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Role of RGS12 in the differential regulation of kappa opioid
receptor-dependent signaling and behavior
Joshua D. Gross1,2,3, Shane W. Kaski1,2,3, Karl T. Schmidt4, Elizabeth S. Cogan4, Kristen M. Boyt4, Kim Wix1, Adam B. Schroer1,
Zoe A. McElligott4, David P. Siderovski1,2 and Vincent Setola1,2,3

Kappa opioid receptor (KOR) agonists show promise in ameliorating disorders, such as addiction and chronic pain, but are limited
by dysphoric and aversive side effects. Clinically beneficial effects of KOR agonists (e.g., analgesia) are predominantly mediated by
heterotrimeric G protein signaling, whereas β-arrestin signaling is considered central to their detrimental side effects (e.g.,
dysphoria/aversion). Here we show that Regulator of G protein Signaling-12 (RGS12), via independent signaling mechanisms,
simultaneously attenuates G protein signaling and augments β-arrestin signaling downstream of KOR, exhibiting considerable
selectivity in its actions for KOR over other opioid receptors. We previously reported that RGS12-null mice exhibit increased
dopamine transporter-mediated dopamine (DA) uptake in the ventral (vSTR), but not dorsal striatum (dSTR), as well as reduced
psychostimulant-induced hyperlocomotion; in the current study, we found that these phenotypes are reversed following KOR
antagonism. Fast-scan cyclic voltammetry studies of dopamine (DA) release and reuptake suggest that striatal disruptions to KOR-
dependent DAergic neurotransmission in RGS12-null mice are restricted to the nucleus accumbens. In both ventral striatal tissue
and transfected cells, RGS12 and KOR are seen to interact within a protein complex. Ventral striatal-specific increases in KOR levels
and KOR-induced G protein activation are seen in RGS12-null mice, as well as enhanced sensitivity to KOR agonist-induced
hypolocomotion and analgesia—G protein signaling-dependent behaviors; a ventral striatal-specific increase in KOR levels was also
observed in β-arrestin-2-deficient mice, highlighting the importance of β-arrestin signaling to establishing steady-state KOR levels
in this particular brain region. Conversely, RGS12-null mice exhibited attenuated KOR-induced conditioned place aversion
(considered a β-arrestin signaling-dependent behavior), consistent with the augmented KOR-mediated β-arrestin signaling seen
upon RGS12 over-expression. Collectively, our findings highlight a role for RGS12 as a novel, differential regulator of both G protein-
dependent and -independent signaling downstream of KOR activation.
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INTRODUCTION
KOR is highly expressed in mood- and pain-related CNS regions
and is involved in such pathologies as addiction, depression,
anxiety, and chronic pain [1, 2]. During stress, KOR activation by
endogenous dynorphins results in analgesia, depressive / anxiety-
like behaviors, and altered drug reward [2–6]. KOR antagonists
have shown promise in preclinical models of stress-related
psychiatric diseases including addiction [7, 8]. In contrast, acute
administration of KOR agonists has been shown to exert utility
specifically in reducing pain and drug reward—behavioral out-
comes particularly relevant to the current United States opioid
epidemic [9–12]. However, the advantageous effects of KOR
agonists are limited by dysphoric side-effects [2, 4, 13]. Behaviors
produced by KOR agonists depend upon which signaling cascade
(s) is/are activated [14–17]—an example of biased agonism (a.k.a.
functional selectivity) [18, 19]. Agonists induce KOR conformational
change [20], driving G protein dissociation [21]. Freed G protein
subunits then induce biological responses, including cAMP
reduction, potassium channel activation, and inhibition of calcium
influx [22–25]. KOR activation also recruits GPCR kinases (GRKs) and

β-arrestin to trigger desensitization, internalization, and activation
of other pathways [26, 27]. Pharmacological or genetic inhibition of
the KOR-stimulated β-arrestin signaling pathway abolishes KOR
agonist-induced conditioned place aversion (CPA)—a metric of
dysphoria [14, 28]. Thus, KOR-induced CPA is considered β-arrestin-
dependent. Conversely, KOR-mediated analgesia is considered G
protein-dependent and β-arrestin-independent [7, 16, 29, 30].
GPCR signaling is tightly controlled by Regulators of G protein

Signaling, which contain an RGS domain [31], serving as a GTPase-
accelerating protein (GAP) for Gα [32] and thereby inhibiting G
protein signaling [33]. Loss of RGS expression increases GPCR
sensitivity to agonist stimulation (e.g., [34, 35]). Some RGS proteins
contain additional domains that modulate signaling independent
of GAP activity [36, 37]. For example, RGS12 contains a PDZ
domain, a phosphotyrosine binding (PTB) domain, Ras binding
domains (RBDs) [38], and a GoLoco motif, which sequesters
inactive Gα·GDP and thereby serves as a GDP dissociation inhibitor
(GDI) [39].
We recently found [40] that RGS12 is enriched in the ventral

striatum (vSTR) of the mesolimbic dopamine (DA) system which
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contributes to reward and affect [41, 42]. RGS12 loss reduces
psychostimulant-induced hyperlocomotion and elevates dopa-
mine transporter (DAT) expression and DA uptake in the vSTR,
but not dorsal striatum (dSTR) [40]. We hypothesized that RGS12
loss could elevate vSTR KOR activity/sensitivity, as KOR is highly
expressed in the mesolimbic DA system and enriched on
presynaptic terminals of the nucleus accumbens (NAc) (terminals
that originate from ventral tegmental area (VTA) DAergic
projections [1, 43]). Mesolimbic KOR activation reduces extra-
cellular DA—an action proposed to underlie dysphoric effects
[44, 45]. KOR-mediated DA decrease occurs by inhibition of
exocytotic DA release [46, 47] and increased DAT-mediated DA
reuptake via Gαi/o and MAPK-dependent signaling [48, 49].
Here, we examined whether augmented vSTR DA uptake and
reduced psychostimulant-induced hyperlocomotion in RGS12-
null mouse strains [40] results from enhanced KOR action, given
that RGS12 is an established inhibitor of Gαi/o signaling [32].
Our investigation revealed that RGS12 more robustly affects
KOR-mediated signaling than it does other opioid receptors,
RGS12 differentially modulates G protein-dependent versus
independent KOR signaling, and RGS12 loss differentially affects
KOR-mediated behaviors, likely contingent upon which KOR-
initiated signaling cascade is required to elicit the particular
behavioral outcome.

MATERIALS AND METHODS
Drugs and radioligands
The opioid receptor agonists U50,488 hydrochloride (Cat. no.
0495), DAMGO (Cat. no. 1171), and DADLE (Cat. no. 3790) were
purchased from Tocris Bioscience (Minneapolis, MN). For all
in vitro experiments with opioid receptor agonists, 10 mM stocks
were prepared with dimethyl sulfoxide (DMSO), then diluted to
the appropriate final working concentrations in assay buffer. The
KOR antagonist nor-Binaltorphimine dihydrochloride (nor-BNI; Cat.
no. 0347) was also purchased from Tocris Bioscience, and was
dissolved in sterile 0.9% sodium chloride (saline) for all experi-
ments. D-Amphetamine hemisulfate salt and morphine sulfate salt
pentahydrate were both purchased from Sigma Aldrich (St. Louis,
MO) and dissolved in sterile saline for all experiments. For all
animal experiments, drugs were administered intraperitoneally
(ip). [3H]Dihydroxyphenylethylamine ([3H]dopamine; Cat. no.
NET673250UC), [3H]WIN35428 (Cat. no. NET1033250UC), and [3H]
U-69,593 (Cat. no. NET952250UC) were purchased from Perkin-
Elmer (Waltham, WA).

Subjects
Rgs12Δ5-8/Δ5-8 mice (a.k.a. Rgs12−/− or RGS12-null) [40] and
wildtype (Rgs12+/+) littermates, both C57BL/6J and of both sexes,
were housed under conventional lighting (12 h light / 12 h dark),
humidity, and temperature, with food and water ad libitum.
Behaviors were tested within the light cycle. All mice used were
8–12 weeks of age. Experiments were in accordance with WVU
Animal Care and Use Committee and NIH guidelines.

Synaptosomal [3H]DA uptake
Synaptosomal [3H]DA uptake was performed as described [40],
with modifications described in Supplementary Methods.

Locomotor activity
AMPH-induced locomotor activity was measured as described [40]
with modifications denoted in Supplementary Methods.

Fast-scan cyclic voltammetry (FSCV)
RGS12-null and wildtype littermates were injected with 10 mg/kg
nor-BNI or saline (i.p.). 24 h later, brain slices were prepared and
FSCV performed as described [50], with modifications detailed
in Supplementary Methods.

Radioligand binding assays
[3H]WIN35428 binding to DAT. DAT binding sites were quantified
as described [40], with modifications detailed in Supplementary
Methods.

[3H]U69,593 binding to KOR and [35S]GTPγS incorporation by KOR
activation. KOR saturation binding and GTPγS incorporation
assays were performed as described [51], with modifications
detailed in Supplementary Methods.

Co-immunoprecipitations
Co-immunoprecipitations (co-IPs) from brain tissue were per-
formed with the Pierce co-IP Kit (Waltham, MA) according to
manufacturer’s instructions, with modifications described in Sup-
plementary Methods. Co-IP analyses in HEK293T cells were
performed with the Pierce HA-Tag IP/Co-IP Kit according to
manufacturer’s instructions, with modifications detailed in Supple-
mentary Methods.

cAMP inhibition
HEK293T cells were transfected via CaPO4 [52] with GloSensor-22F
cAMP biosensor (Promega) and HA-tagged opioid receptor (3XHA-
hKOR, 3XHA-hMOR, or 3XHA-hDOR; www.cdna.org), with or
without wildtype human RGS12, RGS domain loss-of-function
RGS12 (Rgs12E740K), or GoLoco motif loss-of-function RGS12
(Rgs12R1206F). Additional procedures are detailed in Supplementary
Methods.

β-arrestin recruitment
Agonist-induced β-arrestin recruitment was determined using
“Tango” assay [53, 54]. HTLA cells expressing β-arrestin-TEV
protease fusion and tetracycline transactivator-driven luciferase
reporter [53] were transfected via CaPO4 [52] with opioid receptor-
Tango vectors (FLAG-KOR-Tango, FLAG-MOR-Tango, or FLAG-DOR-
Tango; contributed to Addgene by Dr. Bryan Roth) with or without
WT hRGS12, Rgs12E740K, or Rgs12R1206F vectors. Additional proce-
dures are detailed in Supplementary Methods.

Hot plate analgesia and conditioned place aversion (CPA) tests
To detect sensitivity to painful stimuli, the hot plate test of
nociception was performed as previously described [55] with
modifications detailed in Supplementary Information. CPA was
performed as described [3] with modifications denoted in Supple-
mental Methods.

RESULTS
vSTR DAT dysfunction in RGS12-null mice is KOR-dependent
Rgs12 mRNA is detected in multiple Oprk1-expressing neuronal
populations in the mouse brain (Fig. S1), including the VTA and
substantia nigra pars compacta (SNc), the anatomical loci of
DAergic projection neurons; within the striatum, RGS12 protein is
seen [40] to be particularly enriched within the ventral striatum. To
evaluate whether increased KOR activity is responsible for
elevated DAT-mediated DA uptake observed [40] in the vSTR of
RGS12-null mice, [3H]DA uptake by vSTR synaptosomes was
measured following systemic pretreatment with the KOR-selective
antagonist nor-BNI (Fig. 1a). Omnibus analyses revealed an effect
of genotype, antagonist treatment, and a genotype × treatment
interaction (genotype, F(1,9)= 13.5, p= 0.005; treatment, F(1,9)=
13.4, p= 0.005; interaction, F(1,9)= 7.0, p= 0.026). Synaptosomes
from saline-pretreated RGS12-null mice exhibited increased DAT-
mediated [3H]DA uptake compared with wildtype mice (p= 0.001)
(Fig. 1a). nor-BNI pretreatment (10 mg/kg, ip) reversed this effect
(p= 0.002); nor-BNI pretreatment did not affect [3H]DA uptake in
wildtype controls (p= 0.768). All data from [3H]DA uptake analyses
are the mean ± SEM and analyzed by two-way ANOVA followed by
Sidak's post hoc test (n= 4–8mice/group).
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Fig. 1 Ventral striatal DAT dysfunction in RGS12-null mice is KOR-dependent. a Uptake of [3H]dopamine (8 nM) and b the number of DAT
binding sites are increased in vSTR synaptosomes derived from RGS12-null (Rgs12−/−) mice vs WT (Rgs12+/+) littermate controls; this increase
is lost upon prior administration to the mice of the KOR-selective antagonist nor-BNI. Mice were administered vehicle (saline) or nor-BNI
(10mg/kg, ip) 24 h (a) or over 14 days (b) prior to sacrifice and synaptosome or membrane preparation, respectively. Non-specific binding was
determined in the presence of 10 μM GBR12935 (a selective DA reuptake inhibitor). Data are the mean ± SEM and tested by two-way ANOVA
with Sidak’s post hoc test (n= 4–8 mice) (*p < 0.05; **p < 0.01; ***p < 0.001). c Suppression of AMPH-induced hyperlocomotion by RGS12-null
mice is reversed upon prior administration of nor-BNI. AMPH (3mg/kg, ip)-induced changes to locomotion behavior are shown in RGS12-null
mice (open symbols) and WT littermate controls (closed symbols) following 30min acclimation to activity chambers. Mice were treated with
either vehicle (saline; circles) or nor-BNI (10 mg/kg delivered ip; triangles) 24 h prior to the experiment. Data are the mean ± SEM (n= 10–13
mice per group). c (inset) Total locomotion (over 80 min) by RGS12-null mice and WT littermate controls (derived from data in panel c) treated
with saline or nor-BNI following injection of AMPH (3 mg/kg, ip). Data are the mean ± SEM and tested by two-way ANOVA with Sidak’s post hoc
test (n= 10–13 mice per group) (*p < 0.05). d Electrically-stimulated DA release (peak DA current, nA) is attenuated in the NAc core of RGS12-
null mice. e Electrically-stimulated DA release in the NAc shell. RGS12-null mice exhibit a trend towards altered nor-BNI-dependent DA release
at select stimulation amplitudes (stimulation × genotype × antagonist treatment interaction). f nor-BNI treatment reduces DA reuptake (t1/2)
in RGS12-null, but not wildtype, mice. g Baseline and nor-BNI-dependent DA reuptake in the NAc shell is not altered in RGS12-null mice
relative to wildtype mice. All FSCV data are mean ± SEM (n= 6–11 mice per group) and were analyzed by general linear mixed model ANOVA
(*p < 0.05)
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To test whether increased DAT binding sites in the vSTR of
RGS12-null mice [40] was due to increased KOR expression/
sensitivity, we systemically pretreated RGS12-null and wildtype
mice with nor-BNI (10mg/kg, ip) or saline over 14 days and assessed
[3H]WIN35428 binding to DAT (Fig. 1b). Omnibus analyses revealed
an effect of genotype and a genotype × antagonist treatment
interaction (genotype, F(1,16)= 19.5, p < 0.001; treatment × geno-
type interaction, F(1,16)= 8.0, p= 0.011). Multiple comparisons
analysis showed that saline-treated RGS12-null mice display
increased [3H]WIN35428 binding to DAT relative to saline-treated
wildtype mice (p < 0.001). Prolonged nor-BNI pretreatment reversed
this effect (p= 0.048) to levels comparable to saline-treated
wildtype mice (p= 0.149). nor-BNI treatment did not significantly
affect DAT binding in wildtype mice (p= 0.673). All data from DAT
binding analyses are the mean ± SEM and analyzed by two-way
ANOVA followed by Sidak's post hoc test (n= 6 mice/group).
Augmented DA uptake and DAT binding sites in RGS12-null

mice were previously correlated with decreased hyperlocomotor
response to the DA-dependent psychostimulant d-amphetamine
(AMPH) [40]. To assess whether this blunted hyperlocomotion is
due to increased KOR activity, RGS12-null mice were pretreated
with nor-BNI (10 mg/kg, ip) 24 h prior to AMPH treatment.
Omnibus analyses revealed an effect of genotype and antagonist
treatment (genotype, F(1,44)= 7.5, p= 0.009; treatment, F(1,44)=
7.0, p= 0.011). Attenuated AMPH-induced hyperlocomotion in
RGS12-null mice (p= 0.039) was reversed following nor-BNI
pretreatment (p= 0.045) (Fig. 1c); in contrast, nor-BNI pretreat-
ment did not affect AMPH-induced hyperlocomotion of wildtype
mice (p= 0.305). Hyperlocomotion data are the mean ± SEM and
analyzed by two-way ANOVA followed by a Sidak's post hoc test
(n= 10–13 mice/group).
FSCV analyses of DA release and reuptake revealed significant

effects of genotype and nor-BNI treatment within the NAc core,
but not the NAc shell nor dSTR, in mice lacking RGS12 expression
(Figs. 1d–g and Fig. S2). Examining peak DA release in the NAc
core, we found significant main effects of stimulation amplitude
(F(62,2)= 34.439, p < 0.001) and genotype (F(1,31)= 4.875, p=
0.035), and a non-significant genotype × antagonist treatment
interaction (F(1,31)= 3.206, p= 0.083) (Fig. 1d). Furthermore, a
significant main effect of antagonist treatment (F(1,31)= 6.089,
p= 0.019) was seen on DA reuptake dynamics (Fig. 1f) as
measured by t1/2 [56]. Within the NAc shell (Fig. 1e), a significant
main effect of stimulation amplitude was observed (F(1.4,43.3)=
38.2, p < 0.0001), as well as a non-significant stimulation ×
genotype × antagonist treatment interaction (F(2,62)= 2.5, p=
0.089); however, there was no significant effect of genotype,
antagonist treatment, or genotype × treatment interaction (p >
0.05) regarding peak DA concentration. In the dSTR, we observed
only an effect of stimulation amplitude (F(1.2,38.3)= 2, p < 0.0001)
and no effect of genotype, antagonist treatment, nor any
interaction (p > 0.05) (Fig. S2A). There were no significant effects,
in the NAc shell or the dSTR, on t1/2 measures of DA reuptake (p >
0.05) (Shell: Fig. 1g; dSTR: Fig. S2B). All data are mean ± SEM and
were analyzed by general linear mixed model with stimulation
amplitude as a repeated factor and genotype and antagonist
treatment as between-subject factors (n= 6–11 mice/group). It is
important to note that electrical stimulation of striatal brain slices
during FSCV also recruits local microcircuitry, including cholinergic
interneurons, which can strongly influence DA release magnitude
via acetylcholine release and subsequent activation of nicotinic
cholinergic receptors expressed on DA terminals [57, 58]. Given
high Rgs12 expression in ChAT+ (cholinergic) interneurons, yet
relatively low expression of KOR in these neurons (e.g., Fig. S1C), it
is possible that the KOR-independent reductions in accumbal DA
release seen in RGS12-null mice may be due, in part, to RGS12 loss
within ChAT+ striatal interneurons. Future studies will be required
to parse out the relative contributions of this specific interneuron
population.

RGS12 forms a protein complex with KOR in brain tissue and
transfected cells
Endogenous KOR co-immunoprecipitates with endogenous RGS12
in vSTR tissue from wildtype mice (Fig. 2). KOR immunoreactivity
was absent in immunoprecipitated samples from RGS12-null vSTR
(Fig. 2a), suggesting that KOR immunoreactivity from the wildtype
mouse vSTR sample was not due to non-specific KOR binding.
Consistent with this finding from vSTR (Fig. 2a), we found robust
RGS12 immunoreactivity in immunoprecipitates of HA-tagged
KOR expressed in transfected HEK293T cells (Fig. 2b). Notably,
co-expression of RGS12 with the mu opioid receptor (3XHA-MOR)
resulted in only a weak, non-specific signal (relative to RGS12
alone-transfected cells; Fig. 2b), supporting the notion of a
selective interaction of RGS12 with KOR and not MOR.

KOR sensitivity and binding sites are increased in vSTR of RGS12-
null mice
Given the effect of KOR antagonism in reversing the DAT-
mediated DA dysfunction of RGS12-null mice, we probed for
changes in KOR signaling and/or levels upon RGS12 loss. Systemic
administration of KOR agonists, including U50,488, reduces mouse
locomotion [59]—an index of KOR sensitivity in vivo. Following
2.5 mg/kg U50,488, RGS12-null, but not wildtype, mice displayed
hypolocomotion relative to vehicle-treated controls (Fig. 2c;
RGS12-null: p= 0.012; wildtype: p= 0.892), indicating increased
KOR sensitivity in RGS12-null mice. A higher dose (5 mg/kg)
significantly reduced locomotion in both genotypes (Fig. 2c;
RGS12-null: p= 0.000; wildtype: p= 0.0007). All data are the mean
± SEM and analyzed by two-way ANOVA (n= 7–13mice/group).
Omnibus analyses of summed data (Fig. 2c) revealed an effect of
genotype, U50,488 treatment, and a trend for a genotype ×
treatment interaction (genotype, F(1,55)= 4.4, p= 0.040; treat-
ment, F(2,55)= 20.1, p < 0.0001; interaction, F (2,55)= 2.8, p=
0.072). Multiple comparisons were analyzed by a Sidak's post hoc
test and performed with each dose of U50,488 statistically
compared to saline-treated controls.
We also measured [35S]GTPγS incorporation upon U50,488-

elicited G protein activation in vSTR and dSTR membranes. At 1
μM U50,488, RGS12-null, but not wildtype, mice displayed
significant GTPγS incorporation in vSTR membranes (Fig. 2d)
relative to vehicle control (RGS12-null [1 μM]: p= 0.015; wildtype
[1 μM]: p= 0.996), supporting the notion of enhanced KOR-
stimulated G protein activation in the vSTR upon RGS12 loss.
A two-way ANOVA of the data across multiple U50,488 dosings
(Fig. 2d) revealed omnibus effects of genotype, U50,488 treat-
ment, and a genotype × treatment interaction (genotype: p=
0.005; treatment: 0.004, interaction: p= 0.015).
vSTR and dSTR preparations from wildtype mice, as well as dSTR

preparations from RGS12-null mice, only displayed significant [35S]
GTPγS incorporation at the highest concentration tested (Fig. 2d:
e.g., vSTR of wildtype mice at 100 μM U50,488: p= 0.028). Low
signal window (e.g., ~0.2-fold max) in assays of [35S]GTPγS binding
to endogenous receptors in native brain tissue has been
previously noted [60]. U50,488-induced [35S]GTPγS binding was
not differentially elevated in dSTR preparations from RGS12-null vs
wildtype mice (Fig. 2d inset: Student’s t-test t(7)= 0.06; p= 0.946).
All data from [35S]GTPγS incorporation are the mean ± SEM (n=
13–19mice/group).
We next assessed whether increased KOR levels/binding sites, in

addition to augmented KOR signaling, could account for KOR
antagonism-mediated reversal of increased DA uptake in RGS12-
null mice. We performed saturation binding with the KOR-
selective agonist [3H]U69,593 on vSTR and dSTR membranes from
RGS12-null mice vs wildtype controls. With loss of RGS12, KOR
binding sites (Bmax) were increased in vSTR (Fig. 2e) (F(1,87)= 12.9,
p= 0.0005), but not dSTR (F(1,62)= 0.3, p= 0.618;); in contrast, Kd
values were equivalent between RGS12-null and wildtype mice
in both vSTR (F(1,87)= 0.008, p= 0.931) and dSTR (F(1,62)= 0.3,
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p= 0.610) preparations. All data from [3H]U69,593 saturation
binding are the mean ± SEM, and the inset of Fig. 2e was analyzed
by two-way ANOVA (n= 9–12 mice/group), revealing an effect of
genotype, brain region, and a genotype × brain region interaction
(genotype, F(1,24)= 10.0, p= 0.004; region, F(1,24)= 4.6, p=
0.043 ; interaction, F (1,24)= 6.1, p= 0.021); multiple comparisons

were analyzed by Sidak's post hoc test (multiple comparisons: vSTR,
RGS12-null vs wildtype, p < 0.0001; dSTR, RGS12-null vs wildtype,
p= 0.879). To ascertain whether increased KOR protein levels/
binding sites in RGS12-null mice was due to KOR (Oprk1)
transcriptional upregulation, we performed qRT-PCR on vSTR
and midbrain tissue. RGS12-null and wildtype mice exhibited
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similar Oprk1 mRNA levels in both regions (Fig. S3A), suggesting
that enhanced KOR activation observed in RGS12-null mice is not
likely due to elevated KOR expression.

RGS12 differentially regulates G protein and β-arrestin signaling
downstream of KOR
KOR belongs to the GPCR family that includes mu- (MOR) and
delta (DOR) opioid receptors—also Gi/o-coupled, but with separate
neuroanatomical distributions and functions relative to KOR
[61, 62]. To determine whether RGS12 regulates G protein
signaling downstream of opioid receptor activation, we used a
cAMP-based readout in HEK293T cells [54] to measure receptor-
mediated, Gαi/o-dependent inhibition of isoproterenol-induced
cAMP increases (Fig. 3a-f). PTX pretreatment abolished KOR
agonist-stimulated cAMP inhibition (Fig. 3a inset: t(3)= 18.1, p <
0.001), validating the luciferase assay as a measure of Gi/o-
mediated signaling. Wildtype (WT) RGS12 expression reduced
U50,488 potency by at least 20-fold (Fig. 3a: F(1,245)= 56.8, p <
0.0001; also Fig. S4A), but only affected agonism of MOR by ~3-
fold (Fig. 3b: F(1,216)= 13.1, p= 0.0004; also Fig. S4B) and DOR by
2.5-fold (Fig. 3c: F(1,136)= 7.6, p= 0.007). The effect of RGS12
expression on KOR-mediated G protein signaling relied on both
the GAP and GDI activities of RGS12, as loss-of-function mutations
to either element within RGS12 curtailed the observed decrease in
pIC50 from 20-fold (RGS12 WT) to less than 4-fold (Fig. 3a:
RGS12E740K: F(1, 205)= 7.1, p= 0.008; RGS12R1206F: F(1, 173)= 5.7,
p= 0.018). We previously established that the E740K charge-
reversal mutation to RGS12 eliminates RGS domain GAP activity
[63], whereas the R1206F mutation eliminates GoLoco motif GDI
activity [63, 64].
The PDZ domain of RGS12 exhibits a high degree of similarity

[32] to the first PDZ domain of NHERF1 (“Na+/H+ exchanger
regulatory factor-1”). NHERF1 is known [65] to employ its first PDZ
domain to bind directly to a PDZ docking site at the KOR
C-terminus (aa 376–380: -NKPV-cooh), but does not bind MOR nor
DOR (which both lack this C-terminal sequence). As RGS12 co-
immunoprecipitates with KOR, but not MOR, in transfected cells
(Fig. 2b), we tested whether such binding specificity was
determined by a potential PDZ domain / GPCR C-terminal tail
interaction. We mutated the last four amino acids of the KOR
C-terminus (i.e., NKPV) to four alanine residues and, conversely,
mutated the last four amino acids of the MOR C-terminus to

that found in the wildtype KOR sequence (i.e., NKPV) (Fig. 3d).
Co-expression of hRGS12-WT with hKORAAAA diminished the
RGS12-mediated reduction in U50,488 potency from 20-fold down
to 4-fold (Fig. 3a vs e: F(1, 272)= 5.0, p= 0.024). Conversely,
substitution of the last four amino acids of MOR to the C-terminal
PDZ docking site of KOR (i.e., MORNKPV) was seen to enhance
the RGS12-mediated reduction of DAMGO potency from 3-fold to
6-fold (Fig. 3b vs f: F(1, 271)= 32.1, p < 0.0001), constituting a
2-fold gain-of-function from the effect of RGS12 on wildtype MOR.
Together, these data suggest that the PDZ docking site of KOR is
necessary, but not sufficient in its entirety, to account for the
selectivity RGS12 exerts on opioid agonist potency for KOR over
the other opioid receptors.
To determine whether RGS12 also regulates G protein-

independent signaling from opioid receptors, we examined
β-arrestin recruitment following receptor activation [53, 54].
Expression of wildtype RGS12 augmented KOR agonist-
dependent β-arrestin recruitment by 3-fold (Fig. 3g: F(1,410)=
211, p < 0.0001), but only mildly elevated MOR agonist-dependent
β-arrestin recruitment (Fig. 3i: 1.2-fold; F(1,314)= 11.5, p= 0.0008)
and DOR agonist-dependent β-arrestin recruitment (Fig. 3j: 1.1-
fold; F(1,250)= 17.6, p < 0.0001); no potency changes (EC50) were
observed for any opioid receptor agonist used: KOR/U50,488:
F(1,410)= 0.3, p= 0.598; MOR/DAMGO: F(1,314)= 0.3, p= 0.561;
and DOR/DADLE: F(1,250)= 1.6, p= 0.205) (Figs. 3g, i, j).
RGS domain and GoLoco motif loss-of-function mutants did not

reverse the RGS12-dependent increase in β-arrestin recruitment
downstream of KOR activation (Fig. 3g). RGS12E740K elicited no
change in the maximal efficacy (Emax) of KOR agonist-dependent
β-arrestin recruitment relative to wildtype RGS12 (RGS12E740K:
F(1,410)= 2.1, p= 0.148), whereas RGS12R1206F co-transfection
resulted in a slight, but statistically significant, increase in KOR
agonist-dependent β-arrestin recruitment relative to wildtype
protein (RGS12R1206F: F(1,410)= 20.9, p < 0.0001). Together, these
data indicate that RGS12 requires a functional RGS domain and
GoLoco motif for its full effects on KOR-mediated G protein
signaling (Fig. 3a), but not for enhancing β-arrestin translocation
to activated KOR (Fig. 3g), suggesting that RGS12 increases β-
arrestin recruitment in a G protein-independent manner. To
confirm this idea, we evaluated KOR agonist-stimulated β-arrestin
translocation following PTX pretreatment. Overnight PTX pretreat-
ment had no effect on the RGS12-mediated increase in β-arrestin

Fig. 2 RGS12 interacts with KOR and RGS12 loss results in elevated KOR sensitivity and binding sites in the vSTR. a Representative
immunoblots indicating that KOR and RGS12 co-immunoprecipitate in the vSTR of wildtype mice (N= 2 experiments). Subpanel (i) indicates
loss of RGS12 immunoreactivity within whole lysates of ventral striatum from Rgs12-null mice. Subpanel (ii) demonstrates that endogenous
KOR protein is co-immunoprecipitated from ventral striatal lysate upon immunoprecipitation of endogenous RGS12 protein. Subpanels (ii)
and (iii) indicate that immunoblots probed with a mixture of anti-KOR and an anti-KOR blocking peptide yield no KOR immunoreactivity,
confirming antibody specificity. Immunoprecipitation of RGS12 in RGS12-null vSTR results in greatly reduced signal of KOR immunoreactivity
(see densitometric quantitation below immunoblot of subpanel (ii)), supporting that KOR immunoreactivity in wildtype IP samples is not due
to non-specific pull down. b Co-immunoprecipitation analyses of HEK293T cells transiently transfected with human opioid receptor (with N-
terminal HA-tag) and/or full-length RGS12 vector DNA. Robust content of RGS12 is seen in the anti-HA antibody immunoprecipitate when
RGS12 is co-expressed with KOR, whereas co-expression of the related opioid receptor MOR yields only non-specific binding signal (i.e.,
compare first vs last lanes). Parallel immunoblots containing whole cell lysates resolved by SDS-PAGE demonstrate the presence or absence of
RGS12, KOR, and/or MOR expression in appropriate conditions. c Total locomotion (over 30min) by RGS12-null mice and wildtype littermate
controls following administration of U50,488. RGS12-null, but not wildtype, mice exhibit a hypolocomotor effect to 2.5 mg/kg U50,488 relative
to vehicle controls. At 5mg/kg U50,488, RGS12-null and wildtype controls both display reduced locomotor activity relative to vehicle controls.
Data are the mean ± SEM and tested by two-way ANOVA with Dunnet’s post hoc test (n= 7–13 mice per group) (ns, p > 0.05; *p < 0.05; ***p <
0.001; ****p < 0.0001). d [35S]GTPγS incorporation into vSTR membranes from RGS12-null mice and wildtype littermate controls upon
activation with KOR agonist U50,488. Data are normalized to vehicle (saline) control (expressed as fold change). vSTR membranes from RGS12-
null mice exhibit increased sensitivity to U50,488 relative to wildtype controls. Inset, [35S]GTPγS binding (at 100 μM U50,488) by dSTR
membranes from RGS12-null mice and wildtype littermate controls. All data are the mean ± SEM and tested by two-way ANOVA with Sidak’s
post hoc test (n= 13–19 mice per group) (*p < 0.05; ***p < 0.001). e [3H]U69,593 saturation binding analysis of vSTR membranes from RGS12-
null (Rgs12−/−) mice and wildtype (Rgs12+/+) littermate controls. Non-specific binding was determined in the presence of 10 μM nor-BNI (KOR
antagonist). Inset, As derived from data in panel B and parallel binding data from dSTR membrane samples, Bmax was quantified and seen to
be increased in vSTR (but not dSTR) of RGS12-null mice (RGS12-null vSTR Bmax= 62.5 ± 3.9 fmol/mg protein vs wildtype vSTR Bmax= 42.1 ± 3.3
fmol/mg protein). The KD for [3H]U69,593 did not differ across genotypes (RGS12-null vSTR: 1.8 ± 0.4 nM; WT vSTR: 1.8 ± 0.4 nM). Data are the
mean ± SEM and tested by two-way ANOVA with Sidak’s post hoc test (n= 9–12 mice per group) (***p < 0.001)

Role of RGS12 in the differential regulation of kappa opioid. . .
JD Gross et al.

1733

Neuropsychopharmacology (2019) 44:1728 – 1741



recruitment to activated KOR (Fig. 3h; p= 0.696) nor an effect on
U50,488-induced β-arrestin recruitment efficacy in control cells
expressing KOR-only (Fig. 3h; p= 0.540). Omnibus analyses
revealed only an effect of RGS12 expression (RGS12, F(1,8)=
1160.0, p < 0.001). Data in Fig. 3h are the mean ± SEM (N= 3
independent experiments) and were analyzed by two-way ANOVA
with Sidak's post hoc test.
We hypothesized that the increased KOR binding sites seen in

the vSTR of RGS12-null mice (Fig. 2e) might be due to attenuated
β-arrestin-2-dependent internalization and/or downregulation of
KOR in the absence of RGS12 expression. To test this idea, we
performed [3H]U69,593 saturation binding assays in vSTR and
dSTR membranes of β-arrestin-2 knockout (βarr2KO) [55] and
wildtype control mice. β-arrestin-2 knockout mice exhibited
increased KOR Bmax in the vSTR compared to wildtype controls
(Figs. 3k, l: F(1,66)= 4.1, p= 0.044); in contrast, Kd values for KOR
radioligand binding were equivalent between βarr2KO and wild-
type mice in both vSTR (F(1,66)= 0.1, p= 0.701) and dSTR (F(1,68)
= 0.1, p= 0.678) preparations (Figs. 3k, l). Analysis of KOR binding

Bmax revealed that KOR levels were increased in the vSTR, but not
the dSTR (Fig. 3l: F(1,68)= 0.018, p= 0.6674). Omnibus analysis
revealed effects of genotype, brain region, and a trend for a
genotype × brain region interaction (genotype, F(1,20)= 5.8, p=
0.025; treatment, F(1,20)= 14.9, p= 0.001; interaction, F(1,20)=
4.0, p= 0.057). These findings support the notion that increased
KOR levels/binding sites in RGS12-null mice is related to reduced
KOR-mediated β-arrestin-2 function upon RGS12 loss. All data are
the mean ± SEM (n= 12 mice per group); data displayed in
Figs. 3k, l were analyzed by two-way ANOVA with Sidak's post
hoc test.

RGS12 differentially regulates G protein- and β-arrestin-dependent
behaviors mediated by KOR
RGS12 expression selectively reduces KOR agonist-induced cAMP
inhibition via its RGS domain and GoLoco motif (Fig. 3); these data
are consistent with findings of KOR antagonism-mediated reversal
of elevated DA uptake and DAT binding sites (Figs. 1a, b) and
attenuated AMPH-induced hyperlocomotion (Fig. 1c), increased

Role of RGS12 in the differential regulation of kappa opioid. . .
JD Gross et al.

1734

Neuropsychopharmacology (2019) 44:1728 – 1741



KOR-stimulated [35S]GTPγS binding (Fig. 2d), and increased
sensitivity to KOR-stimulated hypolocomotion (Fig. 2c) upon
RGS12 loss. Together, these findings suggest that RGS12 normally
reduces G protein-dependent KOR signaling, and RGS12 loss
results in hypersensitivity of KOR-mediated G protein signaling. To
assess this hypothesis with an integrated, behavioral output, we
interrogated supraspinal nociception using the hot plate assay
[66]; prior studies have determined that KOR-induced analgesia
represents a G protein-dependent and β-arrestin-independent
outcome of KOR agonism [7, 15, 30]. Here, we tested whether
RGS12-null mice exhibit enhanced sensitivity to the analgesic
effect of U50,488 (Fig. 4a-c). RGS12-null mice displayed signifi-
cantly increased analgesia by U50,488 at 5 mg/kg (within-subjects
comparisons: RGS12-null saline vs U50,488: p= 0.033) and 22.5
mg/kg (RGS12-null saline vs U50,488: p= 0.005), whereas wildtype
littermates exhibited no statistically significant analgesia to either
dose (within-subjects comparisons: WT saline vs 5mg/kg U50,488:
p= 0.815; WT saline vs 22.5 mg/kg U50,488: p= 0.199). Omnibus
ANOVA revealed only a significant effect of treatment at these two
doses of U50,488 (5 mg/kg treatment, F(1,18)= 5.2, p= 0.036;
22.5 mg/kg treatment, F(1,15)= 13.8, p= 0.002). These results
suggest that RGS12-null mice have enhanced sensitivity to the
analgesic output of KOR agonism. Following 30mg/kg U50,488,
there was no difference in analgesia between genotypes (Fig. 4c:
RGS12-null saline vs U50,488: p < 0.0001; WT saline vs U50,488: p
= 0.0003); omnibus ANOVA revealed only a significant effect of
treatment at this 30mg/kg dose of U50,488 (treatment, F(1,16)=
57.6, p < 0.0001). RGS12-null and wildtype mice pretreated with
the KOR antagonist nor-BNI (10 mg/kg, ip) 24 h prior to U50,488
administration exhibited no analgesic responses (Fig. S5), indicat-
ing that the supraspinal anti-nociceptive effects of U50,488
(Figs. 4a-c) are mediated by KOR activation. Supporting a selective
function of RGS12 on KOR signaling over that of other opioid
receptors, RGS12-null mice were seen to exhibit normal analgesia
to morphine (Fig. S6)—a response dependent on MOR activation
[66, 67]. All data from hot plate analgesia experiments are the

mean ± SEM (n= 7–14 mice per group) and analyzed by two-way
ANOVA followed by Sidak's post hoc test.
While RGS12 is known to suppress G protein-dependent

signaling [32, 64], RGS12 expression was also seen to augment
β-arrestin recruitment independent of its heterotrimeric G protein-
modulating domains (Fig. 3g). These data suggest that RGS12 loss
may lead to decreased G protein-independent (i.e., β-arrestin)
signaling downstream of KOR activation. Therefore, we examined
conditioned place aversion (CPA) to U50,488, given that aversion
to KOR-induced dysphoria is considered a β-arrestin-dependent
behavior [14, 28, 68]. Wildtype mice exhibited CPA following 2.5
mg/kg U50,488 (p= 0.011); in contrast, RGS12-null mice did not
express aversion at this dose (p= 0.548). Omnibus ANOVA analysis
revealed only an effect of U50,488 treatment (F(1,25)= 7.7, p=
0.010) (Fig. 4d). These data suggest that RGS12 loss reduces the
ability of KOR agonism to produce aversion/dysphoria. At 5 mg/kg
U50,488, both RGS12-null and wildtype mice exhibited aversion
(Fig. 4e) (within-subjects comparison: RGS12-null mice: p= 0.021;
WT mice: p < 0.0001); the aversion exhibited by RGS12-null mice
was attenuated relative to that of wildtype littermates (between-
subjects comparison: RGS12-null vs WT: p= 0.006). Omnibus
ANOVA analysis revealed an effect of treatment at this higher
U50,488 dose (treatment, F(1,22)= 44.7, p < 0.0001) and a
genotype × treatment interaction (F(1,22)= 10.7, p= 0.004). All
data from CPA experiments are the mean ± SEM (n= 9–15 mice
per group) and analyzed by two-way ANOVA followed by a Sidak's
post hoc test.
A summary of the interpretation of all these findings, derived

from our interrogations of adult RGS12-null mice, is presented in
Fig. 5. Constitutive loss of RGS12 may alternatively (or additionally)
engender disruptions to KOR signaling in the vSTR via perturba-
tion of neurodevelopmental processes. In response to neonatal or
early life stress, the KOR/dynorphin system becomes hypersensi-
tive to endogenous and exogenous activation, resulting in
mesolimbic hypodopaminergia and behavioral disruption in
adulthood, including altered psychostimulant responsiveness

Fig. 3 RGS12 expression reduces potency of the KOR agonist U50,488, yet augments agonist-stimulated recruitment of β-arrestin to KOR via
independent mechanisms. a-c RGS12 expression reduces potency of the KOR agonist U50,488 to a greater extent than for the MOR agonist
DAMGO or the DOR agonist DADLE. GloSensor-22F (Promega) luciferase-based measurements of cAMP levels within HEK293T cells stimulated
with 100 nM isoproterenol and simultaneously treated with opioid receptor-selective agonists following transient co-expression of (a) KOR
cDNA plus indicated RGS12 expression plasmids, b MOR cDNA with or without wildtype (WT) RGS12, or c DOR cDNA with or without WT
RGS12. (a, inset) PTX (200 ng/mL) pretreatment abolished KOR agonist-driven cAMP inhibition, confirming that the assay is dependent on Gi/o-
mediated signaling. Wildtype RGS12 expression reduced U50,488 potency by 20-fold, i.e., 6 to 8-fold more than its effects on DAMGO (3-fold)
and DADLE (2.5-fold) potency. Loss-of-function point mutants of RGS12 curtailed U50,488 potency reductions from 20-fold down to 3-to-4-
fold. Data were normalized to vehicle control conditions and are expressed as the mean ± SEM from multiple experiments (N= 3).
Concentration-response curves were fit by four-parameter non-linear regression (Prism 7). d-f The PDZ domain docking site of KOR (-NKPV-c)
is necessary, but not sufficient, to completely account for the specificity of RGS12 for KOR over MOR in assays of GPCR-mediated G protein
signaling. d Schematic representing creation of KOR expression cDNA containing mutation to the C-terminus (-NKPV-c to -AAAA-c) and MOR
expression cDNA containing mutation of its wildtype C-terminus (MOR: -APLP-c) to KOR’s wildtype C-terminus (-NKPV-c). e Mutation to the C-
terminus of KOR curtailed RGS12-mediated U50,488 potency reductions from 20-fold (e.g., panel a) to 4-fold. f RGS12 reduced MOR agonist
potency by 6-fold following substitution of the MOR C-terminus with the wildtype KOR C-terminus, relative to a 3-fold potency reduction
observed with wildtype MOR (e.g., panel b). Data are normalized to vehicle control and expressed as mean ± SEM from N= 3 experiments.
Dose-response curves fit by four parameter non-linear regression (Prism). g-j RGS12 expression augments agonist-stimulated recruitment of β-
arrestin to KOR, but not MOR nor DOR, in a G protein-independent manner. Tango assays of β-arrestin recruitment within HTLA cells [53, 54]
stimulated with indicated agonists following transient co-expression of (g) KOR cDNA plus indicated RGS12 expression plasmids, (h) KOR
cDNA with or without WT RGS12 following pretreatment with PTX or vehicle, (i) MOR cDNA with or without WT RGS12, or (j) DOR cDNA with
or without WT RGS12. Agonist potency (pEC50 values) did not differ between conditions. U50,488-induced β-arrestin recruitment efficacy was
~3-fold greater when either WT RGS12, or loss-of-function point mutants of RGS12, was co-expressed with KOR, whereas WT RGS12 only
increased β-arrestin recruitment to MOR by 1.2-fold and DOR by 1.1-fold. PTX pretreatment did not affect U50,488-induced β-arrestin
recruitment to KOR (panel H) in the presence or absence of WT RGS12. Data were normalized to vehicle control conditions (fold change) and
are expressed as the mean ± SEM from multiple experiments (N= 3). Curves were analyzed by three-parameter non-linear regression and
panel H was analyzed by two-way ANOVA with Sidak’s post hoc test. k [3H]U69,593 saturation binding analysis of vSTR membranes from β-
arrestin-2 knockout (βarr2KO) mice and wildtype (WT) controls. l As derived from data in panel K and parallel binding data from dSTR
membrane samples, Bmax was increased in vSTR (but not dSTR) of β-arrestin-2 knockout (βarr2KO vSTR Bmax= 150.1 ± 17.1 fmol/mg protein vs
wildtype vSTR Bmax= 93.1 ± 14.6 fmol/mg protein; βarr2KO dSTR Bmax= 74.5 ± 9.8 fmol/mg protein vs wildtype dSTR Bmax= 69.3 ± 7.7 fmol/mg
protein). The KD for [3H]U69,593 did not differ across genotypes (βarr2KO vSTR: 7.1 ± 1.8 nM; WT vSTR: 8.4 ± 2.9 nM; βarr2KO dSTR: 7.8 ± 2.3 nM;
WT dSTR: 6.6 ± 1.7 nM;). Data are the mean ± SEM and panel L was analyzed by two-way ANOVA with Sidak’s post hoc test (n= 12 mice per
group) (*p < 0.05)
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[4, 69–71]. Thus, loss of RGS12 from birth may increase pre- and/or
post-natal stress susceptibility such that the KOR system becomes
upregulated. This hypothesis is supported by previous work from
our group and others demonstrating that (i) RGS12 is strongly
expressed throughout CNS regions integral to the early embryonic
stages of neurodevelopment [72], (ii) RGS12 is required for
neurodevelopmental processes such as nerve growth factor-
stimulated axonogenesis by sensory neurons [38], and (iii) RGS12
levels are altered during synaptogenesis by sensory deprivation
[73] and in transgenic models of neurodevelopmental diseases
such as schizophrenia [74]. Future studies will be required to
elucidate whether RGS12 loss early in neurodevelopment
contributes to the disruptions of KOR signaling and behavior
observed in constitutive RGS12-null adult mice.

DISCUSSION
RGS12 as an important regulator of vSTR DA homeostasis via KOR
signaling effects on DAT
RGS12 exhibits selective effects on KOR signaling in at least one
region of the CNS—the ventral striatum—via a mechanism
dependent on an interaction with KOR that is at least functional
and likely direct. Single-cell RNAseq data [75] reveals that Rgs12
is expressed in several Oprk1 (KOR)-expressing neuronal
populations within the corticostriatal circuit (Fig. S1C). Thus,
disruptions to KOR signaling and behavior upon global Rgs12
deletion may, at least in part, reflect an integrated response

across several corticostriatal brain-regions and may not neces-
sarily be restricted to abrogated functional interaction solely
within the vSTR. For example, loss of Rgs12 in striatal-dopamine
receptor D1R+ and/or D2R+ medium-spiny-neurons (MSNs)
seen to co-express Oprk1 and Rgs12 in wildtype-mice (e.g.,
Fig. S1C) could contribute to the RGS12-null mouse phenotypes
observed, especially given the known roles these MSNs play in
rewarding and aversive responses (e.g., to psychostimulant-
drugs) [76, 77].
KOR activation results in hypodopaminergia in the vSTR/NAc by

(i) decreasing DA release [46, 47] and (ii) increasing DAT-mediated
DA-reuptake [48, 49] in a G-protein-dependent manner. As RGS12-
null mice exhibit augmented DAT-mediated DA-uptake reversible
by KOR-blockade, and display increased KOR-mediated G protein
signaling (Figs. 1, 2), we hypothesized that RGS12 loss would also
reduce DA-release in the vSTR/NAc due to increased KOR-
mediated G protein signaling. Indeed, RGS12-null mice exhibited
attenuated DA-release in the NAc-core (Fig. 1); in addition, a
notable trend towards reduced DA-release was also observed in
the NAc-shell, but this latter result was not statistically different
from wildtype-controls. Evoked DA-release is considerably lower in
the NAc-shell than the core [78], which may account for our
inability to attain statistically significant differences between
genotypes when performing FSCV in the shell. No differences of
DA-release nor in nor-BNI pretreatment effects were detected in
the dSTR (Fig. S2), further supporting that RGS12 selectively exerts
DA-modulatory effects in the vSTR, but not dSTR.
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KOR-blockade via nor-BNI pretreatment did not rescue the
deficient DA-release seen in the NAc-core of RGS12-null-mice
(Fig. 1), suggesting that this release defect is KOR-independent or
reliant on long-term neurodevelopmental maladaptation to
RGS12 loss rather than acute KOR-signaling upregulation per se.
We identified a trend for nor-BNI pretreatment to increase DA-
release in RGS12-null, but not wildtype, mice within the NAc shell
at select stimulation amplitudes (Fig. 1), although this did not
reach statistical significance. KOR-agonists have been reported to
reduce DA-release more potently in the NAc-shell than the core

[78], and this effect may relate to the higher level of KOR
expression in the NAc-shell relative to the core seen in rodents
[79, 80]. Therefore, the observed trend for increased DA-release by
nor-BNI in the NAc-shell, but not NAc-core, of RGS12-null mice
may have emerged given enhanced expression and function of
KOR in the NAc-shell over the core.
Wildtype-mice did not exhibit altered DA-reuptake in the

NAc-core, NAc-shell, nor dSTR following nor-BNI pretreatment
(Figs. 1, S2); these observations support the notion that, under
normal conditions, there is a lack of basal KOR-tone (i.e., the
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presence of dynorphin-stimulated and/or constitutive activity of
KOR) in these regions. However, augmented [3H]DA-uptake in the
vSTR-synaptosomes of RGS12-null-mice was reversed by systemic
nor-BNI pretreatment (Fig. 1); moreover, RGS12-null mice display a
trend for enhanced sensitivity to the effect of nor-BNI on
DA-reuptake in the NAc-core relative to wildtype-controls (Fig. 1).
Together, these data support the idea that KOR sensitivity/activity
in the vSTR is enhanced in the absence of RGS12 expression. This
effect is unlikely to be related to elevated dynorphin-tone, given
normal Prodyn-mRNA expression in RGS12-null mice (Fig. S3B).
RGS12-null mice may not exhibit KOR-dependent effects on DA-
reuptake in the NAc-shell given that this region expresses
considerably less DAT than the NAc-core [81]. Moreover, the
minimal levels of extracellular DA that arise following evoked DA-
release in the NAc-shell, especially in RGS12-null mice, may be
insufficient to drive DAT-mediated DA-reuptake at thresholds
sufficient to engage KOR, thereby masking any modulatory effects
that RGS12 may have on KOR-dependent processes. Irrespective
of the relative paucity of engagement within the NAc-shell leading
to a lack of observable signal, our data from brain-slice FSCV and
synaptosomal [3H]DA uptake support that (i) RGS12 loss affects
DAergic neurotransmission in vSTR, but not the dSTR, and (ii)
RGS12 modulates vSTR-KOR signaling that affects DAT function,
but does not appreciably affect KOR signaling that specifically
regulates DA-release.
vSTR-synaptosomes derived from RGS12-null mice exhibit

elevated-Vmax of [3H]DA uptake [40]. In contrast, DA-reuptake in
the NAc is similar in saline-treated RGS12-null mice and saline-
treated wildtype controls (Fig. 1). Such differences between
measurements of endogenous DA-reuptake (e.g., via FSCV) vs
exogenous DA-uptake (e.g., via synaptosomal [3H]DA-uptake) have
been demonstrated previously [82]. FSCV evaluates DA-reuptake
by quantifying the clearance-rate (t1/2) of endogenous DA released
into the extracellular-space following stimulation of release (e.g.,
electrical) [56, 83]. Thus, FSCV-derived reuptake rates are
predicated, in part, on the absolute quantity of DA released from
presynaptic DA-neurons. Given that RGS12-null mice exhibit
markedly reduced DA-release in the NAc following electrical-
stimulation (Fig. 1), these mice may consequently display lower
rates of DA-reuptake than expected (relative to observed
synaptosomal [3H]DA-uptake rates) simply due to the considerably
lower levels of extracellular DA present during the experiment.
Unlike in brain-slice FSCV [84, 85], in vitro synaptosomal [3H]DA-
uptake experiments employ high-levels of both [3H]-labeled and
unlabeled-DA to achieve DAT saturation (e.g., refs. [40, 86]).
Consequently, this high-load of exogenous DA produces a
distinctly different measure of DA-uptake capacity relative to
FSCV [87, 88] given that it drives activation of endogenously
expressed-receptors and thereby engages negative-feedback
systems (e.g., ref. [88]). Thus, RGS12-null mice may require
elevated DA-tone in the vSTR/NAc to manifest observable
differences in DAT-mediated DA-uptake.
Our finding that RGS12 modulates KOR function (this study) and

DAT function [40] in the vSTR, but not dSTR, supports previous
findings that KOR effects on DAT function and AMPH-induced
neuronal-activation are restricted to the vSTR [48, 89]. Regio-
specific RGS12 action on KOR and DAT function might be, at least
in part, related to the greater RGS12-expression seen in vSTR
relative to dSTR [40]. An alternative (or additive) explanation might
be differential expression of some G-protein-signaling element(s)
between the vSTR and dSTR. For example, DA-signaling via the
dopamine-D2-receptor is reported as being more potent in the
NAc (vSTR) than the dSTR [90], given preferential coupling of D2R
to Gαo, which is more highly-expressed in the NAc than dSTR
relative to Gαi [91]. While the RGS12 RGS-domain increases the
GTPase-activity of both Gαo and Gαi1 proteins [32], the GoLoco-
motif binds only to Gαi1/i2/i3 subunits and not to Gαo [64]. Such
differential engagement of Gαi vs Gαo by RGS12 might thereby

underlie a vSTR-specific action of RGS12 on KOR-signaling and,
consequently, on DAT-function.

RGS12 as a potential target for inhibition to help direct KOR
agonism toward beneficial analgesia and away from anti-
therapeutic aversion/dysphoria?
Neuroanatomical loci mediating supraspinal opioid-induced
analgesia are located throughout the brain [92, 93], with the
mesolimbic dopamine-system playing an integral role [94, 95].
Thus, the enhanced analgesic-effect of U50,488 in RGS12-null-
mice (Fig. 4) is consistent with the augmented KOR-agonist
potency and KOR-levels observed in the vSTR of these mice
(Fig. 2). RGS12 may also regulate KOR-mediated spinal-analgesia
via similar mechanisms: RGS12 and KOR are both expressed in
spinal-neurons that mediate analgesia [38, 96, 97]. Dorsal-root-
ganglion (DRG) neurons located adjacent to the spinal-cord, as
well as the dorsal-horns, represent key nociceptive loci as they
contain neurons responsible for receiving and transmitting
nociceptive-signals [98]. Both KOR and RGS12 are highly
expressed in DRGs [38, 99], and KOR is known to mediate
analgesic responses within this anatomical-region [100]. Thus, the
effects of RGS12-loss on KOR-mediated analgesia may also rely, at
least in part, on augmented KOR-mediated G protein-signaling at
the level of the spinal-cord. RGS12-null-mice exhibited normal
morphine-induced analgesia (Fig. S6), supporting the idea that
RGS12 functions selectively on KOR-signaling relative to that
of other opioid-receptors, especially given the receptor-selectivity
of morphine’s analgesic actions (i.e., the anti-nociceptive effects of
morphine are completely lost in MOR-knockout-mice [66, 67] yet
preserved in mice lacking KOR [101]).
Prior evidence suggests that the DA-lowering effects of KOR-

agonists in the vSTR underlie their aversive/dysphoric properties
[44, 102]; thus, attenuated U50,488-induced CPA in RGS12-null-
mice might be related to a constitutively elevated DA-reuptake in
the vSTR of these mice [40], resulting in reduced extracellular-DA
and causing a “floor effect” whereby KOR-mediated reductions in
vSTR-DA are unable to manifest aversion in the absence of RGS12-
expression. However, this possibility is unlikely, as even DA-
deficient mice display KOR-induced-CPA [68]. Reduced KOR-
induced-CPA in RGS12-null mice is also unlikely to reflect a
learning deficit given that these mice exhibit normal conditioned-
place-preference to both amphetamine and cocaine [40].
RGS12 over-expression was seen to reduce G protein-depen-

dent signaling and increase β-arrestin recruitment downstream of
KOR-activation (Fig. 3). Consistent with these findings, Rgs12
ablation enhances KOR-stimulated G protein activation and
sensitivity to U50,488-induced hypolocomotion (Fig. 2). KOR-
induced hypolocomotion is unaffected by β-arrestin-2-knockout
[15], suggesting that reduced-locomotion upon KOR activation is
G-protein-dependent. RGS12-null-mice also exhibit increased KOR-
binding sites (a measure of protein expression) (Fig. 2) despite
normal Oprk1-mRNA levels (Fig. S3), suggesting that elevated KOR
levels/binding sites are not due to Oprk1 transcriptional upregula-
tion. Increased KOR-protein levels and/or sensitivity, and not
dynorphin expression levels (Fig. S3), likely underlie the increased
vSTR DAT-mediated DA-uptake and resultant reduction in AMPH-
stimulated hyperlocomotion seen in RGS12-null-mice [40], given
that these two effects are reversed by KOR-inhibition (Fig. 1).
In light of augmented β-arrestin-recruitment to activated KOR

upon RGS12 over-expression (Fig. 3), we speculated that RGS12
loss reduces β-arrestin-dependent internalization and/or down-
regulation of KOR—a hypothesis strongly-supported by our
observation of increased vSTR, but not dSTR, KOR-binding in
β-arrestin-2-knockouts (Fig. 3). In contrast, [3H]DA-uptake is
unaffected in β-arrestin-2-knockouts (Fig. S7); as others have
demonstrated that KOR-mediated increases in [3H]DA-uptake are
sensitive to PTX [49], these findings collectively suggest that
basal and KOR-stimulated DA-uptake are β-arrestin-independent
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and G-protein-dependent, respectively. Enhanced KOR-dependent
[3H]DA-uptake in the vSTR of RGS12-null-mice (Fig. 1) is thus likely
mediated by increased G protein-signaling downstream of KOR
(Fig. 5). Under conditions of low accumbal DA-tone, RGS12-null-
mice displayed an exaggerated response to KOR antagonist-
mediated reductions in DA-reuptake in the NAc-core, but not dSTR
(Fig. 1 & S2), further supporting that RGS12-loss engenders
hypersensitivity to the effects of KOR on DAT-function selectively
in the mesolimbic DA-system. Augmented KOR-mediated G
protein-signaling upon RGS12-loss is further supported by
increased sensitivity of RGS12-null-mice to U50,488-induced
supraspinal-analgesia (Fig. 4), considered a G protein-dependent
outcome of KOR-agonism [15, 30]. Conversely, RGS12-null-mice
display reduced aversion to U50,488 (Fig. 4), a behavioral outcome
of KOR-activation considered to be reliant on β-arrestin-signaling
[14, 28], consistent with observations that RGS12 over-expression
augments KOR-mediated β-arrestin recruitment (Fig. 3). Together,
our data demonstrate that (i) RGS12 and KOR functionally interact
in the vSTR, but not dSTR, (ii) RGS12 exerts specificity for KOR over
other opioid-receptors, (iii) RGS12 differentially regulates signal-
ing cascades downstream of KOR via independent mechanisms,
and (iv) RGS12 is a critical determinant of KOR-mediated
behavioral outcomes.
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