difference
between tonic and phasic dopamine signals. For instance,
although the phasic dopamine signal elicited by cocaine
stimulation may initiate a D2R signal that either D2R/f-
arrestin or D2R/G-protein are capable of transducing, say the
activation of ERK1/2 (Peterson et al, 2015), the
amphetamine-induced increase in tonic dopamine signal
may engage cooperative D2R/G-protein and D2R/g-arrestin
signaling that stimulates ERK1/2 and combinations of other
signaling networks. Further work will be required to test
these hypotheses, but these data lend support to different
effects of cocaine and amphetamine on iMSN signaling and
plasticity (Jedynak et al, 2016). Contrasting both cocaine and
amphetamine-induced locomotion, PCP-induced locomo-
tion is mostly driven by D2R/f-arrestin signaling. This
difference may reflect the role of D2R/f#-arrestin signaling in
integrating glutamatergic and phasic dopamine signals
elicited by PCP (French et al, 1993), and a case where the
homeostatic balance between G-protein and p-arrestin
signaling is shifted toward f-arrestin bias. Furthermore, as
PCP-induced locomotion is a long-standing model of
schizophrenic symptoms, these data support an approach
that targets D2R/f-arrestin signaling for the treatment of
schizophrenia (Allen et al, 2011; Urs et al, 2016). Finally, it is
important to note that only single doses of these drugs were
tested; full dose responses may reveal more nuance to the
roles of these signaling pathways.

Neuropsychopharmacology

CONCLUSIONS

In summary, this study utilized a viral reconstitution
approach for studying biased D2R signaling with cell type-
specific resolution. The work here highlights the complexity
of D2R signaling within iMSNs in the context of behavioral,
pharmacological, and physiological functions. These findings
have the potential to shape strategies focused on biased D2R
pharmacotherapies for a range of brain disorders.
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