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Abstract

Background—The serine-threonine kinase mammalian target of rapamycin complex 1 

(mTORC1) is essential for normal cell function but is aberrantly activated in brain in both genetic-

developmental and sporadic diseases and is associated with a spectrum of neuropsychiatric 

symptoms. The underlying molecular mechanisms of cognitive and neuropsychiatric symptoms 

remain controversial.
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Methods—The present study examines behaviors in transgenic models that express Rheb, the 

most proximal known activator of mTORC1, and profiles striatal phosphoproteomics in a model 

with persistently elevated mTORC1 signaling. Biochemistry, immunohistochemistry, 

electrophysiology, and behavior approaches are used to examine the impact of persistently 

elevated mTORC1 on D1 dopamine receptor (D1R) signaling. The effect of persistently elevated 

mTORC1 was confirmed using D1-Cre to elevate mTORC1 activity in D1R neurons.

Results—We report that persistently elevated mTORC1 signaling blocks canonical D1R 

signaling that is dependent on dopamine- and cAMP-regulated neuronal phosphoprotein 

(DARPP-32). The immediate down-stream effector of mTORC1, ribosomal S6 kinase 1 (S6K1), 

phosphorylates and activates DARPP-32. Persistent elevation of mTORC1-S6K1 occludes 

dynamic D1R signaling downstream of DARPP-32 and blocks multiple D1R responses including 

dynamic gene expression, D1R dependent corticostriatal plasticity, and D1R behavioral responses 

including sociability. Candidate biomarkers of mTORC1-DARPP-32 occlusion are increased in 

brain of human disease subjects in association with elevated mTORC1-S6K1 supporting a role for 

this mechanism in cognitive disease.

Conclusions—mTORC1-S6K1 intersection with D1R signaling provides a molecular 

framework to understand the effects of pathological mTORC1 activation on behavioral symptoms 

in neuropsychiatric disease.
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Introduction

The serine-threonine kinase mammalian target of rapamycin (mTOR) is a conserved 

signaling hub that integrates extracellular and environmental inputs to coordinate cell growth 

and metabolism (1). Aberrant mTOR complex 1 (mTORC1) signaling is implicated in 

human brain diseases (2, 3). Hyperactive mTORC1 caused by loss-of-function mutations of 

mTOR upstream suppressor genes, such as TSC1/2 and PTEN, manifests as a high rate of 

epilepsy, cognitive impairment, and autism spectrum disorders (ASDs) (4, 5). mTORC1 

signaling is also reportedly dysregulated in sporadic diseases associated with cognitive and 

behavioral symptoms including schizophrenia and neurodegenerative diseases (6–8).

Genetic deletion of mTORC1 signaling suppressor genes Tsc1, Tsc2, or Pten in mouse 

results in behavioral deficits that can be related to human disease, and mTORC1 inhibitor, 

rapamycin, can ameliorate certain developmental and behavioral deficits in these models (9–

11). Studies suggest that elevated mTORC1 causes “exaggerated” protein synthesis that 

alters the composition of synapses resulting in “hyperconnectivity” and reduced magnitude 

of mGluR-LTD (12–14). These effects are thought to be causal for behavioral deficits 

because they can be mitigated by manipulations that counter mTORC1 actions on cap-

dependent protein synthesis, or by treatment with a positive allosteric modulator of mGluR5 

(13–15). However, the notion that phenotypes are directly linked to mTORC1 activation is 

challenged by the observation that deletion of Rptor, which encodes Raptor, an essential 

component of mTORC1, fails to restore sociability in Pten knockout mice despite restoration 
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of mTORC1 activity (16). Moreover, the notion that elevated mTORC1 causes behavioral 

deficits by exaggerated protein translation is challenged by the observation that mice with 

neuronal overexpression of eIF4E, an effector of mTORC1 translation initiation, do not 

exhibit social behavior deficits (17). Further, deletion of Rictor, an essential component of 

mTORC2, disrupts mGluR-LTD, while deletion of Rptor, essential for mTORC1, does not 

(18). Finally, knockout of Rictor mitigates behavioral deficits in Pten knockout mice (16).

To examine how mTORC1 signaling impacts behavior we considered the possibility that 

genetic deletion of Tsc1, Tsc2 or Pten may impact cellular functions in addition to mTORC1 

or cause gene-specific adaptations. Accordingly, we examined transgenic models that 

express Rheb, the most proximal known activator of mTORC1. Rheb is a small GTPase that 

directly binds mTORC1 and is obligate for mTORC1 activation (19). We compared 

behaviors in identically designed mouse models that express either wildtype Rheb 

[Rheb(WT)], which does not result in significant elevation of mTORC1 due to preserved 

regulatory mechanisms that control its GTP state, or a point mutant of Rheb [Rheb(S16H)] 

that reduces its GTPase activity and increases activation of mTORC1 (20, 21). This analysis 

revealed cognitive and behavioral deficits consequent to elevated mTORC1 activity in brain. 

An unbiased phosphoproteomic analysis of striatum from mice with elevated mTORC1 

activity revealed increased D1R signaling with elevated basal DARPP-32(pT34). Further 

analysis revealed that mTORC1-S6K1 directly phosphorylates DARPP-32(T34) and 

activates its downstream signaling. However, dynamic D1R signaling downstream of 

DARPP-32(pT34) was blocked including D1R dependent gene expression, synaptic 

plasticity, and D1R-induced locomotor activation. Building on the observation that D1R 

expressing neurons encode and mediate sociability (22), we confirmed that persistently 

elevated mTORC1 in D1R neurons produces profound sociability deficits. Finally, we 

examined human postmortem brain from subjects with Alzheimer’s disease (AD) or 

tuberous sclerosis (TS) and found correlations between elevated mTORC1 activity and 

DARPP-32 signaling, suggesting disruption of DARPP32-dependent D1R signaling may 

contribute to behavioral symptoms in these diseases.

Methods and Materials

Detailed methods and materials are available in Supplemental Materials.

Rosa-Myc-Rheb(S16H) and Rosa-Myc-Rheb(WT) mice were generated as described 

previously (21). In this study, Rheb(S16H) refers to Rosa-Myc-Rheb(S16H)f/f;Nestin-Cre 
and D1-Rheb(S16H) refers to Myc-Rheb(S16H)f/f;D1-Cre. Littermate controls (Ctrl) for 

Rheb(S16H) and D1-Rheb(S16H) are Rosa-Myc-Rheb(S16H)f/f. Rosa-Myc-
Rheb(WT)f/f;Nestin-Cre is referred to as Rheb(WT) and Rosa-Myc-Rheb(WT)f/f is referred 

as Ctrl. Mice at 6 weeks of age were sacrificed and brains were quickly removed. Brains 

were either mounted and frozen at −80°C until sectioned for immunohistochemistry (IHC), 

or striatum was dissected for western blotting (WB) or phosphoproteomics. All procedures 

were approved by the Animal Care and Use Committee of Johns Hopkins University School 

of Medicine. Data are shown as mean+/− SEM and were analyzed using GraphPad Prism 

(GraphPad Software, CA) or Statistica 13.3 (TIBCO Software Inc., CA). Statistical methods 

are detailed in figure legends.
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Results

A mouse model with behavioral deficits resulting from persistent elevation of mTORC1 
activity

Transgenic mice expressing Myc-Rheb(S16H) in brain exhibit elevation of mTORC1, as 

revealed by increased phosphorylated 4E-BP1(T37/46), S6K1(T389), and S6(S240/244) in 

striatal lysate (Figure 1A–D). In Rheb(WT) mice, mTORC1 activity is not robustly elevated 

(Figure 1C–D). IHC staining confirmed an increase in mTORC1-S6K1 activity in the 

striatum of Rheb(S16H) mice, as indicated by increased S6(pS240/244). This was evident in 

both D1R-expressing neurons, identified by co-labeling with substance P (SP-positive), and 

presumptive D2R-expressing neurons (SP-negative) (Figure S1A–B).

We examined the impact of mTORC1 activation on sociability using a three-chamber social 

motivation task. Rheb(S16H) and Ctrl littermates preferred investigating the social object, 

however, Rheb(S16H) mice investigated the social object significantly less than Ctrl 

littermates (Figure 1E). To ascertain the reduced social investigation results from hyperactive 

mTORC1, we tested Rheb(WT) in the same task and found that these animals exhibited 

preference for social object similar to their Ctrl littermates (Figure 1F). The sociability 

deficit in Rheb(S16H) mice was further confirmed in a 4-trial social recognition task. 

Rheb(S16H) mice spent less time interacting with juveniles during habituation stage (trial 1–

3). During the dishabituation stage (trial 4), Rheb(S16H) mice exhibited reduced interaction 

to new juveniles (Figure 1G). In the same task, Rheb(WT) and their Ctrl mice showed 

expected and similar habituation and dishabituation performances (Figure 1H). Although 

Rheb(S16H) exhibited higher exploratory activity when compared with Rheb(WT), 

Rheb(S16H) or Rheb(WT) mice exhibited similar levels of novelty induced exploration in 

open field as their littermate controls, suggesting that the impaired sociability in 

Rheb(S16H) was not caused by depressed explorative activity (Figure S1C–D). In novel 

object recognition task, Rheb(S16H) and Ctrl mice spent similar time exploring objects 

during the learning session when two identical objects were presented (Figure 1I). However, 

in the testing session where a novel object replaced one of the familiar objects, Rheb(S16H) 

failed to distinguish between these objects (Figure 1J). These data validate the Rheb(S16H) 

mouse as a model of sociability and cognitive deficits resulting from persistent elevation of 

mTORC1 activity.

Persistent elevation of mTORC1 activity causes overrepresentation of D1R signaling

To assess the molecular basis of behavioral deficits linked to mTORC1 activation, we 

performed an unbiased quantitative phosphoproteomic analysis of Rheb(S16H) and focused 

on striatum because of its prominent role in social behaviors (22, 23). Among >7,000 

phosphopeptides quantified, ~1,600 phosphopeptides were significantly altered (Figure 2A 

and Table S1). Motif-X analysis (https://motif-x.med.harvard.edu/motif-x.html) of up-

regulated phosphosites revealed the most highly enriched motifs corresponded to 

phosphorylation target sites of mTOR kinase, TP(pT), and S6K1, RxxS(pS) (Figure 2B) (24, 

25). We verified enrichment of phosphorylated motifs with antibodies selective for RxxS/

T(pS/T), RRxS/T(pS/T) and LxRxxS/T(pS/T) in striatal lysate of Rheb(S16H) (Figure S2A–

D).
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Among the overrepresented motifs, we noted that the RRxS(pS) epitope is shared with PKA. 

D1R-activated PKA phosphorylates a panel of substrates, including DARPP-32, to amplify 

and sustain its effect (26). Putative D1R-targeted phosphopeptides (27) from Rheb(S16H) 

striatum exhibited enrichment in the group of globally up-regulated sequences (Figure 2C). 

The cumulative distribution of the fold change of these D1R-targeted phosphopeptides 

exhibited a significant shift towards up-regulation when compared with overall 

phosphopeptides at the same level of abundance (Figure 2D). We then extracted the 

differentially expressed phosphopeptides and input their annotated genes into Ingenuity 

Pathway Analysis (IPA) and KEGG Pathway Analysis. Both analyses highlighted a set of 

enriched pathways that are notable for their role in dopamine receptor signaling (Figure 2E, 

F, and Table S2).

Persistent elevation of mTORC1 increases DARPP-32(pT34) and its nuclear localization

Among the enriched pathways, DARPP-32 signaling was highlighted. D1R-activated PKA 

phosphorylates DARPP-32 at T34 and indirectly causes dephosphorylation of 

DARPP-32(T75) via B56/PP2A. In response to psychostimulants, levels of DARPP-32 

phosphorylation at T34 and T75 are reciprocally dynamic (28). DARPP-32(pT34) potently 

inhibits PP1, which increases MAPK signaling to amplify D1R signaling (Figure 3A) (28–

31). We observed reductions of two phosphopeptides corresponding to DARPP-32(pT75) in 

the Rheb(S16H) striatal phosphoproteomic data set (Figure S2E–F) and confirmed this 

finding together with elevation of DARPP-32(pT34) in Rheb(S16H) striatum by WB (Figure 

3B, C). This elevation did not appear to be due to hyperactive PKA because Rheb(S16H) did 

not alter basal cAMP (Figure 5B) or the PKA substrate GluA1(pS845) (Figure 3B, C). 

DARPP-32(pT34) was not increased in the striatum of Rheb(WT) (Figure 3B, C).

To evaluate the prediction that elevated mTORC1 increases DARPP-32 activation, we 

examined DARPP-32(pT34) nuclear entry (32). Biochemical fractionation confirmed that 

DARPP-32 is present in both cytoplasmic and nuclear fractions (Figure S3D), and further 

demonstrated that both total and phosphorylated forms DARPP-32 are increased in the 

soluble nuclear fraction of Rheb(S16H) striatum compared to Ctrl littermates (Figure 3D, 

E). The nuclear enrichment of DARPP-32(pT34) was further confirmed by IHC, which 

demonstrated elevated DARPP-32(pT34) in both SP positive and negative neurons (Figure 

3F, G). IHC revealed an increase in foci number and intensity of Histone H3(pS10) in the 

nucleus accumbens (NAc) of Rheb(S16H) mice and was confirmed by WB of Histone 

H3(pS10) in the chromatin-bound biochemical fraction of Rheb(S16H) striatum (Figure 3H–

L).

S6K1 directly phosphorylates DARPP-32

DARPP-32(T34) conforms to the conserved S6K1 phosphorylation consensus motif 

RxRxxT (Figure 4A) (25). Using an in vitro kinase assay, we found that constitutively active 

S6K1 phosphorylates recombinant GST-DARPP-32(T34), as revealed by WB with 

antibodies specific to DARPP-32(pT34) and to phospho-motif RxRxxS/T(pS/T). Multiple 

negative controls included deletion of amino acids 1–80 and point mutant T34A (Figure 4B). 

Additionally, S6K1 inhibitors PF-4708671 or LY-2584702 completely blocked 

phosphorylation, as did an inactive analogue of ATP, AMP-PNP (Figure S4A).
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To test whether S6K1 can phosphorylate DARPP-32 in cells, we co-transfected DARPP-32 

with S6K1 in HEK293FT cells. DARPP-32(pT34) was robustly elevated when co-expressed 

with constitutively active S6K1(E389ΔCT), compared to co-expression with either wild-type 

(WT) or inactive mutant S6K1(F5A). The activity of S6K1 wild-type and mutants was 

confirmed by the phosphorylation of its immediate substrate S6(S240/244). The efficacy of 

S6K1(WT) to phosphorylate DARPP-32(pT34) was markedly enhanced by co-expression of 

Rheb(S16H) (Figure 4C, D). Rheb(S16H)-driven hyperphosphorylation of DARPP-32(T34) 

was reduced by PF-4708671 or LY-2584702, as well as by an AGC kinase inhibitor H89, but 

not reduced by p90RSK inhibitor, SL0101–1 (Figure S4B, C).

To test whether elevated basal DARPP-32(pT34) in Rheb(S16H) striatum is caused by 

hyperactive mTORC1-S6K1, we treated Rheb(S16H) mice with PF-4708671. We confirmed 

a previous report that a single dose of PF-4708671 acutely inhibits S6K1 activity (33), as 

indicated by a reduction of S6(pS240/244) and concurrent increase of S6K1(pT389) in the 

striatum of Rheb(S16H) mice. Elevated DARPP-32(pT34) in Rheb(S16H) was reduced by 

acute PF-4708671 treatment, while GluA1(pS845) was not altered, suggesting that the 

reduction of DARPP-32(pT34) was caused by PF-4708671 inhibition of S6K1, instead of 

off-target inhibition of PKA (Figure 4E, F). Taken together, these data indicate that 

DARPP-32 is a substrate of mTORC1-S6K1 in vivo.

mTORC1-S6K1 occludes dynamic DARPP-32 phosphorylation in vitro and in vivo.

To model the impact of persistently elevated mTORC1-S6K1 on DARPP-32 

phosphorylation, we reconstituted S6K1-DARPP-32 in HEK293FT cells and treated cells 

with forskolin, which activates adenylyl cyclase (AC) to produce cAMP, or isoproterenol, 

which activates endogenous Gαs/AC/PKA signaling. Cells transfected with DARPP-32 and 

S6K1 showed marked increases of DARPP-32(pT34) and PP1α(pT320) upon stimulation 

with forskolin. By contrast, cells transfected with Rheb(S16H), DARPP-32, and S6K1 

showed elevated basal DARPP-32(pT34) and PP1α(pT320), but diminished responses of 

these phosphosites upon forskolin stimulation (Figure S5A, B). Co-transfection of 

constitutively active S6K1(E389ΔCT) with DARPP-32 similarly reduced dynamic 

phosphorylation of DARPP-32(T34) by isoproterenol. The observed effect of elevated 

mTORC1-S6K1 to mimic Gαs GPCR or AC activation and increase DARPP-32 

phosphorylation yet block dynamic increases indicates occlusion of DARPP-32 signaling 

(Figure S5C, D).

To examine the effect of persistently elevated mTORC1 on DARPP-32 signaling in vivo, we 

treated Rheb(S16H) mice and their Ctrl littermates with amphetamine. Striatum tissues were 

collected 20 min after treatment to capture the immediate activation of D1R-DARPP-32 

signaling (Figure 5A) (28, 29). Amphetamine induced similar levels of dopamine release 

and cAMP production in Rheb(S16H) striatum when compared with their Ctrl littermates, 

suggesting that D1R-cAMP signaling axis is not diminished by persistently elevated 

mTORC1 activity (Figure 5B and Figure S5E). Basal levels of DARPP-32(pT34) and 

PP1α(pT320) were increased in Rheb(S16H) striatum; however, neither phosphosite 

changed in response to amphetamine. In the striatum, D1R-DARPP32(pT34) mediated 

inhibition of PP1 increases pErk, which phosphorylates mGluR5 and contributes to 
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dopamine’s action at the synapse (30, 34). Consistent with occlusion of this pathway in 

Rheb(S16H) striatum, basal levels of Erk1/2(pT202/Y204) and mGluR5(pS1126) were 

increased and were not further increased by amphetamine (Figure 5C, D).

Persistent elevation of mTORC1-S6K1 disrupts D1R responses in vivo.

We asked if physiological responses to D1R activation would correspond to the elevated 

basal DARPP-32. We first examined the nucleosome response and found that Histone 

H3(pS10) was elevated at 60 min after amphetamine treatment in Ctrl mice, but not in 

Rheb(S16H) mice (Figure 6A, B). Consistent with the notion that the nucleosome response 

is critical to regulate dynamic gene expression (32), the induction of Homer1a and Npas4 
were disrupted in Rheb(S16H) mice (Figure 6C).

We next examined D1R-mediated plasticity of cortico-striatal synapses. We confirmed that 

HFS induced cortico-striatal LTP, and that subsequent low frequency LFS induced 

depotentiation in field recordings of acute striatal slices from Ctrl and Rheb(S16H) mice 

(Figure 6D, E). The LFS induced depotentiation is prevented by prior activation of D1R (35) 

and is mediated by MAPK dependent phosphorylation of mGluR5 in combination with 

induction of Homer1a (34). In Rheb(S16H) slices SKF38393 failed to block depotentiation, 

indicating failure of this D1R-mediated synaptic mechanism (Figure 6F, G). Control 

experiments provided further evidence of specificity of D1R deficits by demonstrating 

preservation of plasticity of the hippocampus Schaffer-CA1 synapse including mGluR-

dependent LTD, low-frequency LTD, theta burst LTP, and high-frequency tetanus LTP in 

Rheb(S16H) mice (Figure S6A–D).

Lastly, we monitored locomotor activity in Rheb(S16H) mice. Amphetamine induced robust 

locomotor activation in Ctrl mice but not in Rheb(S16H) mice beginning at 20 min after 

administration. This time course suggests a physiological role for mTORC1-S6K1-

DARPP-32 signaling that is normally manifest later in the response and is disrupted in 

Rheb(S16H) mice (Figure 6H). Consistent with this premise, rapamycin pretreatment 

reduced locomotor responses to amphetamine in Ctrl mice but did not alter the response in 

Rheb(S16H) mice (Figure S6E). To assess mTORC1’s impact on D1R signaling, we 

administered the D1R selective agonist SKF-81297 and found a reduced locomotor response 

in Rheb(S16H) mice (Figure 6I). Rheb(S16H) and Ctrl mice showed similar locomotor 

activation in response to the NMDA receptor antagonist MK-801 (0.3 mg/kg, i.p.), 

indicating a selective impact of persistent elevation of mTORC1 activity on D1R-dependent 

locomotion (Figure S6F).

Persistent elevation of mTORC1 activity in D1R expressing neurons causes social 
interaction deficits.

D1R neurons of the mesocorticolimbic circuitry mediate reward processing and integrate 

neuromodulatory inputs that influence social behaviors (22, 23), and selective disruption of 

D1R has been linked with social deficits (36–39). We asked if selective increase of 

mTORC1 in D1R neurons is sufficient to recreate this phenotype. We used D1-Cre to drive 

Rheb(S16H) expression in D1R-expressing neurons (40) and confirmed the elevation of 

mTORC1, as shown by increase of S6(pS240/244), and the suppression of mTORC2, as 
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shown by reduction of Akt(pS473), in the striatum of D1-Rheb(S16H) mice. D1-

Rheb(S16H) exhibited robust elevation of basal DARPP-32(pT34) while GluA1(pS845) was 

not altered (Figure 7A, B).

D1-Rheb(S16H) mice exhibited normal novelty induced locomotor activation in open field 

as well as in the testing chamber during habituation, but reduced amphetamine induced 

locomotor activation (Figure 7C and Figure S7A, B). In the social motivation test, D1-

Rheb(S16H) mice failed to distinguish between social and non-social objects (Figure 7D, E). 

In social novelty test, D1-Rheb(S16H) failed to distinguish between familiar and stranger 

social objects (Figure 7F, G). D1-Rheb(S16H) exhibited normal recognition of novel objects 

(Figure S7C, D). Accordingly, social interaction deficits in D1-Rheb(S16H) mice are likely 

not attributable to failure to recognize familiar and stranger mice. These data demonstrate 

that persistent elevation of mTORC1 in D1R expressing neurons is sufficient to cause social 

interaction deficits.

Hyperactive mTORC1-S6K1-DARPP-32 signaling in human brain diseases

A primary goal of our analysis is to identify signaling pathways and biomarkers that can be 

linked to human cognitive disease. In human TS brain samples (Brodmann area, BA, BA46), 

levels of S6(pS240/244) and DARPP-32(pT34) were significantly elevated and were 

positively correlated within the TS cohort but not control cohort (Figure 8A–C). In human 

AD brain, S6(pSer-240/244) was elevated in the middle frontal gyrus (MFG, BA46) and 

middle temporal gyrus (MTG, BA21). PP1α(pT320) was increased in AD cohort (Figure 8D 

and Figure S8A, C), and the level of DARPP-32(pT34) correlated with S6(pS240/244) in the 

AD group but not in age-matched controls (Figure S8B, D). Combining brain samples from 

MFG and MTG reveals an increase of DARPP-32(pT34) in AD and strong correlation with 

S6(pS240/244) in AD but not Ctrl brains (Figure 8E, F). Moreover, Homer1a mRNA 

(measured relative to Homer1c), which shows reduced induction in Rheb(S16H) mice, was 

markedly reduced in AD brain (Figure 8G). These findings suggest that disruption of 

DARPP-32-dependent D1R signaling may represent an underlying mechanism that 

contributes to cognitive and behavioral deficits.

Discussion

The present study identifies a signaling node that couples mTORC1-S6K1 with canonical 

dopamine D1 receptor signaling and acts to occlude DARPP-32 signaling in cells with 

persistently elevated mTORC1 activity and block D1R responses that are dependent on 

DARPP-32. In support of this model, we demonstrate that DARPP-32 is a direct substrate of 

S6K1 in vitro, in heterologous cells, and in vivo. In normal conditions and in response to an 

acute stimulus such as amphetamine administration, D1R-cAMP-PKA rapidly 

phosphorylates DARPP-32(T34), which mediates downstream responses in gene expression, 

corticostriatal plasticity, and behaviors (Figure 8H). But in the condition of persistently 

elevated mTORC1-S6K1, basal DARPP-32(pT34) is elevated, accompanied by elevated 

levels of DARPP-32 pathway mediators including PP1α(pT320) and Erk(pT202/Y204) 

(Figure 3B–I, and Figure 5C, D). Persistently elevated mTORC1 does not interrupt D1R-
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cAMP (Figure 5B) but dynamic DARPP-32(pT34) is occluded resulting in disruption of 

multiple D1R dependent responses (Figure 8H).

The block of D1R responses consequent to persistent mTORC1 activation poses 

implications for behaviors and appears relevant for understanding the impact of 

neuropsychiatric and neurodegenerative diseases that result in elevated mTORC1 signaling. 

D1R signaling is central to social behavior. Optogenetic activation of the VTA projection to 

NAc or light-evoked D1R signaling in NAc drives social behaviors in rodents (22). 

Dopamine is also essential for prefrontal cortex function that mediates working memory (41, 

42), and cortex-dependent working memory and memory flexibility appear vulnerable to 

disrupted mTORC1 (43–45). Data in the present study suggests that mTORC1 becomes a 

driver for DARPP-32 signaling in brain of human subjects with TS and AD. AD often 

presents with symptoms of mild behavioral impairments that include decreased motivation, 

emotional dysregulation, and social inappropriateness (46). Our analysis focused on human 

cortical tissue and it will be important to also examine mesolimbic structures that are more 

directly related to these behavioral symptoms. In our studies D1R-Cre is expressed in 

cortical, striatal, and mesolimbic areas which precludes a refined analysis of specific circuits 

and behaviors, however, the conditional Rheb(S16H) model provides an opportunity for this 

analysis.

The present model may also be relevant to neuropsychiatric symptoms resulting from stress. 

Chronic stress impacts sociability and is associated with reduction of excitatory input onto 

D1R expressing neurons in NAc (36, 37, 47–51). Mice that are susceptible to chronic social 

defeat stress exhibit elevated BDNF signaling as well as increased downstream MAPK 

signaling in NAc (50, 51). In addition, BDNF protein level is elevated in depressed human 

postmortem brain samples (50). Given the important role of neurotrophic factor in mediating 

mTORC1-S6K1 signaling, it is plausible that stress-induced elevation of BDNF signaling in 

NAc elevates mTORC1-S6K1 and consequently occludes D1R-DARPP-32 signaling as a 

basis for stress-induced disruption of social behaviors. Stress also prominently interacts with 

drug addiction (52) and schizophrenia (53); diseases in which dopamine signaling plays a 

central role.

Several compelling questions arise from the current study. What is the mechanism for 

occlusion of D1R-DARPP-32 signaling? D1R-PKA appears intact and elevated 

DARPP-32(pT34) in Rheb(S16H) mice is reduced by S6K1 inhibition (Figure 3). One 

possibility is an up-regulation of phosphatase acting at DARPP-32(pT34) in response to 

elevated mTORC1-S6K1 that secondarily prevents PKA-indued increases. Heterologous cell 

reconstitution of mTORC1-DARPP-32 interactions may be useful to define this mechanism. 

A related question is whether mTORC1 signaling contributes to normal D1R responses. The 

fact that rapamycin reduces amphetamine-induced locomotion in wild-type mice (Figure 

S6E) suggests this possibility, but further analysis is required. Another question is whether 

persistently elevated mTORC1 impacts D2R responses and if so, how this might contribute 

to behavioral phenotypes. Indeed, DARPP-32 is activated by ß-adrenergic and serotonin 

receptors, as well as hormones acting through non-cAMP-dependent pathways (29, 54), 

suggesting a broader role for mTORC1-S6K1-DARPP-32 interaction.
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Previous studies have offered alternative models for cognitive deficits related to elevated 

mTORC1 that include changes to cap-dependent protein synthesis and the composition of 

synapses (12–14). While our findings are not directly contradictory, we did not detect 

changes in LTP or LTD in the hippocampus or corticostriatal synapses (Figure 6D, E and 

Figure S6A–D). We note that S6K1 is a component of the protein translation initiation 

complex (55) and its phosphorylation of DARPP-32 may be sensitive to manipulations used 

experimentally to implicate translational pathways. mTORC1-S6K1-DARPP-32-PP1 

rationalizes increased MAPK (Erk) observed in mouse models with elevated mTORC1 

activity including Tsc and fmr1 mice (56, 57). Our findings do not exclude the possible 

involvement of 4EBP1-eIF4E in the phenotypes of Rheb(S16H) mice, however, it is reported 

that a mouse model with neuronal overexpression of eIF4E fails to recapitulate social 

deficits (17). The requirement for dynamic mTORC1-S6K1 coupling with D1R signaling 

may rationalize the finding that Rptor knockout fails to restore social deficits in Pten mice 

since the disruption of mTORC1 does not restore the dynamic coupling, although it reverses 

mTORC1-S6K1 hyperactivity (16). The complexity of signaling and adaptation highlights 

the challenge for developing effective therapeutics to mitigate the effect of persistently 

elevated mTORC1 activity.
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Figure 1. Persistent activation of mTORC1 impairs social and cognitive behavioral domains.
(A) Schematic figure of canonical growth factor signaling activating mTORC1. Rheb acts as 

a direct and most proximal activator for mTORC1. (B and C) Representative blots and (D) 

quantification of the WB for the phosphorylation levels of S6K1, S6, 4E-BP1, and Akt in the 

striatum lysate of (B) Rheb(S16H), (C) Rheb(WT), and their Ctrl littermates, respectively. 

*P<0.05, **P<0.05 and ****P<0.0001 by unpaired t test; N=8 for Ctrl and N=6 for 

Rheb(S16H). N=7 for Ctrl and N=8 for Rheb(WT). (E) The total time spent investigating 

social or non-social object by Rheb(S16H) mice and their Ctrl littermates during social 

motivation task. Statistical significance was determined by two-way mixed-design ANOVA: 

genotype, *P=0.0229, objects, ****P<0.0001; Fisher’s post hoc test: Ctrl, social vs. empty, 

****P<0.0001; Rheb(S16H), social vs. empty *P=0.0213; social, Ctrl vs. Rheb(S16H), 
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**P=0.0035. N=11 for Ctrl, N=9 for Rheb(S16H). (F) The total time spent investigating 

social or non-social object by Rheb(WT) mice and their Ctrl littermates during social 

motivation task. Statistical significance was determined by two-way mixed-design ANOVA: 

objects, **** P<0.0001, genotype, P=0.6622, and interaction, P=0.8124; Fisher’s post hoc 
test: Ctrl, social vs. empty, ***P=0.0006; Rheb(S16H), social vs. empty *P=0.0024. N=6 for 

Ctrl, N=5 for Rheb(WT). (G) The duration of social investigation spent by the Rheb(S16H) 

mice and the Ctrl littermates during the social recognition task. Two-way mixed-design 

ANOVA followed by Fisher’s post hoc test: time, ***P=0.0002; trials, **P=0.0014; Ctrl vs. 

Rheb(S16H), trial 1, ***P=0.0001, trial 2, **P=0.0023, and trial 4, ****P<0.0001; Ctrl, trial 

3 vs. trial 4, ****P<0.0001; Rheb(S16H), trial 3 vs. trial 4, P=0.0814. Data were presented 

as means ± SEM; N=11 for Ctrl, N=10 for Rheb(S16H). (H) The duration of social 

investigation by the Rheb(WT) and Ctrl littermates during the social recognition task. Two-

way mixed-design ANOVA, trial, ****P<0.0001, genotype, P=0.3092, and interaction, 

P=0.4736. Data were presented as means ± SEM; N=10 for Ctrl, N=12 for Rheb(WT). (I 

and J) Novel object recognition task. (left) Time spent on exploring each object and (right) 

preferential index are shown during the (I) learning session and (J) testing session by 

Rheb(S16H) mice and the Ctrl littermates. Preferential index is calculated as the ratio for 

time spent investigating (I) object 1 or (J) novel object to total spent investigating. Statistical 

significance was determined by two-way ANOVA follow by Bonferroni’s post hoc test: (J) 

left, interaction, *P=0.0358; Ctrl, novel vs. familiar, *P=0.0199; right, unpaired t test, 

*P=0.0208. N=7 for Rheb(S16H) and N=9 for Ctrl littermates. Means ± SEM and/or 

individual data are presented.
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Figure 2. Phosphoproteomic analysis reveals overrepresentation of D1R-DARPP-32 signaling in 
Rheb(S16H) striatum.
(A) Volcano plot depicting the relative phosphopeptide abundance in the Rheb(S16H) 

striatum compared to Ctrl littermates. (B) Motif-X analysis was used to reveal the enriched 

phosphorylation motifs in the identified phosphopeptides that were significantly (q<0.05) 

increased in the striatum of Rheb(S16H) mice compared with Ctrl littermates. (C) 

Comparison of phosphopeptides regulated by D1R activation with robustly altered (q<0.05) 

expression in Rheb(S16H) striatum versus of Ctrl littermates. 833 phosphopeptides were 

downregulated in the Rheb(S16H) striatum, 7 of which were D1R targets. 805 

phosphopeptides were upregulated in the Rheb(S16H) striatum, 24 of which were D1R 

targets. There was significantly more D1R targets in the up-regulation group than those in 

the down-regulation group. **P=0.0027 by Chi square test with Yate’s correction. (D) The 

cumulative distribution of D1R targets compared to the distribution of total differentially 

altered phosphopeptides with the same level of abundance in the Rheb(S16H) striatum 

phosphoproteomic data set. **P=0.0030 value was determined by Kolmogorov–Smirnov 
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test. (E, upper) Shortlisted Ingenuity Pathway Analysis (IPA) and (E, lower) KEGG Pathway 

Analysis on genes with robustly altered phosphopeptide levels (q<0.05). (F) Schematic 

signaling diagram showing the positive hits in IPA and KEGG analysis in D1/2R- and 

NMDAR-mediated dopamine signaling.
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Figure 3. Elevated basal DARPP-32 signaling in Rheb(S16H) striatum.
(A) Schematic figure of canonical D1R-DARPP-32 signaling and its action on nucleosome 

response. (B) Representative blots and (C) quantification of the phosphorylation levels of 

DARPP-32(pT34/pT75) and GluA1(pS845) in the striatum lysate of Rheb(S16H) mice or 

Rheb(WT) mice, and their Ctrl littermates, respectively. N=8 for Ctrl and N=6 for 

Rheb(S16H). N=7 for Ctrl and N=8 for Rheb(WT). *P<0.05 was determined by unpaired t 
test. (D) Representative blots and (E) quantification of the phosphorylated and total form of 

DARPP-32 in the nuclear soluble fraction of the striatum of Rheb(S16H) mice and Ctrl 

littermates. **P<0.01 by unpaired t test; N=5 for each genotype. (F) Representative images 

and (G) quantification of the immunohistochemistry of DARPP-32(pT34) in NAc of 

Rheb(S16H) mice and Ctrl littermates. Magenta channel shows DARPP-32(pT34), green 
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channel shows Substance-P (SP) and blue channel shows DAPI-stained nuclei. SP positive 

cells are indicated by white arrows and SP negative cells are indicated by white triangles in 

Merge channel. N=113 cells for Ctrl and N=118 cells for Rheb(S16H); box plot, inter-

quartile ± min-max; 3 independent experiments were performed, 4 views were collected per 

mouse and at least 8 cells were analyzed per view. Scale bar, solid white, 10μm. (H) 

Representative images and (I and J) quantification of the Histone H3(pS10) foci in the NAc 

of Rheb(S16H) mice and Ctrl littermates. (I) Relative foci intensity, N=57 for Ctrl and 

N=105 for Rheb(S16H), ***P=0.0002 by Kolmogorov-Smirnov test; (J) foci number per 

nuclei, box plot, inter-quartile ± min-max, N=14 neurons for Ctrl, N=15 neurons for 

Rheb(S16H), ****P<0.0001 by Mann-Whitney U test; data collected from at least 3 mice 

per genotype. (K) Representative blots and (L) quantification of phosphorylated Histone H3 

at Ser-10 in the chromatin-bound fraction of the striatum from Rheb(S16H) mice compared 

to Ctrl littermates. N=5 for both genotypes.
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Figure 4. S6K1 directly phosphorylates DARPP-32 and causes elevated basal DARPP-32 
signaling in Rheb(S16H) striatum.
(A) Schematic diagram of canonical D1R-DARPP-32 signaling pathway. (B) Representative 

blots of recombinant GST-tagged wild-type and mutant DARPP-32 incubated with 

constitutively active S6K1 in a cell-free system. (C) The representative blots and (D) the 

quantification for the level of DARPP-32 (pT34) and S6 (pS240/244) from the lysate of 

HEK293FT cells transfected with various combinations of FLAG-DARPP-32, Myc-

Rheb(S16H) or Myc-GFP, and wild-type or mutant HA-S6K1 (F5A, inactive; E389ΔCT, 

constitutively active). Statistical significance was determined by two-way ANOVA followed 

by Bonferroni’s post hoc test: DARPP-32(pT34), interaction, ***P=0.0002, GFP/S6K1(WT) 

vs. GFP/S6K1(F5A), *P=0.0304, GFP/S6K1(F5A) vs. GFP/S6K1(E389ΔCT), *P=0.0135, 

Rheb(S16H)/S6K1(WT) vs. Rheb(S16H)/S6K1(F5A), ****P<0.0001, Rheb(S16H)/

S6K1(E389ΔCT) vs. Rheb(S16H)/S6K1(F5A), ****P<0.0001; S6(pS240/244), interaction, 

***P=0.0003, GFP/S6K1(WT) vs. GFP/S6K1(F5A), ***P=0.0007, GFP/S6K1(WT) vs. 

GFP/S6K1(E389ΔCT), ****P<0.0001, GFP/S6K1(F5A) vs. GFP/S6K1(E389ΔCT), 
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****P<0.0001, Rheb(S16H)/S6K1(WT) vs. Rheb(S16H)/S6K1(F5A), ****P<0.0001, 

Rheb(S16H)/S6K1(E389ΔCT) vs. Rheb(S16H)/S6K1(F5A), ****P<0.0001; N=4 per group. 

(E) Representative blots and (F) quantification of DARPP-32(pT34), S6(pS240/244), 

S6K1(pT389), and GluA1(pS845) from the striatal lysate of Rheb(S16H) mice and Ctrl 

littermates treated with vehicle or PF-4708671. Mice were sacrificed 2 hrs post 

intraperitoneal injection of PF-4708671 or vehicle, and the striatum was collected and lysed 

for WB. Statistical significance was determined by two-way ANOVA followed by 

Bonferroni’s post hoc test: DARPP-32(pT34), interaction, **P=0.0046, Rheb(S16H)/vehicle 

vs. Rheb(S16H)/PF-4708671, ***P=0.0002; S6(pS240/244), treatment, *P=0.0155, 

Rheb(S16H)/vehicle vs. Rheb(S16H)/PF-4708671, **P=0.0074; S6K1(pT389), interaction, 

*P=0.0444, Ctrl/vehicle vs. Ctrl/PF-4708671, ***P=0.0004. N=9 for Ctrl/vehicle, N=3 for 

Ctrl/PF-4708671, N=5 for Rheb1(S16H)/vehicle, and N=8 for Rheb1(S16H)/PF-4708671. 

Individual data and means ± SEM are presented.
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Figure 5. Dynamic DARPP-32 signaling is occluded in Rheb(S16H) striatum.
(A) Schematic of canonical D1R-DARPP-32 signaling dynamic and its action on mGluR5. 

(B) cAMP production in the striatum of the amphetamine treated Rheb(S16H) mice and Ctrl 

littermates. Amphetamine (5 mg/kg, i.p.) induced robust cAMP production in both Ctrl and 

Rheb1(S16H) mice but no difference was found between genotypes (two-way mixed-design 

ANOVA, treatment, **P=0.0013, interaction, P=0.2820). N=5 for each group. (C) 

Representative blots and (D) quantification of blots for the phosphorylation levels of 

DARPP-32, PP1α, Erk1/2, and mGluR5 in the striatum lysate of Ctrl and Rheb(S16H) mice 

treated with amphetamine (3 mg/kg, i.p.) or vehicle. Striatum was collected 15 min post-

injection. Statistical significance was determined by two-way ANOVA followed by Fisher’s 

LSD post hoc test: DARPP-32(pT34), interaction, *P=0.0307, Ctrl/vehicle vs. Rheb(S16H)/

vehicle, *P=0.0389, Ctrl/vehicle vs. Ctrl/amphetamine, **P=0.0038; PP1α(pT320), 

interaction, P=0.0561, Ctrl/vehicle vs. Rheb(S16H)/vehicle, **P=0.0080, Ctrl/vehicle vs. 

Ctrl/amphetamine, *P=0.0151; Erk1/2(pT202/Y204), interaction, P=0.1652, Ctrl/vehicle vs. 

Rheb(S16H)/vehicle, **P=0.0048, Ctrl/vehicle vs. Ctrl/amphetamine, **P=0.0047; 

mGluR5(pS1126), interaction, **P=0.0047, Ctrl/vehicle vs. Rheb(S16H)/vehicle, 

*P=0.0309, Ctrl/vehicle vs. Ctrl/amphetamine, **P=0.0040, Ctrl/amphetamine vs. 

Rheb(S16H)/amphetamine, *P=0.0485; at least N=6 mice per group. Individual data and/or 

means ± SEM are presented.
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Figure 6. Persistently elevated mTORC1 activity disrupts amphetamine-induced gene 
expression, and D1R-mediated corticostriatal plasticity and locomotor activation.
(A) Representative blots and (B) quantification of blots for the phosphorylation levels of 

Histone H3 in the striatum lysate of Rheb(S16H) mice and their Ctrl littermates that were 

treated with amphetamine (5 mg/kg, i.p.) or vehicle (Saline, i.p.). Striatum was collected 60 

min post-injection. Statistical significance was determined by two-way ANOVA followed by 

Bonferroni’s post hoc test: Histone H3(pS10), interaction, *P=0.0289, Ctrl/vehicle vs. Ctrl/

amphetamine, **P=0.0019; S6(pS240/244), interaction, *P=0.0237, genotype, **P=0.022, 

Ctrl/vehicle vs. Ctrl/amphetamine, *P=0.0127. At least N=3 per group. (C) The mRNA 

levels of Homer1a, Npas4 and Fos in Ctrl or Rheb(S16H) striatum with amphetamine (5 

mg/kg, 60 min, i.p.) treatment. The levels of genes were normalized to the level of Gapdh 
and to the Ctrl/vehicle group. Statistical significance was determined by two-way ANOVA 

followed by Bonferroni’s post hoc test: Homer1a, interaction, *P=0.0104, Ctrl/vehicle vs. 

Ctrl/amphetamine, ****P<0.0001; Npas4, interaction, *P=0.042, Ctrl/vehicle vs. Ctrl/

amphetamine, ****P<0.0001; Fos, interaction, P=0.2531, treatment, ****P<0.0001; at least 

N=3 per group. (D to G) Corticostriatal LTP and depotentiation in field-potential recordings 
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of brain slices prepared from Rheb(S16H) mice and Ctrl littermates in the presence of (D 

and E) vehicle or (F and G) the specific D1-like receptor agonist, SKF38393 (3 μM; left). 

Sample traces (E and G) and the magnitude (E and F, islets) of LFS induced depotentiation 

of LTP (63–69 min) in the presence of (D and E) vehicle or (F and G) SKF38393. (F) islet, 

***P=0.0003 was determined by unpaired t test; Ctrl/vehicle, N=9 slices from 5 mice; Ctrl/

SKF38393, N=8 slices from 4 mice; Rheb(S16H)/vehicle, N=6 slices from 4 mice; 

Rheb(S16H)/SKF38393, N=11 slices from 6 mice; scale bar, 1 mV, 10 ms. (H) 

Amphetamine (2 mg/kg, i.p.) and (I) SKF-81297 (2.5 mg/kg, i.p.) induced locomotor 

activity and accumulative distance traveled by Rheb(S16H) mice or Ctrl littermates. 

Locomotor activation was analyzed in (left) 5-min bins and (right) the total distance traveled 

after treatment. Two-way mixed-designed ANOVA: left, (H) Amphetamine, interaction, 

****P<0.0001, (I) SKF-81297, interaction, *P=0.0281; right, genotype, (H) Amphetamine, 

*P=0.0306, (i) SKF-81297, *P=0.0354; at least N=9 per group. Individual data and/or means 

± SEM are presented.
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Figure 7. Persistently elevated mTORC1 in D1R neurons evokes social interaction deficit.
(A) Representative blots and (B) quantification of the levels of phosphorylated DARPP-32, 

GluA1, S6, and Akt, in the striatal lysate of the D1-Rheb(S16H) mice and their Ctrl 

littermates. **P<0.01, ***P<0.001, and ****P<0.0001 by unpaired t test; N=9 for D1-

Rheb(S16H) and N=8 for Ctrl. (C) Amphetamine (2 mg/kg, i.p.) induced locomotor 

activation in D1-Rheb(S16H) mice and Ctrl littermates. Two-way mixed designed ANOVA: 

left, genotype, *P=0.0377; interaction, ****P<0.0001; right, unpaired t test, *P=0.0331. At 

least N=7 per group. (D to G) Three-chamber sociability task. (D) Heat map of duration 

spent on the testing chamber of D1-Rheb(S16H) mice and the Ctrl littermates on social 

motivation task. (E) Duration of mice spent on investigating social object and empty cup in 

three-chamber sociability task on D1-Rheb(S16H) mice. Statistical significance was 

determined by two-way ANOVA followed by Bonferroni’s post hoc test: interaction, 

*P=0.0245; Ctrl, social vs. empty, ***P=0.0003; D1-Rheb(S16H), social vs. empty, 

P=0.7492. (F) Heat map of duration spent on the testing chamber of D1-Rheb(S16H) mice 

and the Ctrl littermates on social novelty test. (G) Duration of D1-Rheb(S16H) mice and the 

Ctrl littermates spent on investigating familiar and stranger social objects. Statistical 

significance was determined by two-way ANOVA followed by Bonferroni’s post hoc test: 

interaction, ***P=0.0001; Ctrl, stranger vs. familiar, ****P<0.0001; D1-Rheb(S16H), 

stranger vs. familiar, P>0.9999. N=15 for both D1-Rheb(S16H) and Ctrl littermates. 

Individual data and means ± SEM are presented.
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Figure 8. Hyperactive mTORC1-S6K1-DARPP-32 signaling in human brain diseases.
(A) The representative blots and (B) quantification of DARPP-32(pT34), PP1α(pT320), and 

S6(pS240/244) of the human brain lysate from Brodmann area (BA) 46 of individuals with 

tuberous sclerosis (TS) and age-matched controls (Ctrl). *P<0.05 and **P<0.01 were 

determined by unpaired t test. (C) The correlation between DARPP-32(pT34) and 

S6(pS240/244) in Ctrl and TS groups, respectively. N=16 for Ctrl, N=8 for TS. (D) The 

representative blots of DARPP-32(pT34), PP1α(pT320), and S6(pS240/244) of the human 

brain lysate from BA46 of individuals with Alzheimer’s disease (AD) and age-matched 

controls (Ctrl). (E) Quantification of DARPP-32(pT34), PP1α(pT320), and S6(pS240/244) 

of human brain lysate of AD patients and Ctrl (combining BA46 and BA21). *P<0.05, 

***P<0.001, and ****P<0.0001 were determined by unpaired t test. (F) The correlation 
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between DARPP-32(pT34) and S6(pS240/244) in AD patients and Ctrl (combining BA46 

and BA21), respectively. N=20 for Ctrl, N=32 for AD. (G) Ratio of Homer1a relative to 

Homer1c in human AD brain samples. N=8 for Ctrl, N=16 for AD. ****P<0.0001 were 

determined by unpaired t test. Individual data and/or means ± SEM were presented. (H) 

Schematic model of mTORC1-S6K1 negatively impacting D1R signaling under condition of 

persistent elevated mTORC1 activity.
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	KEY RESOURCES TABLEResource TypeSpecific Reagent or ResourceSource or ReferenceIdentifiersAdditional InformationAdd additional rows as needed for each resource typeInclude species and sex when applicable.Include name of manufacturer, company, repository, individual, or research lab. Include PMID or DOI for references; use “this paper” if new.Include catalog numbers, stock numbers, database IDs or accession numbers, and/or RRIDs. RRIDs are highly encouraged; search for RRIDs at https://scicrunch.org/resources.Include any additional information or notes if necessary.AntibodyRabbit polyclonal antibody to DARPP-32(pT34)PhosphoSolutionsCat# p1025–34, RRID:AB_2492068AntibodyRabbit polyclonal antibody to DARPP-32(pT75)Cell Signaling TechnologyCat# 2301, RRID:AB_2169010AntibodyMouse monoclonal antibody to DARPP-32Santa Cruz BiotechnologyCat# sc-398144AntibodyRabbit polyclonal antibody to GluA1(pS845)NovusCat# NB 300–171, RRID:AB_350489AntibodyMouse monoclonal antibody to GluA1MilliporeCat# MAB2263, RRID:AB_11212678AntibodyMouse monoclonal antibody to RhebSanta Cruz BiotechnologyCat# sc-271509, RRID:AB_10659102AntibodyMouse monoclonal antibody to ActinAbcamCat# ab8226, RRID:AB_306371AntibodyRabbit polyclonal antibody to DARPP-32(pT34)NovusCat# NB 300–224, RRID:AB_350538AntibodyGuinea pig polyclonal antibody to Substance PAbcamCat# ab10353, RRID:AB_297089AntibodyRabbit monoclonal antibody to S6K1(pT389)Cell Signaling TechnologyCat# 9234, RRID:AB_2269803AntibodyMouse monoclonal antibody to S6K1Santa Cruz BiotechnologyCat# sc-8418, RRID:AB_628094AntibodyRabbit monoclonal antibody to S6(pS240/244)Cell Signaling TechnologyCat# 5364, RRID:AB_10694233AntibodyMouse monoclonal antibody to S6Santa Cruz BiotechnologyCat# sc-74459, RRID:AB_1129205AntibodyRabbit polyclonal antibody to eIF4G(pS1108)Cell Signaling TechnologyCat# 2441, RRID:AB_2277632AntibodyRabbit monoclonal antibody to eIF4GCell Signaling TechnologyCat# 2469, RRID:AB_2096028AntibodyRabbit monoclonal antibody to Akt(pS473)Cell Signaling TechnologyCat# 3787, RRID:AB_331170AntibodyMouse monoclonal antibody to AktSanta Cruz BiotechnologyCat# sc-135829, RRID:AB_2224733AntibodyMouse monoclonal antibody to eIF4BSanta Cruz BiotechnologyCat# sc-376062, RRID:AB_10988946AntibodyRabbit monoclonal antibody to Histone H3Cell Signaling TechnologyCat# 4499, RRID:AB_10544537AntibodyRabbit polyclonal antibody to Histone H3(pS10)AbcamCat# ab5176, RRID:AB_304763AntibodyMouse monoclonal antibody to FLAGSigma-AldrichCat# P2983, RRID:AB_439685AntibodyRabbit polyclonal antibody to HAThermo Fisher ScientificCat# 710236, RRID:AB_2532641AntibodyMouse monoclonal antibody to MycThermo Fisher ScientificCat# 13–2500, RRID:AB_2533008AntibodyRabbit monoclonal antibody to RRxS/T(pS/T)Cell Signaling TechnologyCat# 9624, RRID:AB_331817AntibodyRabbit monoclonal antibody to RaptorCell Signaling TechnologyCat# 2280, RRID:AB_561245AntibodyhFAB™ Rhodamine Anti-Tubulin Primary AntibodyBio-RadCat# 12004166AntibodyRabbit monoclonal antibody to GSK3α/β(pS21/9)Cell Signaling TechnologyCat# 8566AntibodyMouse monoclonal antibody to GSK3α/βSanta Cruz BiotechnologyCat# sc-7291, RRID:AB_2279451AntibodyRabbit polyclonal antibody to PP1α(pT320)Cell Signaling TechnologyCat# 2581, RRID:AB_330823AntibodyMouse monoclonal antibody to PP1αSanta Cruz BiotechnologyCat# sc-271762, RRID:AB_10708123AntibodyRabbit monoclonal antibody to PP1α(pT320)AbcamCat# ab62334, RRID:AB_956236Bacterial or Viral StrainNEB 5-alpha Competent E. coliNEBCat# C2988Bacterial or Viral StrainBL21-Gold (DE3) Competent E. coliAgilent TechnologiesCat# 230132Biological SampleHealthy adult BA46 brain tissueNIH NeuroBioBankRequest #1323Biological SampleTuberous sclerosis adult patient BA46 brain tissueNIH NeuroBioBankRequest #1323Biological SampleHealthy adult BA46/BA9 brain tissueJHUSOM Brain Resource CenterN/ABiological SampleAlzheimer’s patient BA46/BA21 brain tissueJHUSOM Brain Resource CenterN/AChemical Compound or DrugD-Amphetamine hemisulfate saltSigma-AldrichCat# A5880, CAS 51-63-8Chemical Compound or DrugRapamycinLC LaboratoriesCat# R-5000, CAS 53123-88-9Chemical Compound or DrugPF-4708671SelleckchemCat# S2163, CAS 1255517-76-0Chemical Compound or DrugAMP-PNPSigma-AldrichCat# A2647, CAS 25612-73-1 (free acid)Chemical Compound or DrugLY-2584702SelleckchemCat# S7704, CAS 1082949-68-5Chemical Compound or DrugSL0101–1TocrisCat# 2250, CAS 77307-50-7Chemical Compound or DrugH 89 dihydrochlorideTocrisCat# 2910, CAS 130964-39-5Chemical Compound or DrugForskolinTocrisCat# 1099, CAS 66575-29-9Chemical Compound or DrugIsoproterenol hydrochlorideTocrisCat# 1747, CAS 51-30-9Commercial Assay Or KitSubcellular Protein Fractionation Kit for TissuesThermo Fisher ScientificCat# 87790Cell LineHEK293FTThermo Fisher ScientificCat# R70007Organism/StrainMouse: ROSA-Rheb(S16H)(Zou et al., 2011)Organism/StrainMouse: ROSA-Rheb(WT)(Zou et al., 2011)Organism/StrainMouse: B6.Cg-Rptortm1.1Dmsa/JJackson LaboratoryStock# 013188Organism/StrainMouse: B6.Cg-Tg(Nes-cre)1Kln/JJackson LaboratoryStock# 003771Organism/StrainMouse: B6;129-Tg(Drd1-cre)120Mxu/MmjaxJackson LaboratoryStock# 37156-JAXSequence-Based ReagentHomer1a-Fw, 5’-GAGCCTGTTAGCATTGATGG-3’This studySequence-Based ReagentHomer1a-Rv, 5’-CACGGTACGGCCAATAACTA-3’This studySequence-Based ReagentNpas4-Fw, 5’-CTGCATCTACACTCGCAAGG-3’(Madabhushi et al., 2015)Sequence-Based ReagentNpas4-Rv, 5’-GCCACAATGTCTTCAAGCTCT-3’(Madabhushi et al., 2015)Sequence-Based ReagentFos-Fw, 5’-GAACGGAATAAGATGGCTGC-3’(Madabhushi et al., 2015)Sequence-Based ReagentFos-Rv, 5’-TTGATCTGTCTCCGCTTGG-3’(Madabhushi et al., 2015)Sequence-Based ReagentGapdh-Fw, 5’-CTGGAGAAACCTGCCAAGTA-3’(Hu et al., 2010)Sequence-Based ReagentGapdh-Rv, 5’-AGTGGGAGTTGCTGTTGAAG-3’(Hu et al., 2010)Recombinant DNApRK5-Myc-Rheb(S16H)(Zou et al., 2011)Recombinant DNApcDNA3-FLAG-DARPP-32This studyRecombinant DNApRK7-HA-S6K1-WTGift from John BlenisAddgene plasmid # 8984; RRID:Addgene_8984Recombinant DNApRK7-HA-S6K1-F5AGift from John BlenisAddgene plasmid # 8986; RRID:Addgene_8986Recombinant DNApRK7-HA-S6K1-E389-deltaCTGift from John BlenisAddgene plasmid # 8993; RRID:Addgene_8993Recombinant DNApRK5-Myc-GFPThis studySoftware; AlgorithmImageJhttps://imagej.nih.gov/ij/Software; AlgorithmGraph Pad Prismhttps://www.graphpad.com/scientific-software/prism/Software; AlgorithmStatisticahttps://www.tibco.com/Software; AlgorithmANYMAZEhttp://www.anymaze.co.uk/Software; AlgorithmZENhttps://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.htmlSoftware; AlgorithmAxoScope 10.5https://www.moleculardevices.com/Software; AlgorithmProteome Discovererhttps://www.thermofisher.com/order/catalog/product/OPTON-30795Software; AlgorithmPerseushttps://www.biochem.mpg.de/5111810/perseus



