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SUMMARY
In rodents with unilateral ablation of neurons supplying dopamine to the striatum, chronic treatment with the
dopamine precursor L-DOPA induces a progressive increase of behavioral responses, a process known as
behavioral sensitization. This sensitization is blunted in arrestin-3 knockout mice. Using virus-mediated gene
delivery to the dopamine-depleted striatum of these mice, we find that the restoration of arrestin-3 fully res-
cues behavioral sensitization, whereas its mutant defective in c-Jun N-terminal kinase (JNK) activation does
not. A 25-residue arrestin-3-derived peptide that facilitates JNK3 activation in cells, expressed ubiquitously
or selectively in direct pathway striatal neurons, also fully rescues sensitization, whereas an inactive homol-
ogous arrestin-2-derived peptide does not. Behavioral rescue is accompanied by the restoration of JNK3
activity, as reflected by JNK-dependent phosphorylation of the transcription factor c-Jun in the dopamine-
depleted striatum. Thus, arrestin-3-assisted JNK3 activation in direct pathway neurons is a critical
element of the molecular mechanism underlying sensitization upon dopamine depletion and chronic
L-DOPA treatment.
INTRODUCTION

Signaling via G protein-coupled receptors (GPCRs) is

controlled by a conserved two-step homologous desensitiza-

tion mechanism: phosphorylation of the active receptors by

GPCR kinases and subsequent binding of arrestins, which

preclude further G protein coupling.1 Two non-visual arrestins,

arrestin-2 (Arr2) and arrestin-3 (Arr3) (a.k.a. b-arrestin1 and

b-arrestin2, respectively), are ubiquitously expressed and

negatively regulate the signaling of numerous GPCRs. Arrest-

ins also act as positive regulators of cellular signaling via the

assembly of multi-protein complexes.2–5 The best-known

signaling activity of arrestins is to facilitate the activation of

the mitogen-activated protein (MAP) kinases ERK and c-Jun

N-terminal kinase (JNK).4,5 Reduced availability of arrestins

or their complete elimination results in augmented G protein-

mediated responses.6–8 Mice lacking arrestins also manifest

loss-of-function phenotypes, such as blunted behavioral re-

sponses to dopaminergic drugs.9–11 This suggests that ar-

restin-dependent signaling plays a role in the dopaminergic

control of behavior.

Chronic administration of many drugs targeting GPCRs

causes long-lasting adaptations. The best-known adaptation

is tolerance: the response to the drug diminishes with

repeated administration.12–14 Some drugs also induce the
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opposite adaptation, called sensitization or reversed toler-

ance, an enhanced response with repeated use,12,13,15,16 or

cause a paradoxical enhancement of the initial symptoms,

as in opioid-induced hyperalgesia.14 Molecular mechanisms

that might underlie tolerance operate in cultured cells, while

sensitization is only observed in living animals. Both types of

adaptations often coexist in vivo, with some drug effects dis-

playing tolerance and others displaying sensitization. Long-

term adaptations to drug treatment are a serious clinical prob-

lem limiting the efficacy of therapy and/or causing detrimental

side effects.

The brain dopaminergic system is critical for the control of mo-

tor behavior, reward mechanisms, and cognition. The highest

density of dopaminergic innervation and the highest concentra-

tion of dopamine (DA) receptors are found in the striatum, a

subcortical structure playing an essential role in movement con-

trol, motivation, and reward. All fiveDA receptors areGPCRs and

interact with arrestins, although the mode of interaction and its

functional consequences are unique for each subtype.17–22

Long-term use of dopaminergic drugs causes persistent

changes in DA-dependent behaviors. In rodents with unilateral

ablation of the dopaminergic input to the striatum, stimulation

with dopaminergic agonists or the DA precursor L-DOPA causes

persistent behavioral and molecular sensitization (reviewed in

the study by Bastide et al.23). Behavioral sensitization can be
uly 16, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Hemiparkinsonian mice lacking

Arr3 (A3KO) respond to dopaminergic stimu-

lation but do not develop behavioral sensiti-

zation to L-DOPA

(A) Arrestin-2 knockout (A2KO), A3KO, and WT

littermates with unilateral 6-hydroxydopamine le-

sions were chronically treated with L-DOPA and

tested for L-DOPA-induced rotations. Means ±

SEM are shown. The statistical comparison was

made with respective littermates. WT littermates of

A2KO and A3KO were similar. A3KO, but not

A2KO, mice demonstrated significantly reduced

rotation frequency (genotype effect F(1,162) =

11.7, p = 0.003, genotype X day F(9,162) = 3.246,

p = 0.0012), indicative of impaired sensitization to

L-DOPA. * - p < 0.05, ** - p < 0.01 by post hoc

unpaired Student’s t test for individual days.

(B) Apomorphine-induced contralateral rotations

(0.1 mg/kg, s.c.) in WT and A3KO mice. The lines

show the mean values. No difference was de-

tected.

(C) A3KO and WT mice were tested for forelimb

usage in the cylinder test. The mice were injected

with saline or L-DOPA (5 mg/kg s.c.) on separate

days in a counterbalanced manner. The percent-

age of contralateral paw usage out of the total is

shown. Means ± SEM are shown. The effect of

L-DOPA was significant (p = 0.032) whereas the

effect of genotype was not (p = 0.89).

(D) Upper panel: Representative western blot

showing the expression of TH in the intact and

lesioned striatum in WT and A2KO mice. Lower

panel: Quantification of the western blot data

demonstrating a significant upregulation of Arr3 in

the lesioned hemisphere (p = 0.0005). There was

no significant difference between WT and A2KO

(p = 0.2).
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elicited in intact animals upon chronic treatment with dopami-

nergic drugs such as psychostimulants and antipsy-

chotics.12,13,24–26 The molecular mechanisms of long-term

behavioral and signaling plasticity associated with persistent

dopaminergic stimulation remain elusive. It is also unclear

whether the signaling mechanisms are the same for dopami-

nergic sensitization of all types, although one common mecha-

nism for some has recently been described.26

Here, we show that Arr3 is indispensable for the behavioral

sensitization to L-DOPA in mice with unilateral DA depletion

and that its action is mediated by the Arr3-dependent

activation of JNK in the striatal direct pathway medium spiny

neurons (MSNs). This is an excellent mouse model of long-

term dopaminergic behavioral plasticity suitable for mecha-

nistic studies of signaling. It is also a widely used animal

model of Parkinson’s disease (PD). Behavioral alterations

caused by L-DOPA in these mice bear an uncanny resem-

blance to L-DOPA-induced dyskinesia (LID), a side effect

of the DA replacement therapy in PD, making it an animal

model of LID.15,23,27–30 Our findings reveal the role of Arr3-

dependent JNK activation in the molecular mechanism of

sensitization, thereby identifying it as a novel target for anti-

LID therapy.
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RESULTS

Loss of Arr3 suppresses behavioral sensitization to L-
DOPA
The unilateral 6-hydroxydopamine (6-OHDA) lesion of the medial

forebrain bundle in rodents results in the massive loss of dopa-

minergic neurons, particularly in the substantia nigra pars com-

pacta providing dopaminergic innervation of the striatum ipsilat-

eral to the lesion, although the ventral tegmental area innervating

the nucleus accumbens is also affected (Figure S1). Animals with

such lesions respond by contralateral rotations to administration

of the DA precursor L-DOPA or dopaminergic agonists23,29 and

demonstrate multiple signaling adaptations in the lesioned stria-

tum indicative of supersensitivity of striatal neurons.23,31–33

Chronic treatment of these animals with L-DOPA causes behav-

ioral sensitization and a progressively increased frequency of ro-

tations. We examined sensitization of the L-DOPA-induced rota-

tional behavior in 6-OHDA-lesioned Arr3 knockout (A3KO) and

Arr2 knockout (A2KO) mice as compared to wild-type (WT) litter-

mates. A2KO mice showed an initial tendency to reduced rota-

tion frequency but later reached the same level asWT (Figure 1A).

In contrast, A3KO mice demonstrated reduced rotations and

minimal sensitization to L-DOPA (Figure 1A).



Figure 2. LV-mediated expression of Arr3 in

the lesioned striatum rescues L-DOPA-

induced rotations and AIMs in A3KO mice

(A) HA-Arr3 rescues rotations in A3KO mice. The

LVs were injected into the caudate-putamen (CPu)

of A3KO mice. WT mice received GFP. Signifi-

cance by Bonferroni post hoc test across testing

sessions is shown.

(B) HA-Arr3 rescues AIMs in A3KO mice.

* - p < 0.05, ** - p < 0.01 to WT by Dunn’s post

hoc test following Kruskal-Wallis non-parametric

ANOVA.

(C) Protein expression in the lesioned striatum.

(a) Low-magnification images of mouse brain.

GFP (expressed co-cistronically with Arr3) in the

lesioned striatum (green) and TH (red). (b) Low-

magnification images of the mouse brain with

Arr3 detected by GFP (green) and a marker of

MSNs FOXP1 (red). (c, d) Arr3 construct in MSNs

labeled with GFP (green) alone (c) or co-localized

with FOXP1 (red) (d). Arrows point to co-labeled

neurons. (e) High-magnification images of HA-

Arr3 in MSNs co-labeled for GFP (green) and

FOXP1 (red). (f, g) Low- and high-magnification

images of HA-Arr3 labeled with anti-HA antibody

(green).

(D) Top: Expression of Arr3 in the intact and in-

fected lesioned striata of WT and A3KO mice

infected with GFP or Arr3 LVs. The purified Arr3

served as standards. Bottom: Expression of HA-

Arr3 in the lesioned hemisphere of A3KO mice

infected with HA-Arr3 LV. Serial dilutions of ly-

sates of HEK293 cells infected with HA-Arr3 LVs

were used as standards. Note the absence of

HA-Arr3 in WT and A3KO mice infected with GFP

and the presence of GFP in both.

(E) Quantification of western blot data. Purified

bovine Arr3 served as standards. HA-Arr3

data are absolute numbers in ng per mg of to-

tal protein (z35% of endogenous Arr3 in WT mice). Means ± SEM are shown. * - p < 0.05 to the intact striatum; # - p < 0.001 to the values in both intact

and lesioned striata in WT mice. n = 8–13 mice per group.
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A3KO mice were shown to have reduced behavioral sensi-

tivity9,10 to acute amphetamine. Therefore, the blunted

response of A3KO mice to L-DOPA could also reflect an overall

lower sensitivity to dopaminergic agents rather than specific

signaling adaptation during chronic L-DOPA administration.

To test that, we compared locomotor responses to a one-time

administration of the DA agonist apomorphine (0.1 mg/kg s.c.)

in drug-naive WT and A3KO mice and found them to be similar

(Figure 1B). Next, we performed the cylinder test in drug-naive

lesioned WT and A3KO mice. Loss of DA upon 6-OHDA lesion

reduces the use of the contralateral paw to support the body,

whereas L-DOPA supplies DA to the DA-depleted striatum

and increases its use. We found that L-DOPA improved the

use of the affected paw to a similar extent in WT and A3KO

mice, indicating that this acute response to L-DOPA was pre-

served in A3KO animals not chronically treated with L-DOPA

(Figure 1C). Thus, reduced dopaminergic sensitivity, as de-

tected with a different drug (non-selective D2 receptor-prefer-

ring agonist apomorphine) and in a different behavioral para-

digm (motor cylinder task), does not underlie the L-DOPA

sensitization defect of A3KO mice.
We previously detected an upregulation of Arr3 in the affected

hemisphere in 6-OHDA-lesioned rats upon chronic L-DOPA

treatment.34 We confirmed this finding in WT mice and found a

similar increase in A2KO mice (Figure 1D). A tendency toward

upregulation of Arr3 in both hemispheres of A2KO mice, as

compared to WT, did not reach statistical significance (Fig-

ure 1D). These data suggest that Arr3 is required for sensitiza-

tion, and its elevated expression upon L-DOPA treatment might

contribute to the development of locomotor sensitization to

L-DOPA.

Exogenous Arr3 in the striatum rescues behavioral
sensitization in A3KO mice
Unilaterally lesioned rodents treated with a high dose of L-DOPA

display contralateral rotations, which increase in frequency with

each drug administration.23,32,34,35 Lower doses induce other

types of movements collectively referred to as abnormal involun-

tary movements (AIMs),28,35 the frequency of which also pro-

gressively increases, demonstrating sensitization. The loss of

Arr3 reduces sensitization measured by rotations (Figures 1A

and 2A) and AIMs (Figure 2B; also see Videos S1 and S2). To
Cell Reports Medicine 5, 101623, July 16, 2024 3



Figure 3. Modulation of L-DOPA-induced rotations by targeting Arr3-dependent JNK activation

(A) The LVs were injected into the CPu of A3KO mice. WT mice received GFP. Expression of HA-Arr3 but not HA-V343T rescued L-DOPA-induced rotations.

Significance shown is by Bonferroni’s comparison across testing days. For pre-injection testing, the significance applies to comparisons between the WT-GFP

(legend continued on next page)
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test whether Arr3 acts during the development of sensitization,

we employed a rescue strategy with lentivirus (LV)-mediated

gene transfer. LV encoding HA-Arr3 was used to restore Arr3

in the DA-depleted striatum of A3KO mice.

We measured the rotation frequency in mice expressing GFP

(control) or Arr3 on the lesioned side in the motor striatum. We

pre-tested the mice for 4 consecutive days (Figure 2A). A3KO

mice were then randomly assigned to 2 groups that received

LVs encoding GFP or Arr3. WT mice expressing GFP served as

an outgroup for comparison. During pre-testing, only the WT

mice showed sensitization (genotype 3 day p = 0.0318 by

repeated measure ANOVA across testing sessions). During the

10-day testing period after LV injection, A3KO mice expressing

GFP displayed minimal sensitization, whereas the expression

of Arr3 fully rescued the rotational behavior (genotype p =

0.0022; genotype X day p = 0.0019) (Figure 2A).

Next, we performed a rescue experiment using AIMs as a

behavioral readout. During pretesting, A3KOmice demonstrated

reduced AIMs compared toWT (p < 0.001 by Mann-Whitney test

by sessions). In A3KOmice expressing GFP, the level of AIMs re-

mained low. In contrast, the A3KO group expressing Arr3

demonstrated AIMs at a level similar to that of WT mice (group

differences significant by Kruskal-Wallis for each session,

p < 0.05) (Figure 2B). Thus, Arr3 acts during the process of

behavioral sensitization.

Postmortem examination showed the expression of HA-Arr3

in the MSNs of the lesioned striatum, as evidenced by co-stain-

ing for GFP (expressed co-cistronically with HA-Arr3) with tyro-

sine hydroxylase (Figure 2Ca) and MSN marker FOXP1 (Fig-

ure 2Cb). Western blot with anti-Arr3 and anti-HA antibodies

(Figure 2D) showed that LV-encoded HA-Arr3 was expressed

at �30%–37% of the endogenous Arr3 level in the striatum of

WT mice (Figure 2E).

Arr3-mediated activation of the JNKpathway is required
for its behavioral effect
Arrestins negatively regulate GPCR signaling via homologous

desensitization1 and facilitate signaling via other pathways.36–38

The loss-of-function phenotype in A3KOmice suggests a loss of

Arr3-mediated signaling. Arr3 is the only arrestin subtype that fa-

cilitates the activation of JNK family kinases,39–41 so this

pathway seemed a viable candidate. Initially, it was reported

that Arr3 selectively activated the JNK3 isoform.39 We later

found that Arr3 also activates JNK1 and JNK2,42 although

JNK3 is its preferred partner.43,44 To test the role of the JNK

pathway in the behavioral function of Arr3, we used the V343T

Arr3 mutant with impaired ability to activate JNK.40 As this was

demonstrated in non-neuronal cells, we compared the ability
group and each of the A3KO groups. Post-injection, p < 0.001 applies to the comp

the WT-GFP group.

(B) Expression of HA-Arr3 and HA-V343T in the intact and lesioned infected stria

(C) Quantification of the western blot data. Purified bovine Arr3 was used as stan

(D) HA-Arr3 increased, whereas HA-V343T significantly reduced, L-DOPA-induc

(E) Detection of endogenous Arr3, HA-Arr3, and HA-V343T (upper panel) and HA

(F) Quantification of the western blot data in the intact and lesioned hemisphere o

injected hemisphere (blue bars) reflected the sum of Arr3 plus HA-Arr3 or Arr3 plu

compared to intact hemisphere; @, p < 0.05 as compared to Arr3 by one-way A
of HA-Arr3 and HA-V343T to facilitate JNK activation in human

neuroblastoma SH-SY5Y cells and found that HA-Arr3 increases

JNK3 phosphorylation, whereas HA-V343T has minimal effect

(Figures S2A and S2B). We compared the ability of HA-Arr3

and HA-V343T to rescue L-DOPA-induced rotations in A3KO

mice. HA-Arr3 afforded full rescue (p < 0.001 to the GFP group),

whereas HA-V343T failed to rescue rotations (Figure 3A) despite

comparable expression of both proteins (Figures 3B and 3C).

HA-V343T binds all components of the JNK pathway but fails

to activate JNK3.40 Therefore, we hypothesized that it could

have a dominant-negative effect in the presence of endogenous

Arr3. In WT mice, we found that HA-Arr3 further enhanced the

rotation frequency (p < 0.05) (Figure 3D), as compared to GFP

control. In contrast, HA-V343T significantly reduced it (p < 0.05

to WT-GFP). The behavior of WT mice expressing HA-V343T

resembled that of A3KO mice. We detected significantly higher

expression of HA-V343T than of HA-Arr3 (Figures 3E and 3F),

although the expression of both HA-Arr3 and HA-V343T was

much lower than the level of endogenous Arr3 (Figure 3F).

Arr3-mediated activation of JNK in the direct pathway
MSNs is sufficient to produce the pro-sensitization
effect
The data with HA-V343T suggested that Arr3-dependent JNK

activation plays a key role in its pro-sensitization effect. Howev-

er, Arr3 is a multifunctional protein, and its other functions, which

were not tested,40 might have been altered by the V343T muta-

tion. To specifically test the role of Arr3-dependent JNK activa-

tion, we used the monofunctional Arr3-derived peptide T1A

that acts as amini-scaffold facilitating JNK activation in cells45,46

(Figure S2C). As this has been shown only in non-neuronal

cells,45,46 we ascertained that Venus-T1A facilitated JNK3 acti-

vation in human neuroblastoma SH-SY5Y cells, whereas the ho-

mologous Arr2-derived peptide B1A did not (Figures S3D and

S3E). The expression of Venus-T1A in the lesioned striata of

A3KO mice rescued L-DOPA-induced rotations as effectively

as full-length Arr3-GFP (p < 0.001 to both A3KO-GFP and B1A

groups) (Figure 4A). In contrast, Venus-B1A was ineffective (Fig-

ure 4A), despite comparable expression of Venus-T1A and

Venus-B1A (Figures 4C and 4D).

We also performed a rescue experiment using AIMs as a

behavioral readout. During pretesting, A3KOmice demonstrated

reduced AIMs compared toWT (p < 0.001 byMann-Whitney test

by sessions). In A3KOmice expressing GFP, the level of AIMs re-

mained low, whereas the A3KO group expressing HA-Arr3

demonstrated AIMs at a level similar to that of WT mice (group

differences significant by Kruskal-Wallis test, p < 0.05 for ses-

sions I and II, p < 0.001 for sessions III and IV) (Figure 4B).
arison between each of the GFP groups to the A3KO-HA-Arr3 and p < 0.01 with

ta. GFP expression and actin (loading control) are also shown.

dards. * - p < 0.05 to the intact striatum by paired Student’s t test.

ed rotations in WT mice.

-Arr3 (middle panel).

f WT mice infected with LVs encoding HA-Arr3 or HA-V343T. The values in the

s HA-V343T. Means ± SEM are shown. n = 10–13 mice per group. *, p < 0.05 as

NOVA.
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Venus-T1A rescued AIMs as effectively as full-length HA-

Arr3 (Figure 4B). The analysis of individual AIM scores

(Figures S2F–S2H) showed that the lack of Arr3 reduced the fre-

quency of locomotor and axial AIMs (Figures S4G and S4H),

whereas their level was high in the groups expressing HA-Arr3

or Venus-T1A. Thus, Arr3 plays a direct role in behavioral sensi-

tization via JNK activation.

The direct and indirect pathway MSNs differ in the expression

of the DA receptors and neuropeptides and in their role in move-

ment control.47,48 The two non-visual arrestins are equally ex-

pressed in both types of MSNs.49 To determine the site of Arr3

action, we constructed LVs with Venus-T1A under the control

of cropped dynorphin (DYN) or enkephalin (ENK) promoters to

target the expression specifically to the direct or indirect

pathway neurons, respectively. These promoters have been

used previously.50 To increase expression, Venus-T1A was

placed under the additional control of the internal ribosome entry

site (IRES), termed super-IRES for its ability to strongly enhance

translation51 (Figure S3A). These vectors yielded expression

comparable to that driven by the strong CMV promoter (Fig-

ure S3B). It should be noted that the ENK and DYN promoters

used (Figure S3A) cannot be expected to yield the strict speci-

ficity of native promoters, which are likely much larger and

were not unambiguously defined. However, we showed their

neuronal selectivity in the mouse brain by double immunostain-

ing (Figure S3C). We also tested the specificity of DYN and

ENK promoters by taking advantage of the differential expres-

sion of ENK and DYN in the globus pallidus (GP) and substantia

nigra pars reticulata (SNr) (Figure S4). Approximately 40% of GP

neurons express ENK but not DYN.52–55 Conversely, DYN is

abundant in the SNr, whereas ENK expression is low or unde-

tectable.54 We detected ENK promoter-driven GFP expression

in GP (Figure S4B) but not in SNr (Figure S4C). In contrast, the

DYN promoter drove expression in SNr (Figure S4C) but not in

GP (Figure S4B). Thus, the promoters used show significant

neuronal specificity.

The expression of Venus-T1A under the control of the ENK

promoter did not restore rotations in A3KO mice. In contrast,

Venus-T1A expressed under the DYN promoter yielded full

rescue (p < 0.001 to the DYN-GFP group) (Figure 4E). Both pro-
Figure 4. Rescue of L-DOPA-induced rotations and AIMs in A3KO mic

(A) Both HA-Arr3 and T1A, but not the Arr2-derived homologous peptide B1A,

applies to pairwise comparisons between WT-GFP and A3KO-T1A with A3KO-G

the only group significantly different from the rest.

(B) HA-Arr3 and T1A rescued AIMs in A3KO mice, whereas B1A did not. Note tha

10mg/kg during post-testing. Post-test significance levels are for pairwise compa

each of A3KO/GFP (p < 0.01) and A3KO/B1A (p < 0.05) by Dunn’s post hoc test for

session III. For pre-test, p < 0.01 between WT and all A3KO groups across sess

(C) Western blot for Venus-T1A and Venus-B1A (GFP; green) and TH and FOXP1

(D) Quantification of the western blot data. There were no significant differences i

(p = 0.22).

(E) Venus-T1A, expressed in striatonigral MSNs under control of the DYN promote

under control of the ENK promoter did not. Significance shown is by Bonferroni tes

to pairwise comparisons between WT-GFP and A3KO-DYN-T1A with A3KO-DY

was the only group significantly different from the rest.

(F) Brain sections stained for GFP show the expression driven by the DYN and EN

(G) The expression of Venus-T1A driven by the DYN and ENK promoters detecte

(H) Quantification of the western blot data. There were no significant differences

way ANOVA). Means ± SEM are shown. n = 9–11 mice per group.
moters yielded comparable expression in the brain, as evi-

denced by immunohistochemistry (Figure 4F) and western blot

of postmortem samples (Figures 4G and 4H). Thus, the data

strongly suggest that Arr3-dependent JNK activation specifically

in the direct pathway neurons critically contributes to the dopa-

minergic behavioral sensitization.

Signaling mechanisms and JNK3 activity in the lesioned
striatum
To gain insight into the mechanism of Arr3 action, we tested the

activity of signaling pathways known to be altered by persistent

treatment with dopaminergic drugs.9,23,32,35,56 The lesion-

induced supersensitivity of the ERK pathway has been impli-

cated in the so-called priming in behavioral sensitization.23,32,56

Both Arr2 and Arr3 facilitate ERK1/2 activation via scaffolding.57

We detected the super-responsiveness of ERK1/2 to L-DOPA

challenge in the lesioned striatum, but there was no difference

between WT and A3KO mice (Figures S5A and S5B). Another

MAP kinase, p38, is activated by cellular stresses, like JNKs,

and shares many upstream kinases with the JNK pathway.58

We have previously shown that p38 is activated by L-DOPA chal-

lenge in both intact and lesioned striata.32,56 The degree of p38

activation by L-DOPA was similar in WT and A3KO mice

(Figures S5C and S5D). Additionally, the Akt pathway in the

DA-depleted striatum becomes constitutively supersensitive

following chronic L-DOPA treatment.32,56 The degree of Akt

supersensitivity was also similar in WT and A3KO mice

(Figures S5E and S5F).

ERK1/2, JNK1/2/3, and p38 are MAP kinases. MAP kinases

are activated by a three-tiered cascade consisting of an MAP ki-

nase kinase kinase (MAP3K), MAP kinase kinase (MAP2K), and

output MAP kinase.59,60 MAP3Ks respond to a large variety of

stimuli as shown in Figure S6A for the JNK cascade. MAP kinase

signaling is orchestrated by scaffold proteins that organize

signaling modules by bringing the kinases of the three levels

into close proximity59 (Figure S6A). While middle-sized

MAP2Ks and MAP kinases are turned on by the phosphorylation

of the activation loop by upstream kinases, MAP3Ks are large

multi-domain proteins, and their mechanisms of activation are

very complex and unique for each kinase59,61–63 (Figure S6A).
e by the JNK3-activating Arr3-derived peptide T1A

rescued L-DOPA-induced rotations in A3KO mice. Significance for post-test

FP and A3KO-B1A by Bonferroni’s comparison. Before virus injection, WT was

t due to lower AIMs levels in pre-testing, the dose of L-DOPA was increased to

risons between each of the groups: WT, A3KO/HA-Arr3, and A3KO/T1A versus

each session. The differences in sessions I and II (not shown) are the same as in

ions.

(red). The blots were visualized with the Odyssey CLX imaging system.

n the expression of the Venus-fused peptides among the experimental groups

r, rescued rotations in A3KOmice, whereas Venus-T1A in striatopallidal MSNs

t across all testing sessions. Significance shown after the virus injection applies

N-GFP, A3KO-ENK-GFP, and A3KO-ENK-T1A. Before the virus injection, WT

K promoters. Spt, septum; NAC, nucleus accumbens; CPu, caudate-putamen.

d by western blot.

in the expression of Venus-T1A among the experimental groups (p = 0.43 one-
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Ten JNK isoforms are expressed in the brain: four splice vari-

ants of JNK1, four of JNK2, and two of JNK3 (Figure S6B).

Phospho-JNK (ppJNK) is seen as two bands at 54 and 46 kDa

(Figure S6C), which contain nine out of the ten known JNK iso-

forms.64 In the mouse striatum, in contrast to the rat, the longer

JNK3 splice variant JNK3a2 (57 kDa) is undetectable by ppJNK

antibody (Figure S6C). The shorter JNK3a1 is the major variant in

both rat and mouse striata. It runs at 54 kDa together with two

variants of JNK2 (JNK2a2 and JNK2b2) and two variants of

JNK1 (JNK1a2 and JNK1b2) (Figure S6C). The lower band con-

tains two shorter JNK2 (JNK2a1 and JNK2b1) and two JNK1

(JNK1a1 and JNK1b1) splice variants.

We tested JNK3 activity in the striata of WT and A3KO mice.

The anti-JNK3 antibody precipitated both JNK3 isoforms, and

the samples were then immunoblotted for ppJNK (Figures 5A

and 5D). We compared the fraction of active JNK3 in the intact

and lesioned striata of WT and A3KO mice chronically treated

with saline or L-DOPA and challenged with L-DOPA 45 min

before sacrifice. We found no differences between the geno-

types in the intact hemisphere regardless of the treatment

(Figures 5A–5C). In contrast, in the lesioned hemisphere, WT

mice had a significantly higher activity of both isoforms of

JNK3, particularly of JNK3a2, than A3KO mice (Figures 5A–

5C). To test the effect of Arr3 on JNK3 activity in the lesioned

striatum, we compared the activity of both JNK3 isoforms in

WT mice and A3KO mice injected with LVs encoding GFP (con-

trol) or HA-Arr3. In parallel with the behavioral sensitization,

exogenous HA-Arr3 rescued the JNK3 activation in A3KO mice

(Figures 5D–5F).

The transcription factor c-Jun is the best-known substrate of

JNKs,65 which gave this family of kinases its name (c-Jun N-ter-

minal kinase). JNK-dependent phosphorylation and activation of

c-Jun has been studied in the context of the JNK role in

apoptosis.43,64 The role of JNK-c-Jun signaling in neural pro-

cesses unrelated to cell death is beginning to be appreci-

ated.64,66 We examined the level of c-Jun phosphorylation in

the striata of WT and A3KO mice, both drug-naive animals chal-

lenged with L-DOPA and mice chronically treated with L-DOPA.

Chronic L-DOPA administration significantly increased the JNK-

dependent c-Jun phosphorylation in the DA-depleted striatum in

WT but not in A3KO mice (Figures 6A–6C). Phospho-c-Jun was

significantly reduced (Figures 6C and 6D) (p < 0.01) in the

lesioned striatum of chronically L-DOPA-treated A3KO animals

as compared to WT. The LV-mediated expression of Arr3

rescued c-Jun phosphorylation (Figures 6D–6F).

Thus, the loss of Arr3 reduced the activity of JNK3 and phos-

phorylation of c-Jun in the DA-depleted striatum. Arr3 expressed

via lentiviral gene transfer rescues both JNK activity and c-Jun

phosphorylation in parallel with the behavioral rescue.

Arr3 regulates behavior via scaffolding of the JNK
activation cascade
It has been reported previously that Arr3 overexpressed in the

lesioned striatum of mice and non-human primates suppresses

behavioral sensitization.67 Our results in A3KO mice appear to

contradict this finding. The previous study used adeno-associ-

ated viruses (AAVs) as vectors. AAVs are known to induce high

expression levels. The JNKs are the output kinases activated
8 Cell Reports Medicine 5, 101623, July 16, 2024
by a three-tiered cascade of kinases that sequentially phosphor-

ylate and activate the downstream kinase.68 We previously

showed that Arr3 facilitates JNK activation via simple scaffolding

with a bell-shaped curve of the dependence of JNK3 phosphor-

ylation on Arr3.42,44,69,70 A bell-shaped curve is characteristic of

the simple scaffolding mechanism: low scaffold concentrations

promote activation, while high concentrations beyond a certain

point decrease the output.71 We confirmed the scaffolding na-

ture of the Arr3-mediated JNK3 activation in neuronal SH-

SY5Y cells (Figure S7). Thus, the effect of Arr3, acting as a scaf-

fold in vivo, on the JNK activity and behavior likely depends on its

concentration. We tested the effect of Arr3 as a function of its

expression level. To this end, we compared the effects of the

Arr3 gene transfer mediated by AAV and LV on the sensitization

of rotations and AIMs in WT mice. We confirmed that the LV-

mediated expression of Arr3 in the lesioned striatum of WT

mice facilitated locomotor sensitization to L-DOPA (compare

Figures 3D and 7A). In contrast, the AAV-mediated expression

of Arr3 significantly suppressed sensitization (Figure 7A). The

LV and AAV-mediated Arr3 expression in the lesioned striata

also produced opposite effects on the frequency of AIMs (Fig-

ure 7B). Western blots showed that LV-driven expression was

at 30%–35% of the endogenous level (Figures 7C and 7D), as

in previous experiments (Figures 2E, 3C, and 3F). In contrast,

the AAV-mediated expression exceeded the endogenous Arr3

level in WT mice approximately 10-fold (Figures 7D and 7E).

DISCUSSION

Our main finding is that, after unilateral DA depletion, mice lack-

ing Arr3, but not Arr2, display a reduced propensity for behav-

ioral sensitization by chronic treatment with L-DOPA. Sensitiza-

tion was measured in two independent tests, contralateral

rotations and AIMs. Contralateral rotations are a response to

high doses of L-DOPA and DA agonists in mice with unilaterally

ablated neurons that provide DA to the striatum. The frequency

of these rotations progressively increases upon chronic treat-

ment.32,34,35,56,72 Lower L-DOPA doses bring about orofacial, lo-

comotor, and trunk movements collectively known as AIMs,28,73

the frequency of which also increases with each L-DOPA admin-

istration. We found that Arr3 is required for sensitization, since

A3KOmice do not manifest it, whereas exogenous Arr3 supplied

to the striatum via viral gene transfer fully rescued the sensitiza-

tion of both behaviors. We detected full behavioral rescue with

exogenous expression as low as 30%–35% of the endogenous

level. This indicates that the concentration of endogenous Arr3

exceeds the level required for behavioral sensitization. We found

previously that visual arrestin-1 levels as low as 4%–12% of the

endogenous level sufficed to support normal rod photoreceptor

function.74 Considering the multitude of Arr3 functions,75–77 the

fact that a low level of Arr3 is sufficient to sustain sensitization

is not surprising. Apparently, even the signal from the subpopu-

lation of neurons where Arr3-assisted JNK activation was

restored by exogenous Arr3 triggers a full-scale behavioral

response.

We found that Arr3 contributes to the sensitization process via

Arr3-assisted activation of the JNK pathway, primarily JNK3.

This conclusion is based on the failure of Arr3-V343T, which is



Figure 5. Changes in the activity of JNK3 in the striatum associated with the loss of Arr3

(A) Representative western blots showing phosphorylated JNK3 isoforms (upper panel) and total JNK3 (lower panel) immunoprecipitated from the CPu. Arrows

with numbers point to JNK isoforms.

(B) Quantification of the western blots for phospho-JNK3a2 (p57) normalized by total immunoprecipitated JNK3a2 (p57). Two-way repeated measure ANOVA

with group and gemisphere yielded significant group 3 hemisphere interaction (p < 0.01). The level of JNK3a2 (p57) phosphorylation in A3KO mice was

significantly lower than that in WT mice (p < 0.05). n = 5–7.

(C) Quantification of the western blot data for phospho-JNK3a1 (p54). The same statistical analysis as for p57 yielded significant group3 hemisphere interaction

(p < 0.05), which is due to enhanced activation of JNK3 p54 in the lesioned hemisphere of WT mice.

(D) Representative western blots showing phosphorylated JNK3 isoforms (upper panel) and the total immunoprecipitated JNK3 (lower panel) in the lesioned

striata of WT mice and A3KO mice injected with GFP or HA-Arr3 LV.

(E) Quantification of the western blot data for phosphorylated JNK3a2 (p57) normalized to total immunoprecipitated JNK3a2 (p57). One-way ANOVA yielded

highly significant effect of Group (p = 0.0003). **p < 0.01, *** - p < 0.001 by Tukey’s post hoc test.

(F) Quantification of the western blot for phospho-JNK3a1 (p54) normalized to total immunoprecipitated JNK3a1 (p54). The effect of group was significant (p =

0.0324). * - p < 0.05 by Tukey’s test. Means ± SEM are shown throughout.
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Figure 6. Changes in the JNK-dependent c-Jun activation associated with the loss of Arr3

(A) Representative western blots showing the levels of c-Jun phosphorylated at the JNK site Ser73 (upper panel) and total c-Jun (middle panel).

(B) Quantification of the western blot data for phospho-c-Jun. Significant hemisphere3 group interaction (p < 0.001) is due to elevated c-Jun phosphorylation in

the lesioned striatum of L-DOPA-treated WT mice not evident in other groups. n = 6–9.

(C) High power images of the mouse brain double-stained for phospho-c-Jun (green) and TH (red).

(legend continued on next page)
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defective in JNK activation, to rescue sensitization and on its

ability to inhibit sensitization in WT animals, apparently acting

in a dominant-negative manner. Sensitization was rescued in

A3KOmice by an Arr3-derived short peptide T1A capable of acti-

vating JNK but lacking other functions of the full-length Arr3.45,46

We detected the expected supersensitivity in A3KO mice of

other signaling pathways previously found to be abnormal

following DA depletion and/or L-DOPA treatment in WT ani-

mals34,35,51,56 (see also the study by Bastide et al.23 and refer-

ences therein). We also detected defective JNK3 activation in

A3KO mice, which is rescued by virally delivered Arr3 in parallel

with the behavioral rescue. Full rescue by the JNK-activating

peptide T1A incapable of interacting with GPCRs rules out the

role of the Arr3 action at GPCRs in sensitization. Our data impli-

cate Arr3-assisted JNK3 activation in L-DOPA-induced behav-

ioral plasticity.

Arr2 and Arr3 regulate numerous signaling pathways,3–5 inter-

acting with >100 proteins each.77 This is one of very few studies

of arrestin-mediated signaling where the exact arrestin-regu-

lated pathway responsible for the biological response in living

animals has been identified.9,78 It is also the first study impli-

cating the JNK pathway in behavioral sensitization to L-DOPA.

The activity of the JNK pathway in general and JNK3 in particular

is most often regarded in the context of cell death in neurode-

generative disorders.79–81 However, JNK3 has functions in the

brain unrelated to neuronal death.64,80,82,83

In WT mice, both JNK activity and JNK-dependent phosphor-

ylation of c-Jun are upregulated by the dopaminergic lesion and/

or L-DOPA treatment. In contrast, in A3KOmice both are lacking,

implicating Arr3-dependent JNK activation in these effects.

However, the connection between reduced c-Jun phosphoryla-

tion and the loss of Arr3 and/or reduced JNK3 activity remains

tenuous. JNK3 phosphorylates many other transcription factors

in the nucleus and dozens of proteins in the cytoplasm.65,84,85

The data do not exclude the possibility that JNK3 phosphoryla-

tion of targets other than c-Jun plays a key role in sensitization.

This issue requires further investigation.

Our data suggest that Arr3 acts in the direct pathway MSNs

expressing the D1 DA receptor. Although cell type specificity

of the cropped DYN and ENK promoters is likely imperfect, the

behavioral rescue produced by the expression of T1A under

the DYN promoter is remarkable in comparison with the lack of

effect when the ENK promoter is used. This strongly suggests

that Arr3 acts primarily in the DYN/D1R-expressing MSNs.

Numerous studies have demonstrated supersensitivity of D1 re-

ceptors brought about by DAdepletion, whichmay ormay not be

ameliorated by subsequent L-DOPA treatment35,86–88 (see also

the study by Bastide et al.23 and references therein). Studies of

the behavioral manifestations caused by dopaminergic drugs

in animals with DA depletion have focused on GPCRs expressed

by MSNs, primarily DA receptors (reviewed in the study by Bas-

tide et al.23). We found that the lesion-induced supersensitivity of

the ERK pathway, which has been reported previously by us32,56
(D) Representative western blots showing phosphorylated and total c-Jun.

(E) Quantification of the western blot data for phospho-c-Jun. One-way ANOV

Tukey’s test.

(F) Low power images of sections co-stained for TH (red) and phospho-c-Jun (g
and others,30,33,47,87,88 is preserved in A3KO mice. The super-

responsiveness of p38,32,56 which is the most closely related to

JNKs, and the Akt pathway32,56 is also preserved in A3KO mice.

Selective analysis of JNK3 responsiveness showed that the ac-

tivity of both JNK3 isoforms is elevated following the 6-OHDA

lesion regardless of L-DOPA treatment, and this response is

missing in A3KO mice.

The exaggerated ERK response in the lesioned striatum has

been attributed to the supersensitivity of D1R.31,47,87,88 We

havepreviously showed that the lesion-inducedD1Rsupersensi-

tivity is, at least partially, due to defective desensitization

because of its insufficient phosphorylation by GRK6,35 as LV-

mediated overexpression of GRK6 in the lesioned striatum sup-

pressed the supersensitive ERK response to L-DOPA and

ameliorated behavioral abnormalities,35,56 likely by facilitating

D1R desensitization. Our data suggest that the action of Arr3 in

MSNs followingDAdepletion is unrelated toD1Rdesensitization.

This conclusion seems counterintuitive, since arrestins were

initially identified asGPCR-binding proteins negatively regulating

G protein-mediated signaling. Even the arrestin-mediated

signaling was originally envisioned as a function of GPCR-bound

arrestins.89,90 This is true for the arrestin-dependent regulation of

ERK1/2, as only GPCR-bound arrestins have high affinity for

ERK41,62 and facilitate ERK1/2 activation.62,91 In contrast, there

is ample evidence that the JNK pathway is regulated by non-re-

ceptor-bound Arr3.41,45,91–93 This raises the question about a

link between the stimulation of DA receptors following L-DOPA

administration and Arr3-dependent JNK3 activation.

The dopaminergic activity is indispensable, since without

L-DOPA no sensitization is observed. Arr3 serves as a scaffold

of the JNK-activating pathway, i.e., it facilitates signal propaga-

tion (Figure S7) but does not initiate signaling. In the absence of a

relevant activated MAP3K(s), no JNK activation can ensue

regardless of the assembly of the MAP3K-MAP2K-MAPK mod-

ule. Thus, it is tempting to speculate that one or more of the up-

streamMAP3Ks serves as a link.59,94 There is so far no evidence

that MAP3Ks are directly activated by D1R stimulation. Howev-

er, one of the MAP3Ks, the dual leucine zipper kinase (DLK), is

phosphorylated and activated by protein kinase A (PKA).95,96 It

is conceivable that the supersensitive D1R, by strongly stimu-

lating cyclic AMP production and subsequent PKA activation,

could serve as an activator of DLK. Alternatively, indirect activa-

tion of select MAP3Ks by cellular stress caused by the high

level of DA upon L-DOPA administration could be envisioned.

Thus, the activation of one or more upstream MAP3Ks

of the JNK pathway might serve as a link between D1R stimula-

tion and Arr3-assisted JNK3 activation. Humans express 20

MAP3Ks.57,59 Arr3 was shown to bind only one of these,

ASK1.39 It is not known whether it binds any of the others. This

issue awaits further investigation.

Arrestins serve as scaffolds of the MAP kinase activation cas-

cades (Figure S7).5,39,62 This means that arrestins, lacking their

own enzymatic activity, facilitate signaling by bringing the
A yielded significant effect of group (p = 0.007). ** - p < 0.01 by post hoc

reen).
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Figure 7. The effects of LV- or AAV-mediated Arr3 expression in WT mice

(A) The expression of HA-Arr3 driven by LV enhanced L-DOPA-induced rotations, whereas the AAV-mediated expression suppressed sensitization (genotype

effect F(2,270) = 17.9 p < 0.001; genotype X day effect p < 0.001); the significance shown is by Bonferroni test across days. Means ± SEM are shown.

(B) The graph shows post-test sessions analyzed by Kruskal-Wallis ANOVA (significance levels shown above). The brackets indicate significant differences to

WT-GFP group by Dunn’s test.

(C) Upper panel: Expression of HA-Arr3 mediated by LV or AAV detected with anti-HA antibody. Actin is shown as loading control. Lower panel: HA-Arr3 detected

with anti-Arr3 antibody. Purified Arr3 (four left lanes) served as standards for quantification. Note that endogenous Arr3 and exogenous HA-Arr3 are not resolved

on the gel. The AAV sample with the lowest Arr3 expression was used to avoid overexposure. GAPDH is shown as loading control.

(D) Quantification of the western blot data. Scatterplots with means ± SEM are shown. Significance between indicated groups is by Dunn’s post hoc test.

(E) Images of the mouse brain. (a, b) A striatal section from amouse following LV-HA-Arr3 injection co-stained for GFP (green) and TH (red); a, an overlay; b, GFP;

(c, d), a striatal section after AAV-Arr3 injection co-stained for GFP (green) and FOXP1 (red); c, an overlay; d, GFP; (e, f), high power images of the sections from the

striatum infected with LV-HA-Arr3 (e) or AAV-HA-Arr3 (f) stained for HA. Abbreviations as in Figures 2C and 5B.
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kinases into proximity and thus promoting their sequential acti-

vation. Mathematical modeling has revealed a biphasic depen-

dence of the signaling effect on the scaffold concentration,
12 Cell Reports Medicine 5, 101623, July 16, 2024
with a lower concentration enhancing and a higher concentration

inhibiting the signaling.71,97 This is intuitive: when there are fewer

molecules of the scaffold than of the scaffolded kinases, its
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presence increases the probability of the assembly of complete

multi-kinase signaling modules, whereas when there is more

scaffold than kinases, mostly incomplete unproductive com-

plexes are formed. In fact, one of the scaffolds of the JNK

pathway, JIP1, was first discovered as a suppressor of

JNK signaling upon its overexpression.98 Arr3 activates the

JNK pathway by acting as a scaffold.42,69,70 Therefore, our

finding that low and high Arr3 expression levels have opposite ef-

fects on the behavioral sensitization, with a low Arr3 level pro-

moting and a high level inhibiting sensitization in both behavioral

paradigms, is not surprising. Themost parsimonious explanation

is that Arr3 acts as a scaffold for the JNK pathway in striatal neu-

rons in vivo as in cultured cells. Our data explain the previously

published result that AAV-mediated overexpression of Arr3 in

the lesioned striatum of WT hemiparkinsonian rodents sup-

pressed AIMs.67 Although no quantification of the Arr3 expres-

sion levels was provided in that study,67 it is well known that

AAVs usually yield high expression. The LV-mediated expression

is in the range of 25%–30% of the endogenous Arr3 level,

whereas the AAV-mediated Arr3 expression exceeded the

endogenous level �10-fold. Thus, our data provide the first

experimental evidence of the Arr3 scaffolding action for the

JNK activation cascade in living animals.

Unilaterally 6-OHDA-lesioned rodents have been extensively

used as an animal model of LID in PD.23,99,100 We employed it

as a model of drug-induced long-term adaptations manifesting

themselves at the behavioral level, focusing on the underlying

signaling mechanisms. Such adaptations are not unique for

LID and/or PD but are induced by other dopaminergic and

non-dopaminergic drugs, although the signaling mechanisms

involved in each case might differ. Signaling plasticity could

cause detrimental side effects limiting the therapeutic utility of

drugs (e.g., in case of LID), or contribute to their addictive prop-

erties. Understanding of the molecular mechanisms involved is

necessary for the development of new or improvement of exist-

ing therapies. The ability of the short Arr3-derived T1A peptide to

substitute for the full-length Arr3 in vivo suggests that peptide-

based tools can be developed. We envision Arr3-derived pep-

tides that inhibit JNK3 activity via a dominant-negative action.

Such peptides delivered at high levels would act similarly to a

high concentration of full-length Arr3. Alternatively, peptides

that bind only one or two kinases of the pathway, recruiting

them away from productive scaffolds, would also act as domi-

nant-negative inhibitors. Such peptides could be used to control

Arr3-dependent regulation of the JNK pathway for therapeutic

purposes in human patients with a normal complement of

WT Arr3.
Limitations of the study
There are two major limitations.

(1) It is assumed that chronic dopaminergic stimulation initi-

ates signaling adaptations eventually leading to behav-

ioral sensitization, with the Arr3-dependent JNK3 activa-

tion being the key intermediate mechanism. However,

themolecular mechanism linking stimulation of DA recep-

tors upon L-DOPA treatment with the activation of JNK3

remains to be elucidated.
(2) While the c-Jun phosphorylation correlates with the

sensitization deficit seen in A3KOmice and the behavioral

rescue, the exact substrate phosphorylation of which by

JNK3 is necessary for behavioral sensitization also re-

mains unknown.
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RRID: AB_10013427

Chicken polyclonal anti-GFP antibody Invitrogen Cat#: A10262

RRID: AB_2534023

Mouse monoclonal HIV1p24 antibody ThermoFisher Cat# MA1-71521

RRID: AB_962115

Rabbit anti-tyrosine hydroxylase (TH) antibody Chemicon Cat# AB152

RRID: AB_390204

Sheep anti-TH antibody Novex Cat# NB300-110

RRID: AB_10002491

Rabbit anti-FOXP1 antibody Cell Signaling Technologies Cat#2005

RRID: AB_2106979

Rabbit monoclonal anti-HA antibody Cell Signaling Technologies Cat# 3724

RRID: AB_1549585

Anti-phospho JNK (pThr183/pTyr185) antibody Cell Signaling Technologies Cat# 4668

RRID: AB_823588

Anti-phospho JNK (pThr183/pTyr185) antibody Cell Signaling Technologies Cat# 9251

RRID: AB_331659

Rabbit anti-SAPK/JNK antibody Cell Signaling Technologies Cat#9152

RRID: AB_330905

Rabbit JNK3-specific antibody Cell Signaling Technologies Cat#2305

RRID: AB_2281744

Mouse JNK3-specific antibody Santa Cruz Biotechnology Cat# sc-130075

RRID: AB_2141575

Rabbit anti-phospho-cJun (pSer73) antibody Cell Signaling Technologies Cat#3270

RRID: AB_2895041

Mouse monoclonal anti-cJun antibody Cell Signaling Technologies Cat#2315

RRID: AB_490780

Mouse monoclonal anti-phospho-ERK1/2

(pThr202/pTyr204)

Cell Signaling Technologies Cat#9106

RRID: AB_331768

Rabbit anti-ERK1/2 antibody Cell Signaling Technologies Cat#9102

RRID: AB_330744

Rabbit anti-phospho-Akt (pT308) antibody Cell Signaling Technologies Cat#9275

RRID: AB_329828

Rabbit anti-phospho-Akt (pS473) antibody Cell Signaling Technologies Cat#4060

RRID: AB_2315049

Rabbit anti-Akt antibody Cell Signaling Technologies Cat#9272

RRID: AB_329827

Rabbit monoclonal anti-phospho-p38 antobody Cell Signaling Technologies Cat#4511

RRID: AB_2139682

Rabbit anti p38 antibody Cell Signaling Technologies Cat#9212

RRID: AB_330713

Goat anti-rabbit horseradish peroxidase-

conjugated (H+L) secondary antibody

Jackson ImmunoResearch Laboratories Cat# 111-035-144

RRID: AB_2307391

Goat anti-mouse horseradish peroxidase-

conjugated (H+L) secondary antibody

Jackson ImmunoResearch Laboratories Cat# 115-035-146

RRID: AB_2307392

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse anti-rabbit horseradish peroxidase-

conjugated (light chain specific)

secondary antibody

Jackson ImmunoResearch Laboratories Cat# 211-032-171

RRID: AB_2339149

Goat anti-mouse horseradish peroxidase-

conjugated (light chain specific)

secondary antibody

Jackson ImmunoResearch Laboratories Cat# 115-035-174

RRID: AB_2338512

IRDye donkey anti-mouse 800CW Li-Cor Biosciences Cat# 925-32212

RRID: AB_2716622

IRDye donkey anti-rabbit 680RD Li-Cor Biosciences Cat# 925-68073

RRID: AB_2716687

Goat anti-rabbit biotinylated secondary antibody Vector Laboratories Cat# BA-1000

RRID: AB_2313606

Horse anti-mouse biotinylated secondary antibody Vector Laboratories Cat# BP-2000

RRID: AB_2687893

Streptavidin conjugated with Alexa Fluor 488 Invitrogen Cat# S32354

RRID: AB_2315383

Goat anti-rabbit-Alexa Fluor 568 Invitrogen Cat# A-11011

RRID: AB_143157

Bacterial and mammalian cell lines

High efficiency DH5a cells Invitrogen Cat# 18258012

HEK-FT293 Invitrogen Cat# R70007

AAV293 Cell Biolabs Cat# AAV100

SH-SY5Y; RRID CVCL_0019 ATCC Cat#CRL-2266

Recombinant DNA

Rat enkephalin (ENK) promoter vector Ferguson et al. 201150 N/A

Rat dynorphin (DYN) promoter vector Ferguson et al. 201150 N/A

pLenti6.4V5DEST-CMV-sIRES-GFP Ahmed, Berthet et al. 201035 N/A

pcDNA3.0 vector Invitrogen Cat# V79020

pENTR vector Invitrogen Cat# A10462

pLenti6.4R4/R2 promoter less vector –

Virapower High perform

Promoterless gateway vector kit

Invitrogen Cat# A11146

Virapower Lentivirus packaging mix Invitrogen Cat# K497500

RepCap5 Cell Biolabs Cat# VPK425

pHelper plasmid from AAV helper free system Agilent technologies Cat# 240071

pLenti6.4 V5DEST-CMV-GFP-

sIRES-Arrestin3-HA

Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

pLenti6.4V5DEST -CMV-GFP-

sIRES-Arrestin3(V343T)-HA

Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

pLenti6.4V5DEST-CMV-T1A-YFP Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

pLenti6.4V5DEST-CMV-B1A-YFP Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

pLenti6.4 V5DEST-DYN-T1A-YFP Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

pLenti6.4 V5DEST-ENK-T1A-YFP Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

pLenti6.4V5DEST-DYN-Venus Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

pLenti6.4V5DEST-ENK-Venus Gurevich Laboratory, Department of

Pharmacology, Vanderbilt University

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

6-OHDA Sigma-Aldrich Cat# 162957

CAS: 636-00-0

Desipramine hydrochloride Sigma-Aldrich Cat# D3900

CAS: 58-28-6

L-DOPA methyl ester Sigma-Aldrich Cat# D1507

CAS: 1421-65-4

Benserazide hydrochloride Sigma-Aldrich Cat# B7283

CAS: 14919-77-8

GFP magnetic agarose g beads Chromotek Cat# gtma

Lipofectamine 2000 Invitrogen Cat# 11668027

Critical commercial assays

Clonase LR II enzyme kit Invitrogen Cat# 11791020

iTaq Universal SYBR� Green Supermix Bio-Rad Cat#1725120

Purified arrestin-3 Vishnivetskiy et al., 2023101 N/A

Software and algorithms

StatView Abacus Corporation N/A

Graphpad Prism Versions 9 and 10 Dotmatics N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be addressed to and will be fulfilled by the lead contact, Eugenia V. Gurevich

(eugenia.gurevich@vanderbilt.edu).

Materials availability
This study generated new AAV and lentiviral vectors to express WT and mutant arrestin-3 proteins, Venus-tagged arrestin-3-derived

JNK-activating peptide T1A, and homologous inactive arrestin-2-derived peptide B1A that can be obtained by researchers in not-for-

profit organizations upon contacting the lead contact , Eugenia V. Gurevich (eugenia.gurevich@vanderbilt.edu).

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d Any additional information required to reanalyze the data reported in this work is available from the lead contact, Eugenia V.

Gurevich (eugenia.gurevich@vanderbilt.edu), upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
SH-SY5Y human neuroblastoma cells (female) (ATCC CRL-2266), RRID: CVCL_0019.

Animals
Mice, C57Bl/6j (RRID: IMSR_JAX:000664), both sexes. Adult wild type (WT), Arr2 knockout (A2KO), and Arr3 knockout (A3KO) mice

bred on a C57Bl/6j background (Charles River) were used. A2KO and A3KOmice were a generous gift from Dr. R. J. Lefkowitz (Duke

University). The animals are housed at the Vanderbilt University animal facility in a 12/12 light/dark cycle with free access to food and

water. The use of mice was approved by the Vanderbilt IACUC, protocol M1700093-00.

METHOD DETAILS

Virus construction and preparation
The full-length coding sequence of the bovine arrestin-3 (Arr3) (GI 6978467) (a.k.a. b-arrestin2) was N-terminally tagged with HA

(Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala). The viral construct assembled in the lentiviral vector (LV) pLenti6.4/V5-DEST included

GFP under control of the CMV promoter and downstream co-cistronic HA-tagged Arr3 under control of super-IRES (sIRES), which

has been shown to significantly increase protein expression.51 GFP alone was used as a control. The HA-tagged V343Tmutant40 and
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Venus-tagged T1A45 were produced bymutagenesis and verified by sequencing. The rat enkephalin (ENK) and dynorphin (DYN) pro-

moter vectors were a gift from Dr. Neumaier (University of Washington).50 The promoter sequences were inserted into the pLenti6.4/

V5-DEST vector. The promoters were followed by sIRES before the coding sequence. The lentiviruses were produced using the

ViraPower system (Invitrogen, Carlsbad, CA), concentrated and purified as described.35 Viral titers of LVs with the CMV promoter

were measured based on GFP or HA expression using HEK293 cells infected with the appropriate lentiviruses. The titers of lentivi-

ruses with cell-specific promoters were determined by western blot for HIV1 p24 band using mouse monoclonal antibody

(ThermoFisher). The adeno associated viruses serotype 5 (AAV5) encoding GFP (control) or HA-tagged Arr3 (with co-cistronic

GFP) under control of the CMV promoter were constructed and produced using the AAV-DJ Helper Free Expression System and

293-AAV cell line (Cell Biolabs, Inc.). The viral titer was determined by standard qPCR with the BioRad SYBR Green supermix using

serial dilutions of the cloning vector pAAV-MCS as standards.

Animal surgeries and virus injection
Mice were bred using heterozygous breeding pairs to obtain knockout and WT littermates. To maintain genetic homogeneity, mice

were consistently backcrossed to WT C57Bl/6j mice from Charles River. The sameWT animals were used for backcrossing of A2KO

and A3KO mice to minimize background genetic differences. All procedures were performed in accordance with the NIH Guide for

the Care andUse of Laboratory Animals and approved by the Vanderbilt University IACUC. The 6-OHDA lesion was performed essen-

tially as described.32,34 Briefly, mice were deeply anesthetized with ketamine/xylazine (100/10 mg/kg i.p.) and mounted on a stereo-

taxis. Mice were treated with desimipramine (25 mg/kg i.p.) for 20 min prior to infusion of 6-hydroxydopamine (6-OHDA). 6-OHDA

(2 mL; 2 mg/mL solution in 0.05% ascorbic acid) was infused unilaterally into the medial forebrain bundle at coordinates AP = 1.1;

ML = 1.3; H DV = 5.03. The mice were allowed to recover for 4 weeks after surgery. The viruses encoding Arr3 or Arr3-derived pep-

tides (or GFP control) were injected 24 h after the end of the behavioral pre-testing. The mice were anesthetized with ketamine/xy-

lazine (100/10 mg/kg i.p.) and mounted on a stereotaxis. The virus injection (3 mL of the concentrated virus in saline per striatum at

0.3 mL/min) was made unilaterally (on the 6-OHDA-lesioned side) into the dorso-lateral posterior CPu, the region critical for the devel-

opment of behavioral manifestations,30,31,102,103 at coordinates AP +1.02; ML 1.65; DV 3.55. In the experiments performed to test for

the DYN and ENK promoters’ specificity, 2 mL of lentiviruses encoding GFP under control of the DYN or ENK promoters were injected

bilaterally into the globus pallidus (GP) at coordinates AP =�0.46; ML = ±0.90; DV = 4.00 or into the substantia nigra pars compacta

at coordinates AP = �3.08; ML = ±1.40; DV = 4.60.

Animal behavior
Rotations

Four weeks after the 6-OHDA lesion, the animals were tested for rotational response to apomorphine (0.1 mg/kg s.c.) for 1 h using an

automated rotometer (AccuScan Instruments). Both ipsilateral and contralateral 360o turns were recorded, and the net rotational

asymmetry (contralateral minus ipsilateral turns) was calculated. The animals were then treated, starting the next day, with

L-DOPA (L-3,4-Dyhydroxyphenylalanine methyl ester hydrochloride, 25 mg/kg i.p. twice daily, morning and afternoon) for

4–5 days, and the rotational response was recorded every day after the morning injection (pre-testing). After the pre-testing, the

A3KO and WT mice were both separated into groups according to the number of rotations on the last day of pre-testing, and mem-

bers of each group were randomly assigned to the experimental groups to receive the appropriate viruses. This randomization pro-

cedure served to equalize the experimental groups and reduce variability, allowing us to minimize the number of animals needed to

achieve significant results. The virus injection wasmade on the next day after the last pre-testing session. Five days after the injection

of lentiviruses or 3 weeks after the AAV injection, the mice were again treated with L-DOPA (25 mg/kg i.p. twice daily) and tested for

L-DOPA-induced rotations every day for 10 days, as described.35,56

Abnormal involuntary movements

Testing for abnormal involuntarymovements (AIMs) was performed essentially as described.35 Themicewere treated with increasing

doses of L-DOPA (1–10 mg/kg day) for 15 days, starting 4 weeks after the 6-OHDA lesion. The L-DOPA dose during pre-testing

increased from session to session from 1 mg/kg to 6 mg/kg, s.c., with the 6 mg/kg dose used in the last pre-testing session. This

is done to increase the rate of AIMs by the end of the pre-testing to facilitate the scoring procedure during post-testing. All mice

of both genotypes received the same dose of L-DOPA in each session either the same as in the last pre-testing session or higher

if needed. The dose adjustment during pre-testing and randomization procedure based on the pre-testing scores similar to that

used for rotations served to equalize the experimental groups, reduce variability and allowed to minimize the number of animals

needed to achieve significant results. After the pre-testing, the A3KO or WT mice each were grouped according to their AIMs score,

and members of each group were randomly assigned to the experimental groups to receive appropriate viruses. The virus injection

was performed on day 14, and the mice were allowed to recover for 5 days (all LV experiments) or 3 weeks (the LV-AAV experiment)

before resuming the treatment for 18 more days with 6–10 mg/kg L-DOPA. During the testing period, all animals received the same

dose of L-DOPA in all sessions. Depending on the AIMs scores achieved during pre-testing, the dose either remains at 6 mg/kg s.c.,

or was further increased to 10mg/kg, s.c. AIMs were assessed by an independent observer in a blind manner using a 0–4 scale104 on

every third day, as described.35,56 Briefly, the AIMs were scored by an independent observer unaware of the animal’s experimental

status on 0–4 scale: 0 – no AIMs; 1 – infrequent AIMs occurring <50% of the time; 2 – frequent AIMs occurring >50% of the time; 3 –

constantly present AIMs that are interrupted by external stimulation (tap on the cage); 4 – constant AIMs that are insensitive to
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external stimulation. Four types (orolingual, limb, locomotor, and axial) of AIMs were assessed every 20 min for 1 min during a 3-h

session every third day (total 9 observations; maximal score for each observation 16, maximal total score per session 144).

Cylinder test
The cylinder test was performed as described.35 Half of the WT and A3KO mice were randomly selected to receive injections of

L-DOPA (6 mg/kg, s.c.); the other half received saline. The mice were placed in a glass cylinder close to a mirror and their behavior

was video recorded under a red light for 6 min. The behavior was scored from videotapes by an independent observer blind to the

mouse genotype, experimental condition, and the side of the lesion. The next day, the treatment groups were switched. The number

of times a mouse used the contralateral (injured) or ipsilateral paw for support was counted from the recordings by an observer blind

to the animal’s treatment (use is defined as the animal supporting its body with digits extended). Preferential use of the paw ipsilateral

to the lesion (controlled by the intact hemisphere) is indicative of the akinetic defect of the lesion. Acute L-DOPA administration en-

hances the use of the contralateral paw, controlled by the lesioned hemisphere.28,105,106 The results are expressed as a percentage of

contralateral paw usage relative to the ipsilateral paw.

Tissue preparation
Upon completion of the drug administration and behavioral testing, the mice were anesthetized with isoflurane, decapitated, the

brains were collected and rapidly frozen on dry ice. The midbrain containing the substantia nigra was dissected and post-fixed in

4% paraformaldehyde for tyrosine hydroxylase (TH) immunohistochemistry to determine the loss of dopaminergic neurons. The

rostral parts of the brains containing the striata were kept at�80�C until samples were collected for western blot analysis. To collect

the samples for western blot, the brains were cut through the striatum, the position of the virus injection track was identified, and the

tissue around the injection track was collected to determine the expression of virus-encoded proteins and TH level, as described

previously.35,56 Randomly selected animals were overdosed with ketamine/xylazine and transcardially perfusedwith 4%paraformal-

dehyde. The brains were removed, post-fixed in 4% paraformaldehyde, cryoprotected, kept frozen at �80�C, then cut into 30 mM

sections and used for immunohistochemistry. The mice used for testing the DYN/ENK promoters’ specificity were treated in the

same manner in preparation for immunohistochemistry.

Western blot
To determine the lesion quality, we used western blot of the striatal tissue for TH with rabbit anti-TH antibody (Chemicon, AB152;

1:10,000 dilution). The expression of GFP- or Venus-tagged constructs wasmeasured bywestern blot withmouse anti-GFP antibody

(Clontech; 1:2,000). The expression of WT and mutant arrestin-3 was measured with rabbit polyclonal anti-arrestin-3 antibody, as

described.34 To detect HA-tagged constructs, rabbit monoclonal anti-HA antibody (Cell Signaling, cat # 3724; 1:1,000) was used.

Active JNK was detected with rabbit antibodies to doubly phosphorylated (Thr183/Tyr185) JNK (Cell Signaling, catalog # 4668 or

9251; 1: 1,000). c-Jun phosphorylated at the JNK phosphorylation site Ser73 was detected with a phospho-specific rabbit antibody

(Cell Signaling, # 3270; 1:1,000) and the total c-Jun –with mousemonoclonal antibody (Cell Signaling, # 2315; 1:1,000). Doubly phos-

phorylated (active) ERK1/2 was detected with a phospho-ERK-specific [phosphor-ERK1/2(Thr202/Tyr204)] mouse monoclonal anti-

body (Cell Signaling, # 9106) at 1:2,000 dilution. After stripping, blots were re-probed with a rabbit anti-ERK1/2 antibody (Cell

Signaling, # 9102) at 1:1,000 dilution to detect total ERK1/2. Akt phosphorylated at Thr308 was visualized with rabbit anti-

Akt(T308) antibody (Cell Signaling, # 9275), phosphorylated at Ser473 - with anti-Akt(S473) rabbit antibody (Cell Signaling, #

4060), and total Akt was detected with a rabbit antibody (Cell Signaling, # 9272), all at 1:1,000 dilution. Phospho-p38 was detected

with a rabbit monoclonal antibody (Cell Signaling, # 4511; 1:1,000) and total p38 – with a rabbit antibody (Cell Signaling, # 9212,

1:1,000). Anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibodies (Jackson Immunoresearch) were

used at 1:10,000 dilution. The blots were developed with a chemiluminescent substrate and either exposed to X-ray film or subjected

to direct detection using C-DiGit Blot scanner (Li-Cor). The gray values of the bands on X-ray film were measured with a Versadoc

imaging system (Bio-Rad) with QuantityOne software. Following direct detection, Image Studio software was used. Fluorescent

detection of the peptide expression combined with TH and the marker of medium spiny neurons forkhead box P1 (FOXP1)107 was

performed with mouse anti-GFP antibody (1:1,000), rabbit anti-TH (1:1,000) and rabbit anti-FOXP1 (1:500) followed by IRDye donkey

anti-mouse 800CW (green) and donkey anti-rabbit 680 (red) antibodies (Li-Cor) at 1:10,000 dilution. The blots were imaged with the

Odyssey Clx system and analyzed with Image Studio software.

Immunohistochemistry
The lesion quality was tested by tyrosine hydroxylase (TH) immunohistochemistry. The midbrain sections containing the substantia

nigra were stained with rabbit anti-TH antibody (Chemicon, Temecula, CA; 1:1,000 overnight at 4�C) followed by anti-rabbit second-

ary antibody conjugated with Alexa 594 (red).

To detect the expression of GFP-tagged constructs by immunohistochemistry, the mouse monoclonal anti-GFP (JL-8, Clontech;

1:500 overnight at 4�C) primary antibody was used, followed by goat anti-rabbit biotinylated secondary antibody and streptavidin

conjugated with Alexa Fluor 488 (Invitrogen, Carlsbad, CA). For double labeling with FOXP1, the sections were labeled with mouse

anti-GFP (1:500) antibody and rabbit anti-FOXP1 antibody (Cell Signaling Technology; 1:400) and detected by biotinylated secondary

antibody/streptavidin-Alexa Fluor 488 (GFP; green) and anti-rabbit-Alexa Fluor 568 (FOXP1; red). Alternatively, chicken anti-GFP
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antibody (Invitrogen; 1:500) was used. For double labeling with TH, the sections were labeled with mouse anti-GFP (1:500) antibody

and rabbit anti-TH antibody (Chemicon; 1:1000) and detected by biotinylated secondary antibody/streptavidin-Alexa Fluor 488 (GFP;

green) and anti-rabbit-Alexa Fluor 568 (TH; red). Double labeling for phospho-c-Jun and TH was performed with phospho-specific

rabbit monoclonal antibody (Cell Signaling, # 3270; 1:500) for c-Jun and sheep anti-TH antibody (Novex Biotechnology; 1:400), bio-

tinylated secondary antibody/streptavidin-Alexa Fluor 488 (phospho-c-Jun; green) and anti-rabbit-Alexa Fluor 568 (TH; red). The

sections were photographed at lowmagnification on a Nikon TE2000-E automatedmicroscope with a 43 dry objective and an Andor

Zyla high resolution digital camera using the stitching function of the Nikon NIS-Elements software. High power photographs were

collected on an Olympus FV-100 confocal microscope in the green and red channels with z-sectioning using a 403 oil immersion

objective at 10243 1024 pixels. The images were assembled in Photoshop, with minimal contrast adjustments applied separately

to channels to equalize their intensity.

In-cell JNK phosphorylation assay
Human neuroblastoma SH-SY5Y cells were cultured in DMEM/F12 media supplemented with 10% fetal bovine serum and 1% peni-

cillin/streptomycin. Cells were co-transfected with HA-tagged JNK3a2 and with either: (1) empty vector; (2) WT arrestin-3; or (3) ar-

restin-3-V343Tmutant. Similarly, in the T1A experiment, the cells were transfectedwith HA-JNK3a2 andwith half or full concentration

of WT Venus-tagged-ARR3, half or full concentration of Ve-T1A, or full concentration of Ve-B1A. In the arrestin-3 dose-response

experiment, the cells were transfected with increasing concentrations of WT arrestin-3. Activation of JNK3 was assessed by western

blot with a ppJNK specific antibody (Cell Signaling, # 9251 or 4668), as described.45,108,109 To detect the JNK3 expression, JNK3-

specific mouse (Santa Cruz Biotechnology) or rabbit anti-HA antibody (Cell Signaling, # 3724) was used. Arr3 and Arr3-derived con-

structs were detected with rabbit anti-Arr334 or mouse anti-GFP (Clontech JL-8) antibody. Total JNK level was measured with rabbit

anti-SAPK/JNK antibody (Cell Signaling technology, # 9152).

Immunoprecipitation from the striatal tissue
The lesioned and intact striata from 6-OHDA-lesioned WT and A3KO mice chronically treated with L-DOPA and challenged with an

L-DOPA dose 45 min before sacrifice were dissected and lysed in NP-40-containing immunoprecipitation (IP) buffer, as

described.72,110 The lysates were cleared by centrifugation, equalized by protein content with IP buffer, and the supernatants

were incubated overnight at 4�C with rabbit anti-JNK3 antibody (Cell Signaling). Protein G slurry (20 mL) was added to each tube,

and incubation was carried out at 4�C for 2 h. The resin was washed 3 times with IP buffer, and samples were eluted with SDS buffer.

Samples were analyzed by western blot with rabbit anti-ppJNK (Cell Signaling Technology, #4668) and rabbit anti-JNK3 (Cell

Signaling Technology, #2305) antibodies.

QUANTIFICATION AND STATISTICAL ANALYSIS

The rotation data were real numbers measured automatically. Therefore, the rotation numbers were analyzed by parametric two-way

repeated measure ANOVA with Group (GFP versus Arr3, Arr3 mutant, Venus-T1A, or Venus-B1A peptide) as a between group and

Day as a repeated measure factor (as a measure measured repeatedly in the same animal). The group differences across sessions

were assessed by the post hoc Bonferroni/Dunn, Tukey, or by Dunnett’s test (with correction for multiple comparisons) where appro-

priate. When a significant effect of Group was observed, the data for individual sessions were compared by the unpaired Student’s

test (two groups) or by the Bonferroni/Dunn post hoc test with correction for multiple comparisons, when appropriate.

The AIMs scores were assessed by a human observer blind to the animals’ genotypes and experimental conditions. As scores,

these measures are inherently non-parametric and were, therefore, analyzed by nonparametric statistics. AIMs scores for each ses-

sion were compared by Kruskal-Wallis non-parametric ANOVA followed by Dunn’s post hoc test with correction for multiple com-

parisons. The data for the cylinder test were analyzed using the nonparametric paired Wilcoxon Signed Rank test (to evaluate the

effect of L-DOPA) or the Mann-Whitney test (for group comparison).

The signaling data (active ERK1/2, Akt and p38) were analyzed by three-way ANOVA with Genotype (WT versus A3KO) and Chal-

lenge (L-DOPA versus saline injection) as between group and Hemisphere (Intact versus Lesioned) as within group factors. The re-

sults of JNK3 immunoprecipitation and c-Jun phosphorylation experiments were similarly analyzed by three-way ANOVA with Ge-

notype (WT versus A3KO) and Challenge (L-DOPA versus saline injection) as between group and Hemisphere (Intact versus

Lesioned) as within group factors. The data on the rescue of the JNK3 activity or c-Jun phosphorylation in the lesioned striata

were analyzed by one-way ANOVA with Genotype as main factor followed by Bonferroni’s post hoc comparison of means. The

data on the expression of HA-Arr3 or Venus-T1A were analyzed by unpaired Student’s t test; the expression of endogenous Arr3

in the intact and lesioned hemispheres was compared by paired Student’s t test.

StatView (SAS Institute) and Prism GraphPad software were used for the statistical analysis. The value of p < 0.05 was considered

significant.
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