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mTORC2/Rictor Signaling Disrupts Dopamine-Dependent
Behaviors via Defects in Striatal Dopamine Neurotransmission
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Disrupted neuronal protein kinase B (Akt) signaling has been associated with dopamine (DA)-related neuropsychiatric disorders,
including schizophrenia, a devastating mental illness. We hypothesize that proper DA neurotransmission is therefore dependent upon
intact neuronal Akt function. Akt is activated by phosphorylation of two key residues: Thr308 and Ser473. Blunted Akt phosphorylation
at Ser473 (pAkt-473) has been observed in lymphocytes and postmortem brains of schizophrenia patients, and psychosis-prone normal
individuals. Mammalian target of rapamycin (mTOR) complex 2 (mTORC2) is a multiprotein complex that is responsible for phosphor-
ylation of Akt at Ser473 (pAkt-473). We demonstrate that mice with disrupted mTORC2 signaling in brain exhibit altered striatal
DA-dependent behaviors, such as increased basal locomotion, stereotypic counts, and exaggerated response to the psychomotor effects
of amphetamine (AMPH). Combining in vivo and ex vivo pharmacological, electrophysiological, and biochemical techniques, we dem-
onstrate that the changes in striatal DA neurotransmission and associated behaviors are caused, at least in part, by elevated D2 DA
receptor (D2R) expression and upregulated ERK1/2 activation. Haloperidol, a typical antipsychotic and D2R blocker, reduced AMPH
hypersensitivity and elevated pERK1/2 to the levels of control animals. By viral gene delivery, we downregulated mTORC2 solely in the
dorsal striatum of adult wild-type mice, demonstrating that striatal mTORC2 regulates AMPH-stimulated behaviors. Our findings
implicate mTORC2 signaling as a novel pathway regulating striatal DA tone and D2R signaling.
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Introduction
Impaired brain dopamine (DA) homeostasis is strongly impli-
cated in neuropsychiatric disorders, such as schizophrenia and
psychostimulant abuse (Narendran and Martinez, 2008; Howes
and Kapur, 2009; Espana and Jones, 2013; Nestler, 2013). Evi-
dence from studies in animal models supports the key role of
insulin resistance in aberrant striatal DA signaling (Wang et al.,
2001, 2002; Johnson and Kenny, 2010; Daws et al., 2011; Nis-
wender et al., 2011; Speed et al., 2011a).

In the CNS, insulin signaling regulates reward, development,
and cognition (Schulingkamp et al., 2000; Daws et al., 2011).
Importantly, insulin activates intracellular kinases, including Akt
(van der Heide et al., 2006). Three isoforms of Akt have been
identified and their brain expression characterized. Seminal find-
ings revealed a strong correlation between genetic variants of
Akt1 and schizophrenia (Emamian et al., 2004; Nicodemus et al.,

2008, 2010; Tan et al., 2012), a DA-associated neuropsychiatric
disorder (Howes and Kapur, 2009). Thus, it has been proposed
that brain DA dysfunction could stem from altered Akt signaling
(Niswender et al., 2011). Recently, we and others have shown that
aberrant brain Akt function stemming from either an obesogenic
diet or diabetes results in impaired striatal DA homeostasis con-
tributing to DA-dependent behaviors (Williams et al., 2007;
Speed et al., 2011b). However, the molecular mechanisms linking
Akt dysfunction with altered DA neurotransmission have yet to
be established.

Mammalian target of rapamycin (mTOR) complex 2
(mTORC2) is a multiprotein complex that is a critical regulator
of cell growth and metabolism. mTORC2 contains Rictor,
mSIN1, mLST8, and mTOR. Akt, along with other kinases, is a
primary substrate of mTORC2, which is responsible for phos-
phorylation of Akt at Ser473 (pAkt-473), one of two key phos-
phorylation sites. To study how aberrant mTORC2 signaling
influences central DA neurotransmission, we used Cre-LoxP
technology to disrupt the mTORC2 complex by neuronal abla-
tion of the Rictor protein (nRictor KO mouse model) (Shiota et
al., 2006; Siuta et al., 2010). We show that impaired mTORC2/
Akt signaling alters striatal DA tone and increases basal and
AMPH-induced locomotion and stereotypic counts. These be-
haviors, traditionally associated with elevated striatal DA signal-
ing (Sharp et al., 1987; Rebec, 2006; Kreitzer and Malenka, 2008),
were associated instead with diminished striatal DA bioavailabil-
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ity. Furthermore, viral-mediated recombination specifically in
dorsal striatum supports the hypothesis that this brain region has
a major role in mediating DA-driven behavioral dysfunction in
response to aberrant mTORC2 signaling and possibly Akt Ser473
phosphorylation.

Materials and Methods
All procedures were performed according to Vanderbilt University Insti-
tutional Animal Care and Use Committee approved procedures.

Generation of mice. Mice were engineered as described previously
(Siuta et al., 2010). Briefly, mice with floxed Rictor alleles were crossed to
Nestin-Cre transgenic animals to produce neuron specific Rictor knock-
out mice (rictor f/f Nes �/� or �/�; nRictor KO). Control mice (CTR)
were littermates that lacked Cre recombinase. All mice were backcrossed
to C57BL6 background for at least 10 generations. To genotype the ani-
mals, DNA from tail clippings was analyzed by PCR with primers for the
floxed, nestin, and recombined alleles as previously described (Shiota et
al., 2006).

Brain slice preparation and biotinylation. For brain slice preparation
and biotinylation, all procedures were performed as previously described
(Robertson et al., 2010). Briefly, 8- to 30-week-old mice were killed by
rapid decapitation, and corticostriatal (300 �m) slices were prepared
with a vibratome (Leica, VT1000S) in ice-cold oxygenated (95% O2/5%
CO2) sucrose solution (sucrose 210 mM; NaCl 20 mM; KCl 2.5 mM; MgCl2
1 mM; NaH2PO4�H2O 1.2 mM). Slices were then collected in oxygenated
artificial CSF (ACSF) (NaCl 125 mM, KCl 2.5 mM, NaH2PO4�H2O 1.2
mM, MgCl2 1 mM, CaCl2�2H2O 2 mM), washed twice with oxygenated 4°C
ACSF, and then incubated with 4°C ACSF solution containing 1 mg/ml
of EZ-Link Sulfo-NHS-SS-Biotin (Pierce/Thermo Scientific) for 45 min.
After biotin incubation, the slices were rinsed, washed, and the reaction
terminated with ACSF-containing glycine. Dorsal striatum slices from
CTR and nRictor KO mice were anatomically paired, dissected on ice,
and frozen at �80°C until use. After homogenization, biotinylated (sur-
face proteins) fraction was isolated with ImmunoPure immobilized
streptavidin beads (Pierce). Total slice lysates and biotinylated fractions
underwent immunodetection for DA transporter (DAT) and DA D2
receptor (D2R).

Tissue harvest: monoamine, metabolites, and amphetamine (AMPH)
content. Mice (8 –30 weeks old) were killed by rapid decapitation under
volatile isoflurane anesthesia; brains were removed and chilled on ice.
Dorsal striatum was dissected out from two hemispheres to create com-
parable samples for both monoamine content and immunoblotting. Af-
ter dissection, tissue was frozen on dry ice and stored in �80°C until use.
Monoamine content was determined at the Vanderbilt University Neu-
rochemistry Core via high performance liquid chromatography (HPLC)
with amperometric detection as described previously (Robertson et al.,
2010). To evaluate AMPH concentration in the dorsal striatum, proce-
dures as above were followed in mice injected with 2 mg/kg AMPH
intraperitoneally 30 min before decapitation.

Immunoblotting. Tissue was lysed in 1% Triton lysis buffer (25 mM

HEPES, 150 mM NaCl, 2 mM sodium orthovanadate, 2 mM NaF, plus a
mixture of protease inhibitors and phosphatase inhibitors) and centri-
fuged at 17,000 � g for 30 min at 4°C. Supernatant was collected into
0.1% Triton pulldown buffer (25 mM HEPES, 150 mM NaCl, 2 mM so-
dium orthovanadate, 2 mM NaF, plus a mixture of protease inhibitors
and phosphatase inhibitors). Protein concentration was determined us-
ing Bio-Rad protein concentration kit, and all samples were equalized for
total protein amount. Proteins were denatured with SDS-PAGE sample
loading buffer at 95°C for 5 min, cooled to room temperature, and sep-
arated by 10% SDS-PAGE. Resolved proteins were then transferred to
PVDF membrane and blocked in either 5% milk or 2.5% BSA in 0.1%
Tween 20 Tris-buffered saline. Blots were then incubated in primary
antibody rocking either at room temperature for 1 h or overnight at 4°C.
The primary antibodies used in this study included Akt (1:1000, Cell
Signaling Technology), phospho-Akt serine 473 (pAkt-Ser473) (1:800,
Cell Signaling Technology), D2R (1:100; Santa Cruz Biotechnology), D1
DA receptor (1:500; Sigma-Aldrich), tyrosine hydroxylase (1:1000; Cell
Signaling Technology), phospho-tyrosine hydroxylase serine 31 (1:800;

Cell Signaling Technology), DAT (1:1000; Dr. Roxanne Vaughan, Uni-
versity of North Dakota School of Medicine, Grand Forks, North Da-
kota), ERK 1/2 (1:1000; Promega), phospho-ERK 1/2 (1:800; Promega),
�-actin (used as a loading control; 1:1000; Sigma-Aldrich), Na-K ATPase
(used as a control for biotinylation; 1:1000; DSHB, Department of Biol-
ogy, John Hopkins University). All proteins were detected using HRP-
conjugated secondary antibodies (1:4000; Santa Cruz Biotechnology).
After chemiluminescent visualization (PerkinElmer) on Hyblot CL film
(Denville Scientific), protein band densities were quantified using Im-
ageJ software (ImageJ, National Institutes of Health, Bethesda, MD).

Ex vivo DA uptake. Corticostriatal slices were prepared as described
above. After collection, slices were allowed to recover in 28°C oxygenated
ACSF for1 h. The slices were then placed into 37°C ACSF uptake buffer
for 10 min (NaCl 125 mM, KCl 2.5 mM, NaH2PO4�H2O 1.2 mM, MgCl2 1
mM, CaCl2�2H2O 2 mM, pH 7.4) containing [ 3H]-DA (50 nM). Immedi-
ately after uptake, slices were washed in ice-cold ACSF three times, ho-
mogenized in 1% Triton lysis buffer (see Immunoblotting), and spun
down at 17,000 � g for 30 min at 4°C. Supernatant was collected into
0.1% Triton pulldown buffer, and samples equalized for total protein con-
centration. Ecoscint H scintillation solution (National Diagnostics) was
added to samples and they were quenched overnight, after which radioactiv-
ity was measured. Specific uptake was defined as total uptake minus uptake
obtained in the presence of 10 �M cocaine (nonspecific uptake).

Locomotor behavior. Male mice (8 –12 weeks old) were housed in
temperature- and humidity-controlled rooms and kept on a 12 h light/
dark cycle. Food and water were available ad libitum. Experiments were
conducted in accordance with the National Institutes of Health guide-
lines for the care and use of animals and were approved by the Vanderbilt
University Institutional Animal Care and Use Committee. Initial han-
dling lasted 5 d, with daily intraperitoneal saline injections. On day 6,
mice were tested for open field locomotor activity. Four-hour-long ses-
sions were performed using automated experimental chambers (27.9 �
27.9 cm; MED-OFA-510; MED Associates) under constant illumination
in a sound-attenuated room. During days 7–12, mice were habituated to
the chambers and saline injections: 4 h sessions with two saline injections
daily (at times �120 min and 0 min). On day 13, mice were injected with
saline at time �120 min and allowed to explore the chambers for 2 h to
settle to comparable baseline. At time 0 min, drugs or vehicle were ad-
ministered intraperitoneally (AMPH 2 mg/kg; haloperidol 0.8 mg/kg in
DMSO) and locomotion recorded for the next 2 h. Analysis of open field
activity, as well as stereotypic counts, was performed using Activity Mon-
itor (MED Associates).

In vivo microdialysis. Mice under anesthesia with isoflurane were
placed in a stereotaxic frame (Kopf Instruments) with a mouse adapter. A
guide cannula (CMA7 microdialysis) was placed above the dorsal stria-
tum (1.4 anteroposterior, �1.4 mediolateral from bregma, and �0.9
dorsoventral from dura for CTR mice, and 1.0 anteroposterior, �1.4
mediolateral from bregma, and �0.3 dorsoventral from dura for nRictor
KO mice) and secured to the skull with epoxy adhesive (Plastics One).
Animals were allowed 24 h to recover from the surgery. One day before
the experiment, animals were placed in individual dialysis chambers, and
the microdialysis probe (CMA7 microdialysis) with the active length of 2
mm was inserted into the guide cannula. One end of a tether (Plastics
One) was attached to a harness and the other end attached to a swivel
(Instech) mounted on a counterbalanced arm above the dialysis cham-
ber. The probe was perfused overnight at a flow rate of 0.5 �l/min with
artificial CSF containing 149 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl2, 1.2
mM MgCl2, 5.4 mM D-glucose, pH 7.2. On the day of the experiment, the
flow rate was changed to 1.0 �l/min and after equilibration, dialysis
fractions (20 min each) were collected to establish baseline concentra-
tions of neurotransmitter efflux. Dialysate samples were stored at �80°C
and analyzed by HPLC-EC for DA levels. Probe placement was verified
after collection of slices.

Ex vivo high-speed chronoamperometry. Corticostriatal slices were pre-
pared and allowed to recover as specified above for DA uptake. DA
concentration was measured by chronoamperometry in the dorsal stria-
tum as previously described (Hoffman and Gerhardt, 1999; Gerhardt and
Hoffman, 2001). Briefly, carbon fiber electrodes (100 �m length � 30
�m O.D.) coated with nafion for dopamine selectivity were lowered into
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the dorsolateral portion of the striatum so that the tip of the recording
electrode was positioned at a depth of 75–100 �m. The voltage was
stepped from 0 to 550 mV for 100 ms and then back to 0 mV, and the
charging current of the carbon fiber electrode was allowed to decay for 20
ms before the signals were integrated. Data were collected at a frequency
of 1 Hz with an Axopatch 200B amplifier. The integrated charge was
converted to dopamine concentration based on in vitro calibration with
dopamine.

Radioactive nemonapride binding. Dorsal striatum tissue was harvested
as described and stored at �80°C until processed. To quantitatively as-
sess D2R expression, plasma membranes were obtained by tissue homog-
enization in 10 volumes of ice-cold 50 mM Tris-HCl buffer (containing
also 1 mM EDTA, 5 mM MgCl2, 1.5 mM CaCl2, 120 mM NaCl, 5 mM KCl,
pH 7.4), and then centrifuged at 40,000 � g for 30 min. The pellet was
resuspended in ice-cold 50 mM Tris-HCl buffer (containing 1 mM EDTA,
5 mM MgCl2, 1.5 mM CaCl2, 120 mM NaCl, 5 mM KCl, 12 �M pargyline,
0.1% ascorbic acid, pH 7.4), after which protein content was determined
by Bradford method. Samples were diluted to the same final protein
concentration.

D2R binding assay was performed on ice, using 1.5 nM [3H]nemonapride
to determine Vmax. Nonspecific binding was determined using 10 �M

sulpiride. For the ligand-binding assays, the membrane preparations
were incubated on a shaker (to prevent precipitation of the membranes)
for 60 min in a final volume of 200 �l. The reaction was stopped by rapid
filtration through Whatman GF/A glass fiber filters. Filters were washed
twice with 5 ml of ice-cold 50 mM Tris-HCl buffer, and, after an overnight
incubation, assayed for radioactivity on a liquid scintillation counter.
Ligand binding was determined by average of duplicates with subtraction
of nonspecific binding, which was observed in the presence of 10 �M

sulpiride (30%–35%).
Stereotactic surgeries and viral injections. Mice were anesthetized with

isoflurane and placed in a stereotaxic frame (Kopf Instruments) with
subsequent injection into two striatal locations. The tip of a 5.0 �l Ham-
ilton microsyringe needle (30 gauge) was inserted to stereotaxic coordi-
nates relative to bregma: anteroposterior 0.75 cm; mediolateral �1.50
cm; and dorsoventral � 3.57 cm, and second dorsoventral coordinate,
�3.00 cm. Viral vector suspension in a volume of 1.5 �l per hemisphere
(0.750 �l into each dorsoventral site) was injected at 0.15 �l/min. After
microinjection, the needle was left for 3 min before withdrawal to reduce
the efflux of injectate along the injection tract. Mice were excluded from
injection failures. For the biochemical assessment, the mice were injected
with recombinant adeno-associated viral vectors (rAAV)-Cre into the
right hemisphere, and with rAAV-eGFP into the left as control. Animals
were killed 3 weeks after microinjection, and analysis of the dorsal
striatum tissue was performed as described above. For the behavioral
experiments, mice were injected bilaterally with either rAAV-Cre or
rAAV-eGFP, and locomotor behavior and AMPH-induced hyperac-
tivity were assessed as described above.

Statistical analysis. All data are expressed as the mean � SEM. Mean
differences between groups were determined using Student’s t test or
two-way ANOVAs followed by post hoc testing when the main effect or
interaction was significant at p � 0.05. Statistical analyses were con-
ducted using GraphPad Prism. The number of animals and specific sta-
tistical analyses used in each experiment are indicated in the text.

Results
Neuronal deletion of Rictor results in impaired Akt Ser473
phosphorylation and increased DA transporter expression
and function in the dorsal striatum
Akt is a serine/threonine protein kinase, whose activity and sub-
strate selectivity are regulated by phosphorylation at two key res-
idues: Thr308 by phosphoinositide-dependent kinase-1, PDK1,
and Ser473 by mTORC2. Rictor, rapamycin-insensitive compan-
ion of mTOR, is the scaffolding protein that maintains mTORC2
integrity, allowing for its kinase activity. nRictor KO mice were
generated by crossing floxed Rictor animals with nestin-Cre trans-
genic mice, as previously described (Siuta et al., 2010). We have
shown that nRictor KO mice lack both rictor mRNA and protein

expression in a gene dosage-dependent manner within the brain
(Siuta et al., 2010). Figure 1A (inset) reveals a lack of Akt Ser473
phosphorylation in the dorsal striatum of the nRictor KO ani-
mals, whereas total Akt is unchanged. Our laboratory and others
have previously shown that Akt function regulates DAT traffick-
ing (Doolen and Zahniser, 2001; Carvelli et al., 2002; Garcia et al.,
2005; Franke, 2008; Lute et al., 2008; Speed et al., 2010) and,
thereby, DA-related behaviors (Williams et al., 2007; Speed et al.,
2011a; Owens et al., 2012). Thus, to understand the role of
mTORC2/Akt signaling in DA neurotransmission, we first eval-
uated DAT surface and total expression in the dorsal striatum of
nRictor KO and control (CTR) animals. Using biotinylation
(representative immunoblots are shown in Fig. 1A), we observed
that defects in mTORC2 signaling lead to increased DAT plasma
membrane expression (Fig. 1B; t(12) � 3.3, p � 0.01, t test) and
elevated total expression of DAT (Fig. 1C; t(15) � 3.1, p � 0.01,
t test). The absence of the cytosolic protein tyrosine hydroxylase
(TH) in the surface fraction indicates the integrity of the experi-
mental preparation, whereas Na/K ATPase serves as a loading
control (Fig. 1A). We next sought to determine whether aug-
mented total and membrane DAT expression in nRictor KO mice
leads to an increase in DAT function. To quantify DAT function,
we assessed [ 3H]-DA uptake in acute striatal slices. Consistent
with the strong increase in DAT protein expression, nRictor KO
mice exhibited significantly higher [ 3H]-DA uptake (Fig. 1D;
t(16) � 2.9, p � 0.01, t test).

nRictor KO mice exhibit increased novelty-induced
locomotion, stereotypic counts, and exaggerated response to
AMPH
DA reuptake by the DAT is the primary mechanism of terminat-
ing DA transmission in the dorsal striatum, shaping the duration
and amplitude of DA signaling (Kristensen et al., 2011). DA neu-
rotransmission is essential for initiation and organization of mo-
tor function (Birkmayer and Hornykiewicz, 1961; Hornykiewicz,
1966; Cotzias et al., 1967; Fischer and Heller, 1967; Ungerstedt,
1968; Ungerstedt and Pycock, 1974; Goldstein et al., 1975; Langs-
ton and Ballard, 1983); therefore, DAT function is critical in
DA-dependent behaviors, such as locomotor activity. Thus, we
determined whether changes in DAT expression and function
translate to altered DA-dependent behaviors in nRictor KO mice.

First, we examined basal locomotion. After 5 d of handling
(see Materials and Methods), animals were placed in open field
chambers and allowed to freely explore. Locomotor activity was
measured as distance traveled in 5 min bins. Compared with
CTR, nRictor KO mice exhibit a dramatic and stable increase in
horizontal locomotion (n � 12, two-way ANOVA, effect of ge-
notype, F(1,528) � 1492, p � 0.0001; followed by Bonferroni post
hoc test; Fig. 2A). Furthermore, stereotypic counts (stereotypic
episodes counted in beam breaks within a small 4-beam box) in
nRictor KO mice are significantly elevated with respect to CTR
animals (n � 10, two-way ANOVA, effect of genotype, F(1,648) �
523.8, p � 0.0001; followed by Bonferroni post hoc test; Fig. 2B).
These data are consistent with the notion that impaired striatal
DA neurotransmission contributes to aberrant “stereotypic be-
haviors” (Kelly et al., 1975; Andrews et al., 1982; Carr and White,
1984; Porrino et al., 1984; Sharp et al., 1987). Mice heterozygous
for rictor deletion did not show alterations in locomotor activity
or stereotypic counts (data not shown), demonstrating that
nestin-Cre transgene has no effect on these DA-associated behav-
iors. Importantly, this also strongly suggests that the full blockade
of mTORC2 signaling is necessary to induce the phenotype ob-
served in the nRictor KO.
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AMPH exerts its action mainly via DAT, causing nonvesicular
DAT-mediated DA efflux (Kahlig et al., 2005; Sulzer et al., 2005).
The observed increase in DAT expression in the dorsal striatum
of the nRictor KO mice allowed us to hypothesize that AMPH
would cause exaggerated behavioral responses in nRictor KO an-
imals. Consistent with this hypothesis, mice that overexpress
DAT (DAT-tg), as well as animals with an increased DAT surface
expression (Gpr37�/�) exhibit exaggerated AMPH-induced hy-
perlocomotion (Marazziti et al., 2004; Salahpour et al., 2008). To
evaluate changes in the locomotor response caused by AMPH in
nRictor KO mice, a 6-day-long habituation protocol (see Mate-
rials and Methods) was empirically used to decrease the basal
locomotion of the nRictor KO to the level of CTR mice. On the
test day (day 7), an initial saline injection was followed by a 2 h
period in the chamber, a sufficient time for all animals to reach
comparable baseline locomotion. AMPH (2 mg/kg) was then ad-
ministered intraperitoneally (time 0), and horizontal locomotion
was recorded in 5 min bins for the next 2 h. nRictor KO animals
demonstrate exaggerated psychomotor response to AMPH, with
locomotor activity markedly higher than that of CTR animals
(two-way ANOVA, effect of genotype, F(1,198) � 71.15, p �
0.0001; followed by Bonferroni post hoc test; Fig. 2C). The AMPH
tissue content in the dorsal striatum of the nRictor KO mouse is
comparable with the CTR animals (Fig. 2D; t(4) � 2.7, p � 0.05,
t test) and, importantly, is clearly not elevated relative to CTR,

indicating that AMPH transport across the blood– brain barrier is
not altered by Rictor deletion.

DAT expression and cellular distribution are precisely regu-
lated, and alterations in DAT availability could contribute to DA
dysfunction and to the pathophysiology of neuropsychiatric dis-
orders. However, clinical studies have not been consistent on this
issue, showing increased, decreased, or no change in striatal DAT
availability in patients with schizophrenia (Brunelin et al., 2013).
We have shown that decreased brain mTORC2 signaling also
results in deficits in prepulse inhibition (Siuta et al., 2010). Here,
we demonstrate that elevated striatal surface and total DAT sup-
port AMPH hypersensitivity. Psychostimulants, including
AMPH, cause changes in behavior by elevating striatal DA bio-
availability (Rebec, 2006). Thus, our data suggest elevated DA
tone in the dorsal striatum of nRictor KO mice. Therefore, our
next goal was to determine the neuronal adaptation caused by
mTORC2 signaling within the DA network.

nRictor KO mice exhibit reduced AMPH-induced DA release,
tissue DA content, and TH phosphorylation
Basal hyperlocomotion and exaggerated locomotor response to
AMPH are phenotypes suggestive of striatal DA hyperfunction
(Bardo et al., 1990; Rebec, 2006). To further test this, we evalu-
ated AMPH-induced DA release in the dorsal striatum of nRictor
KO mice by in vivo microdialysis and ex vivo chronoamperom-

Figure 1. DAT expression and function are increased in the dorsal striatum of the nRictor KO mouse. A, Representative immunoblots of surface and total protein fractions probed with a selective
anti-DAT antibody or with an anti-Na-K ATPase antibody to serve as a loading control. TH, a cytosolic protein, was detected in the total fraction but not in the biotinylated fraction. Inset,
Representative immunoblot of pAkt-473 in the dorsal striatum of nRictor KO mice and CTR animals. B, Quantitation of the optical density of DAT surface fraction normalized to CTR (n � 13). C,
Quantitation of the optical density of the total protein fraction normalized to CTR (n � 16). D, [ 3H]-DA uptake in anatomically paired striatal slices obtained from CTR and nRictor KO mice expressed
as a percentage of control (n � 18). *p � 0.05 (t test). **p � 0.01 (t test).

8846 • J. Neurosci., June 10, 2015 • 35(23):8843– 8854 Dadalko et al. • mTORC2/Rictor Signaling and DA-Dependent Behaviors



etry. The nRictor KO mouse has reduced brain size (Siuta et al.,
2010) consistent with the phenotype of the Akt3 KO mouse (Eas-
ton et al., 2005). Thus, we empirically defined the stereotactic
coordinates to ensure accurate and parallel placement of the
probe in the nRictor KO and CTR animals. At 18 –24 h after mice
underwent guide cannula placement, microdialysis probes were
inserted into the dorsal striatum of nRictor KO and CTR mice.
Dialysate samples were collected in 20 min intervals and analyzed
by HPLC for monoamine and metabolite content. After estab-
lishing a stable baseline, AMPH was administered (2 mg/kg i.p.).
AMPH-induced DA release was significantly reduced in the dor-
sal striatum of nRictor KO mice relative to CTR (two-way
ANOVA, effect of genotype, F(1,12) � 13.8, p � 0.01; followed by
Bonferroni post hoc test; Fig. 3A).

To confirm this reduction in AMPH-induced DA efflux, we
used ex vivo chronoamperometry to measure AMPH-induced
DA release directly from striatal slices. Coronal slices with dorsal
striatum were recovered in 28°C oxygenated aCSF for a mini-
mum of 1 h before recording. The carbon fiber electrode was
angularly deepened into the dorsolateral portion of the striatum
(same locale as microdialysis). AMPH (10 �M) was bath applied
after 30 min of baseline recordings. In agreement with the micro-
dialysis data, AMPH-induced DA release was significantly re-
duced in the striatal tissue of the nRictor KO compared with CTR
animals (two-way ANOVA, effect of genotype, F(1,410) � 106.4,
p � 0.0001; followed by Bonferroni post hoc test; Fig. 3B).

It is possible that the observed decrease in AMPH-induced DA
efflux stems from impaired function of TH, the rate-limiting
enzyme for DA synthesis. Indeed, it has been shown that TH

inhibition leads to a reduction in psychostimulant-induced DA
release, confirming that the newly synthesized pool of DA is es-
sential for AMPH-induced DA efflux (Butcher et al., 1988;
Thomas et al., 2008). TH conformation and activity are regulated
by four phosphorylation sites. Ser31 is the key residue whose
phosphorylation correlates with TH activity in vivo (Salvatore et
al., 2009; Damanhuri et al., 2012; Salvatore and Pruett, 2012).
Further, it has been shown that DA levels also correlate with the
level of TH phosphorylation at Ser31 (Salvatore, 2014). Thus, we
quantified pTH-Ser31 in nRictor KO mice relative to CTR ani-
mals. Indeed, phosphorylation of TH at Ser31 is reduced in nRic-
tor KO mice with respect to CTR animals (Fig. 3C; t(12) � 6.0, p �
0.001, t test). These data reveal a strong association between
mTORC2 signaling, TH phosphorylation, and the ability of
AMPH to cause DA efflux. In line with the downregulation of
pTH-Ser31, we found a reduction in DA and its metabolites in
the dorsal striatum tissue of nRictor KO animals, as well as a
consistent increase in tyrosine, the DA precursor (Fig. 3D; DA:
t(21) � 2.6; tyrosine: t(8) � 2.9; DOPAC: t(22) � 3.6; HVA: t(21) �
4.7).

Elevated striatal expression of D2R and pERK1/2 in nRictor
KO mice supports exaggerated AMPH-induced locomotion
Basal hyperlocomotion, elevated stereotypic counts, and the abil-
ity of AMPH to induce exaggerated hyperactivity are behaviors
that rely, at least in part, on increased DA tone in the dorsal
striatum (Bardo et al., 1990; Rebec, 2006). However, nRictor KO
animals exhibit reduced AMPH-induced DA release (Fig. 3). This
is consistent with lowered DA tissue content and attenuated

Figure 2. Neuronal deletion of Rictor results in novelty-induced hyperactivity, increased stereotypic counts, and exaggerated locomotor response to AMPH. A, Horizontal locomotion measured
in open field chambers in 5 min intervals. Shown is the distance traveled in centimeters (n � 12). B, Stereotypic counts binned in 5 min intervals (n � 10). C, AMPH (2 mg/kg i.p.) stimulated
locomotor activity binned in 15 min intervals (n � 10). Both CTR and KO mice were habituated to achieve nonsignificant differences in basal locomotor activity before AMPH injection. Data represent
distance traveled in centimeters. D, At 30 min after 2 mg/kg (i.p.) AMPH, animals were killed, and tissue content of AMPH was measured by HPLC in striatal homogenates. *p � 0.05 (Bonferroni post
hoc test). **p � 0.01 (Bonferroni post hoc test). ***p � 0.001 (Bonferroni post hoc test).
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phosphorylation of TH at Ser31. Thus, it is possible that altered
expression and/or function of DA receptors (e.g., D1R and D2R)
are involved. In support of this hypothesis are data demonstrat-
ing that mice with elevated striatal D2R expression display in-
creased locomotion in a novel environment (Kramer et al., 2011).
Further, toxin ablation and functional disruption of D2R-
expressing striatopallidal medium spiny neurons (MSNs) inhibit
locomotor activity (Durieux et al., 2009; Bateup et al., 2010).
Consistently, we found total protein levels of D2R in the dorsal
striatum of nRictor KO mice to be significantly elevated relative
to CTR animals (Fig. 4A; t(26) � 3.3, p � 0.01, t test). Surface
expression of D2R determined by slice-surface biotinylation was
also significantly increased (CTR 100 � 12.7; nRictor KO 245 �
49.0; t(8) � 3.8, p � 0.01, t test). To corroborate these findings, we
isolated plasma membranes from the dorsal striatum tissue and
observed elevated [ 3H]-nemonapride (a potent D2R antagonist)
binding in the nRictor KO mice, further evidence of increased
D2R (Fig. 4B; t(17) � 1.9, p � 0.05, t test). Importantly, the levels
of D1R in the nRictor KO mice were not significantly different
from those of CTR (Fig. 4C; t(23) � 1.19, p � 0.05, t test).

Activation of D2R results in enhanced phosphorylation of
extracellular signal-related kinase (ERK1/2) (Luo et al., 1998; Cai
et al., 2000; Wang et al., 2005; Bolan et al., 2007). The relationship
between D2R signaling, ERK1/2 phosphorylation, and locomo-

tion has been defined by Cai et al. (2000) who demonstrated that
activation of ERK1/2 in DA-deficient dorsal striatum is required
for D2R signaling to drive locomotor hyperactivity. Here, we
observe that the increase in D2R expression in nRictor KO mice
leads to a marked basal increase in striatal pERK1/2 (Fig. 4D;
t(12) � 3.0, p � 0.01, t test). To determine the role of D2R in the
hyperlocomotion observed in nRictor KO mice, we first tested
the effect of haloperidol, a typical antipsychotic and D2R antag-
onist, on ERK1/2 phosphorylation in the dorsal striatum. Halo-
peridol was administered (0.8 mg/kg i.p., a dose of therapeutic
relevance) to efficiently block the elevated D2R of nRictor KO
mice (Clapcote et al., 2007; Lipina et al., 2010). One hour after
injection, mice were killed and dorsal striatal homogenates
probed for pERK1/2. In nRictor KO mice, haloperidol reduced
pERK1/2 to CTR levels (Fig. 5A; t(16) � 1.7, p � 0.05, t test),
indicating that the enhanced D2R signaling causes increased
ERK1/2 phosphorylation in the KO animals. D2R are involved in
the symptomology of patients with neuropsychiatric disorders,
and human imaging studies show elevated efficacy of DA to stim-
ulate D2R in both drug-naive and treated schizophrenia patients
(Abi-Dargham et al., 2000). Next, we determined whether block-
ade of D2R with haloperidol (administered as above) alters levels
of pTH-Ser31 in nRictor KO animals. In nRictor KO mice, halo-
peridol significantly increased levels of pTH-Ser31 with respect to

Figure 3. nRictor KO exhibit reduced AMPH-induced DA release, tissue DA content, and TH phosphorylation. A, Time course of extracellular DA concentration as measured by microdialysis coupled
with HPLC from the dorsal striatum of CTR and nRictor KO mice after intraperitoneal administration of AMPH (2 mg/kg) (n � 2). Results are shown as percentage of baseline in 20 min intervals. B,
AMPH-induced (10 �M) DA release measured by oxidation currents from striatal slices reported as �M DA release (n � 6). C, Top, pTH-Ser31 and TH representative immunoblots obtained from
striatal tissue. Bottom, Quantification of the ratio of pTH-Ser31 to total TH expressed as a percentage of CTR (n � 7). D, DA tissue content (n � 11–12), its precursor tyrosine (n � 5), and its
metabolites DOPAC (n � 12) and HVA (n � 11–12) as measured by HPLC in striatal homogenates. *p � 0.05 (t test). **p � 0.01 (t test). ***p � 0.001 (t test).

8848 • J. Neurosci., June 10, 2015 • 35(23):8843– 8854 Dadalko et al. • mTORC2/Rictor Signaling and DA-Dependent Behaviors



saline-injected animals (Fig. 5B; t(16) � 3.9, p � 0.01, t test). These
data indicates that enhanced D2R signaling contributes, a least in
part, to the decreased pTH-Ser31 in the KO animals. To further
define the role of D2R in the phenotypes of the nRictor KO mice,
we tested whether haloperidol would block the exaggerated re-
sponse to AMPH in nRictor KO mice. Coadministration of hal-
operidol with AMPH reversed the exaggerated AMPH-induced
hyperactivity of nRictor KO mice, reducing their locomotor ac-
tivity to the level of CTR mice (Fig. 5C; locomotor activity repre-
sented as area under the curve from the time of injection to 60
min, AMPH treatment: t(9) � 2.4, p � 0.05, t test; AMPH �
haloperidol (AMPH Haldol) treatment: t(9) � 1.2, p � 0.5, t test).

Reduced mTORC2 signaling in the dorsal striatum supports
exaggerated AMPH-induced hyperactivity
rAAVs are widely used for temporally and spatially controlled
gene delivery. Of many naturally available serotypes, rAAV-5 was

shown to be the most efficient for genetic transduction in the
dorsal striatum of mice (Aschauer et al., 2013) and nonhuman
primates (Markakis et al., 2010). To strengthen our hypothesis
that AMPH-induced hypersensitivity of nRictor KO animals
stems, at least in part, from impaired mTORC2 signaling specif-
ically in the dorsal striatum, we selectively deleted Rictor by in-
jecting rAAV-Cre into the dorsal striatum of floxed Rictor mice.
For biochemical assessment, floxed Rictor animals were injected
unilaterally with rAAV-Cre, whereas the other hemisphere was
injected with rAAV-eGFP as a control. Light and fluorescence
microscopy confirmed localization of injections to dorsal stria-
tum (Fig. 5D, top). Dorsal striata injected with rAAV-Cre showed
a reduction in pAkt-473 compared with rAAV-eGFP injected
striata (Fig. 5D, bottom). Four weeks after bilateral rAAV-Cre
injection, animals exhibited exaggerated AMPH-induced hyper-
locomotion relative to rAAV-eGFP animals (Fig. 5E; locomotor

Figure 4. Elevated expression of D2R and not D1R increases pERK1/2 in the nRictor KO mice. A, Representative immunoblots (top) and optical density quantitation (bottom) of D2R expression in
the dorsal striatum of nRictor KO and CTR animals. Actin was probed as a loading control. Data are expressed as percentage of CTR (n � 14). B, [ 3H]Nemonapride binding to striatal plasma
membranes of CTR and nRictor KO mice: nonspecific binding (in the presence of 10 �M sulpiride) was subtracted from the specific binding, which was counted in duplicates in DPM and averaged
within a sample. Data normalized to CTR levels (n � 8). C, Representative immunoblots (top) from striatal homogenates obtained from nRictor and CTR mice probed with D1R antibody, and
quantitation of the respective optical densities (bottom). Data are shown as a percentage of control. Actin immunoblots served as a loading control (n � 12–13). D, Representative immunoblot
and quantification of pERK1/2 (shown as a percentage of control) and total ERK in the dorsal striatum of CTR and nRictor KO. Actin is the loading control (n � 6 – 8). *p � 0.05 (t test).
**p � 0.01 (t test).
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activity represented as area under the curve from the time of
injection to 60 min, t(12) � 2.2, p � 0.05, t test).

Discussion
The mTORC2 complex is responsible for phosphorylation of
AGC kinases to promote their maturation, stability, and allosteric
activation (Oh and Jacinto, 2011). These kinases include Akt,
serum/glucocorticoid regulated kinase 1, and protein kinase C�.
Clinical evidence supports a role for Akt in DA-dependent men-
tal illness (Emamian et al., 2004; Lu and Dwyer, 2005; Krishnan et
al., 2008). Nonetheless, the molecular mechanisms linking al-
tered mTORC2/Akt signaling to impaired DA neurotransmis-
sion and corresponding behaviors have been elusive. Here, we
demonstrate how genetic deletion of Rictor protein and the par-
allel reduction of pAkt-473 in the brain results in altered striatal
DA tone.

Our laboratory has extensively studied how Akt signaling in-
fluences DA tone in the brain (Williams et al., 2007; Speed et al.,
2010, 2011a). Our published data reveal that Akt function sup-
ports DAT surface expression (Williams et al., 2007; Speed et al.,
2010, 2011a). Here we expand upon these findings, demonstrat-
ing that genetic deletion of the protein Rictor causes a reduction
in Akt Ser473 phosphorylation and an increase in DAT expres-
sion. These data are consistent with a differential role of Akt
Ser473 phosphorylation and Akt function in DA homeostasis.
However, in the current study, we cannot rule out the possibility
that other AGC kinases regulated by mTORC2 participate in this
process. These data warrant further mechanistic investigation to

understand the differential effects that perturbations of the
mTORC2 pathway might have on central DA neurotransmission.
In this context, it is important to point out seminal work by
Mazei-Robison et al. (2011).

Here we show that genetic disruption of mTOR/Rictor signal-
ing in the brain in nRictor KO mice behaviorally manifests in
novelty-induced hyperactivity and AMPH hypersensitivity, two
phenotypes that have been associated in animal models with
schizophrenia (Gainetdinov et al., 2001). These behaviors were
mechanistically supported by both presynaptic and postsynaptic
changes in the DA system. These include diminished DA bio-
availability and elevation in D2R and its downstream signaling.
Further, we demonstrate that mTORC2 signaling specifically in
the dorsal striatum regulates AMPH-induced locomotion.

Striatum is a basal ganglia nucleus critically involved in inte-
grating motor control, reward, and motivation. It is also impli-
cated in brain disorders, such as Parkinson’s and Huntington’s
disease, drug addiction, and schizophrenia (Nestler, 2005; Kel-
lendonk et al., 2006; Kreitzer and Malenka, 2008; Simpson et al.,
2010; Durieux et al., 2012). Studies in animal models link stereo-
typy to aberrant DA signaling in the dorsal striatum (Kelly et al.,
1975; Andrews et al., 1982; Carr and White, 1984; Porrino et al.,
1984; Sharp et al., 1987). Our results demonstrate that global
brain impairment of mTORC2 signaling results in hyperactivity,
increased stereotypy, and exaggerated response to AMPH. A lim-
itation to the genetic approach undertaken here is that nRictor
KO mice have reduced brain size (Siuta et al., 2010). Therefore,

Figure 5. Treatment with haloperidol supports the role of D2R in exaggerated AMPH-induced hyperactivity in nRictor KO mice, whereas viral intervention reveals that Akt signaling specifically
in the dorsal striatum supports this phenotype. A, Acute administration of haloperidol (0.8 mg/kg i.p.) reduced expression of pERK1/2 in the dorsal striatum of nRictor mice. Top, Representative
immunoblots for pERK1/2 obtained from striatal tissue of CTR and nRictor mice injected either vehicle or haloperidol (Haldol). Bottom, Data were normalized to saline-injected CTR (n � 9). B, Acute
administration of haloperidol (0.8 mg/kg i.p.) decreased expression of pTH-Ser31 in the dorsal striatum of nRictor mice. Top, Representative immunoblots for pTH-Ser31 and total TH obtained from
striatal tissue of CTR and nRictor mice injected either vehicle or haloperidol (Haldol). Bottom, Data were normalized to the corresponding total TH and expressed as a percentage of saline-injected
CTR (n � 9). C, CTR and nRictor KO mice were habituated to saline injections and open field chambers for 6 d. On day 7, drugs were administered intraperitoneally (AMPH 2 mg/kg; haloperidol 0.8
mg/kg) and horizontal locomotor activity recorded in 5 min intervals. Data are represented as area under the curve from time of injection to 60 min (n � 5– 6). D, Viral downregulation of striatal
Rictor results in decreased pAkt-473: AAV-Cre-GFP and AAV-eGFP viral vectors were injected into the dorsal striatum of floxed animals. Shown are representative immunoblots of AAV-Cre-injected
animals versus AAV-eGFP CTRs. Inset, Representative images (4�) demonstrating GFP in the targeted brain region: white light on the left; FITC filter on the right. E, AMPH (2 mg/kg i.p.) induced
locomotion measured following the same handling/habituation protocol as was used for the genetic KO. Data are represented as area under the curve from the time of injection to 60 min (n � 7).
*p � 0.05 (t test). **p � 0.01 (t test).
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we cannot exclude the possibility that the observed phenotype
was influenced by developmental impairment. However, virally
mediated deletion of Rictor specifically in the dorsal striatum of
adult mice significantly increased the ability of AMPH to stim-
ulate locomotion, recapitulating, at least in part, nRictor KO
mouse behavior. Overall, our data strongly support a primary
role for mTORC2 signaling in modulating striatal DA
neurotransmission.

AMPH-induced changes in behavior are caused by elevated
intrasynaptic DA promoted by nonvesicular DAT-mediated DA
release (Fischer and Cho, 1979; Sulzer et al., 2005; Rebec, 2006;
Hamilton et al., 2014). Surprisingly, we found a decrease in DA
bioavailability in response to AMPH in the dorsal striatum of
nRictor KO mice. This finding is further supported by the ob-
served reduction of tissue DA levels, as well as lowered pTH-
Ser31. This key phosphorylation site correlates with TH activity
in vivo and is a reliable predictor of DA tissue content (Salvatore
et al., 2009; Damanhuri et al., 2012; Salvatore and Pruett, 2012).
Together, these data suggest the involvement of compensatory
mechanisms that use DA receptors for the observed behavior. In
this respect, the nRictor KO mouse represents a unique model of
aberrant brain mTORC2 signaling causing a plethora of changes
in central DA neurotransmission, including altered D2R signal-
ing. The finding that nRictor KO mice have elevated D2R expres-
sion, with no change observed in D1R levels, supports this
hypothesis.

nRictor KO mice have reduced striatal DA content in the con-
text of elevated D2R. These data are in line with previous studies
suggesting that striatal DA depletion leads to an increase in D2R,
and not D1R expression (Dewar et al., 1990; Radja et al., 1993).
However, we cannot exclude the possibility that overexpression
of D2R drives the reduction in DA content. In support of this
mechanistic hypothesis, acute administration of haloperidol in-
creased TH phosphorylation at Ser31 in nRictor KO mice. This
key phosphorylation site correlates with TH activity in vivo and is
a reliable predictor of DA tissue content (Salvatore et al., 2009;
Damanhuri et al., 2012; Salvatore and Pruett, 2012). We also
hypothesize that increased D2R expression drives the nRictor KO
behavioral phenotype. Consistent with this hypothesis, the
AMPH locomotor hypersensitivity of these mice was blocked by
the D2R inhibitor haloperidol. The involvement of D2R in the
regulation of locomotion is further supported by D2R-eGFP
mice, which overexpress D2R in the medium spiny neurons and
exhibit higher basal activity (Kramer et al., 2011). Therefore, el-
evated D2R in this model appears to drive both reduced DA
synthesis and hypersensitivity to AMPH.

In nRictor KO animals with impaired mTORC2 signaling,
phosphorylation of ERK1/2 is markedly elevated, a known down-
stream target of D2R activation (Luo et al., 1998; Cai et al., 2000;
Wang et al., 2005; Bolan et al., 2007). Therefore, the observed that
increase in D2R expression in nRictor KO mice likely accounts
for the increase in striatal ERK1/2 phosphorylation. This possi-
bility is strengthened by the finding that haloperidol treatment
blocked the exaggerated AMPH-induced hyperlocomotion and
lowered ERK1/2 phosphorylation in nRictor KO mice. Prior
studies have shown that, in DA-depleted striatum, pERK1/2 was
increased in response to D2R, but not D1R stimulation, which led
to a characteristic rotating phenotype that could be blocked by
the inhibition of the MAPK/ERK pathway (Cai et al., 2000). In
addition, a recent study revealed that disruption of upstream
activators of the Akt signaling pathway in D2R expressing striato-
pallidal MSNs results in spontaneous and drug-induced hyperlo-
comotion along with an increase in ERK1/2 phosphorylation

(Besusso et al., 2013). Together, our data suggest a “cross talk”
between mTORC2 function and D2R-ERK1/2 signaling that
drives specific DA-dependent dorsal striatum-associated behav-
iors. Indeed, the significant increase in striatal pERK1/2 was re-
stored to control levels with an acute treatment of haloperidol, a
typical antipsychotic and D2R antagonist. Furthermore, our be-
havior experiments demonstrate that haloperidol blocks the ex-
aggerated AMPH-induced hyperlocomotion in mice with
reduced brain mTORC2 signaling.

In this study, we functionally isolate the dorsal striatum as a
brain region where mTORC2 signaling regulates DA-dependent
behaviors by altering D2R signaling. D2R are clearly involved
in schizophrenia, supported by the fact that typical antipsy-
chotics that target D2R alleviate schizophrenic symptoms in
humans (Chouinard et al., 1993; Min et al., 1993; Odou et al.,
1996; Kasper et al., 1997). Furthermore, D2R antagonists atten-
uate schizophrenia-like phenotypes associated with striatal DA
dysfunction in animal models (Cazorla et al., 2014). Here, we
show that aberrant mTORC2 signaling in the dorsal striatum is
sufficient to alter fundamental DA-dependent behaviors in mice.
Furthermore, we demonstrate that reduction of mTORC2 func-
tion influences DA levels in the dorsal striatum and causes abnor-
mal D2R signaling that leads to aberrant phosphorylation of
ERK1/2, ultimately supporting the observed basal and AMPH-
induced hyperactivity in the KO animals.

Translational relevance
Our prior findings reveal that nRictor KO mice have altered cor-
tical DA neurotransmission associated with impaired prepulse
inhibition (Siuta et al., 2010). In addition to cortical circuits,
dysregulated striatal DA neurotransmission is also thought to be
fundamental to the etiology of schizophrenia (Davis et al., 1991;
Abi-Dargham et al., 2000; Howes and Kapur, 2009). Pivotal evi-
dence supporting the DA hypothesis of schizophrenia stemmed
from studies investigating psychotogenic effects of psychostimu-
lants (Lieberman et al., 1987). Psychostimulants, including
AMPH, disrupt striatal DA homeostasis (Rebec, 2006). Impor-
tantly, they were shown to cause paranoia and psychosis in
healthy individuals, and further exacerbate psychoses in schizo-
phrenic patients (Lieberman et al., 1987). Imaging studies impli-
cate the dorsal striatum in AMPH responses in both healthy
humans and patients with schizophrenia (Weinberger and Laru-
elle, 2002). This study enhances our understanding of how
metabolic signaling via mTORC2 can influence DA neurotrans-
mission in brain and reveals that mTORC2 is a pivotal regulator
of striatal DA neurotransmission and AMPH action. Our data
also support dysfunction of mTORC2 signaling as a possible
mechanism underlying the etiology of schizophrenia.
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