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ARPP-16 (cAMP-regulated phospho-protein of molecular weight 16 kDa) is one of several small acid-soluble proteins highly expressed in
medium spiny neurons of striatum that are phosphorylated in response to dopamine acting via D1 receptor/protein kinase A (PKA)
signaling. We show here that ARPP-16 is also phosphorylated in vitro and in vivo by microtubule-associated serine/threonine kinase 3
(MAST3 kinase), an enzyme of previously unknown function that is enriched in striatum. We find that ARPP-16 interacts directly with the
scaffolding A subunit of the serine/threonine protein phosphatase, PP2A, and that phosphorylation of ARPP-16 at Ser46 by MAST3
kinase converts the protein into a selective inhibitor of B55�- and B56�-containing heterotrimeric forms of PP2A. Ser46 of ARPP-16 is
phosphorylated to a high basal stoichiometry in striatum, suggestive of basal inhibition of PP2A in striatal neurons. In support of this
hypothesis, conditional knock-out of ARPP-16 in CaMKII�::cre/floxed ARPP-16/19 mice results in dephosphorylation of a subset of
PP2A substrates including phospho-Thr75-DARPP-32, phospho-T308-Akt, and phospho-T202/Y204-ERK. Conditional knock-out of
ARPP-16/19 is associated with increased motivation measured on a progressive ratio schedule of food reinforcement, yet an attenuated
locomotor response to acute cocaine. Our previous studies have shown that ARPP-16 is phosphorylated at Ser88 by PKA. Activation of
PKA in striatal slices leads to phosphorylation of Ser88, and this is accompanied by marked dephosphorylation of Ser46. Together, these
studies suggest that phospho-Ser46-ARPP-16 acts to basally control PP2A in striatal medium spiny neurons but that dopamine acting via
PKA inactivates ARPP-16 leading to selective potentiation of PP2A signaling.
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Introduction
Our previous studies have identified a family of phospho-protein
substrates for cAMP-dependent protein kinase (protein kinase A

[PKA]) in striatal medium spiny neurons (MSNs) (Walaas et al.,
1983a, b). These include DARPP-32 (dopamine and cAMP-
regulated phospho-protein of apparent molecular weight 32 kDa),
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Significance Statement

We describe a novel mechanism of signal transduction enriched in medium spiny neurons of striatum that likely mediates effects
of the neurotransmitter dopamine acting on these cells. We find that the protein ARPP-16, which is highly expressed in striatal
medium spiny neurons, acts as a selective inhibitor of certain forms of the serine/threonine protein phosphatase, PP2A, when
phosphorylated by the kinase, MAST3. Under basal conditions, ARPP-16 is phosphorylated by MAST3 to a very high stoichiom-
etry. However, the actions of MAST3 are antagonized by dopamine and cAMP-regulated signaling leading to disinhibition of
ARPP-16 and increased PP2A action.
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ARPP-21 (now termed RCS for regulator of calmodulin signaling),
ARPP-16, and ARPP-90 (now known to be RAP1GAP) (Walaas et
al., 1983a; Hemmings et al., 1984a, b; Hemmings and Greengard,
1989; Horiuchi et al., 1990; McAvoy et al., 2009). The roles of
DARPP-32 and RCS have been well documented; DARPP-32, when
phosphorylated by PKA, acts as a potent inhibitor of protein phos-
phatase-1 (PP1) (Hemmings et al., 1984a), whereas RCS, when
phosphorylated by PKA, acts to sequester calmodulin and to inhibit
calmodulin signaling, including the regulation of PP2B (also known
as calcineurin) (Rakhilin et al., 2004). Extensive studies have indi-
cated that DARPP-32 and RCS play critical roles in mediating the
effects of dopamine in the brain (Greengard et al., 1999; Rakhilin et
al., 2004; Walaas et al., 2011; Yger and Girault, 2011; Davis et al.,
2012). However, little is known about the role of ARPP-16 in the
striatum.

ARPP-16 is closely related to ARPP-19, an alternatively spliced
variant that contains an additional 16 amino acids at the N terminus.
ARPP-16/19 are also related to �-endosulfine (ENSA or ARPP19e),
a distinct gene product that is highly conserved within the common
region of ARPP-16/19 but contains an N-terminal region distinct
from that of ARPP-19 (Horiuchi et al., 1990; Dulubova et al., 2001).
ARPP-16 is highly expressed in MSNs in the dorsal striatum, nucleus
accumbens, and also to a lesser extent in amygdala and frontal cortex
(Girault et al., 1990; Brené et al., 1994). In contrast, ARPP-19 is
expressed in non-neuronal cells. ENSA is widely distributed in brain
and represents most of the 19 kDa form of the ARPP-16/ENSA pro-
teins in striatum (Dulubova et al., 2001).

In the current study, we have used proteomic methods to
demonstrate a direct interaction between ARPP-16 and the A
subunit of the serine/threonine phosphatase, PP2A. Moreover,
we find that ARPP-16 is phosphorylated at Ser46 by MAST3
kinase, an enzyme of previously unknown function, and that
phosphorylation converts ARPP-16 into a selective inhibitor of
heterotrimeric forms of PP2A (catalytic C subunit, plus core A
subunit, and accessory B subunits). Biochemical experiments
and behavioral studies of mice lacking ARPP-16 in forebrain sug-
gest that phospho-Ser46-ARPP-16 acts to basally inhibit PP2A
activity toward selected substrates and that this can be attenuated
via cAMP-mediated dephosphorylation of Ser46. These results
complement recent studies that have identified a role for ARPP-
19, ENSA and the Greatwall (Gwl) kinase, as regulators of PP2A
during mitosis (Gharbi-Ayachi et al., 2010; Mochida et al., 2010)
but show that in striatal neurons this PP2A regulatory system is
regulated and used in a distinct manner.

Materials and Methods
Materials. pET28-ARPP-16, pET28-ARPP-19, and pGEXKG-PP2A-A
were prepared using standard procedures. Truncation mutants of the
PP2A A-subunit were created using a pGEXKG-PP2A-A construct.

Antibodies used for these studies include the following: anti-rabbit
total ARPP-16/19/e (1:1000 G153) (Horiuchi et al., 1990), anti-rabbit
pS46/62 on ARPP-16/19/e (1:1000 RU1102, generated as described be-
low), anti-rat PP2A-A antibody (1:1000 Covance), anti-mouse PP2A-C
(1:2000) (catalog #05-421 RRID:AB_309726) and anti-HA antibody (1:
1000) (catalog #05-904 RRID:AB_11213751) (both from Millipore),
monoclonal RCS (1:5000 6A) (Ouimet et al., 1989), monoclonal total
DARPP-32 (1:5000 5a) (Ouimet et al., 1984), anti-rabbit pT75 on
DARPP-32 (1:500 RU911), anti-rabbit pT34 on DARPP-32 (1:1000
cc500) (Stipanovich et al., 2008), total Akt (catalog #2966L RRID:
AB_823417), pT308 on Akt (catalog #4056 also 4056S, 4056L RRID:
AB_331163) (1:1000), monoclonal total ERK1/2 (catalog #9107S
RRID:AB_10695739) (1:1000), anti-rabbit pT202/Y204 on ERK1/2 (cat-
alog #4370 RRID:AB_2315112) (1:2000), and total Tau (tau46 1:1000)
(catalog #4019S RRID:AB_10695394) (all obtained from Cell Signaling

Technology), p396 on Tau (1:1000 Invitrogen), anti-rabbit total GluR1
(1:1000, Millipore Bioscience Research Reagents), anti-rabbit p845 on
GluR1 (1:1000, PhosphoSolutions), total elongation factor-2 (EF2) and
phospho EF2 (1:1000 G118 and 1:1000 cc81) (Marin et al., 1997).
Cocaine-HCl was provided by the National Institute on Drug Abuse.

The RU1102 antibody was generated according to methods developed
and optimized in our previous studies (Nairn et al., 1982; Czernik et al.,
1991). A phospho-peptide encompassing residues 41–50 of ARPP-16
(QKYFDpSGDYN) was used to generate polyclonal rabbit antibodies.
The phospho-antibody fraction was selectively enriched by serial affinity
chromatography on immobilized dephospho- and phospho-peptide
columns. The specificity was confirmed by immunoblotting using
dephospho- and phospho-Ser46 standards (see Fig. 2) and by analysis of
striatal tissue from wild-type (WT) and ARPP-16 knock-out mice (data
not shown).

Expression of recombinant proteins. 6xHis-ARPP-16 and 6xHis-
ARPP-19 proteins were overexpressed in BL21 (DE3) cells, lysed using a
French pressure cell press at 1000 psi (Thermo Spectronic) in binding
buffer (300 mM NaCl, 50 mM potassium phosphate, 10 mM imidazole, pH
8.0) and immobilized onto Profinity IMAC Ni 2� charged resin (Bio-
Rad). The resin was then washed 3 times for 5 min each in wash buffer
(300 mM NaCl, 50 mM potassium phosphate, 20 mM imidazole, pH 8.0),
and then proteins were eluted using 10 ml elution buffer (300 mM NaCl,
50 mM potassium phosphate, 250 mM imidazole, pH 8.0), 1 ml fractions
were collected, and protein content determined using SDS-PAGE.

GST-PP2A-A and truncation mutants were overexpressed in BL21
cells, lysed using a French pressure cell press, and immobilized onto
glutathione Sepharose 4 Fast Flow beads (GE Healthcare). Beads were
washed 3 times with 1� PBS for 5 min each. Protein was eluted (50 mM

Tris-HCl, pH 8.0, 10 mM glutathione), and the GST tag was cleaved off
overnight at room temperature with thrombin (�2 U/ml).

Size-exclusion chromatography (SEC). To ensure highly pure 6xHis-
ARPP-16 and 6xHis-ARPP-19 as well as remove the cleaved GST tag
from PP2A-A for pulldown assays, SEC was performed with assistance
from the National Institute on Drug Abuse Neuroproteomics Center
Biophysics Core. Proteins were separated on a Superdex 75–10/300 col-
umn (GE Healthcare) connected to a 2695 HPLC system (Waters) equil-
ibrated with HBS (20 mM HEPES, 150 mM NaCl, 3 mM EDTA, pH 8.0).
Peaks were visualized using a 2996 Photo Diode Array (Waters) and
collected into �1 ml fractions. Protein purity was determined by SDS-
PAGE and protein amount quantified using a BCA assay.

Identification of protein complexes using differential fluorescence gel elec-
trophoresis (DIGE). The S2 (cytosolic) fraction from 11 adult rat striata or
hippocampi were precleared with Ni 2� charged resin, followed by batch-
binding to 6xHis-ARPP-16 immobilized onto Ni 2� resin in RNase-free
conditions for 4 h at 4°C with shaking. Beads were washed 3 times in wash
buffer (300 mM NaCl, 50 mM potassium phosphate, 20 mM imidazole, pH
8.0), and then eluted with buffer (300 mM NaCl, 50 mM potassium phos-
phate, 250 mM imidazole, pH 8.0). Striatal eluate (50 �g) was labeled with
Cy3, hippocampal eluate (50 �g) labeled with Cy5, and eluate from
precleared beads (50 �g) labeled with Cy2 (control). DIGE was per-
formed using an Ettan DIGE (GE Healthcare) system. Labeled samples
were pooled, and isoelectric focusing was performed using a pI range of
3–10. SDS-PAGE on a 12% gel was performed for the second dimension.
Dye ratios were determined using DeCyder Software (GE Healthcare).
Spots found in the striatal eluate, but not the control, were excised and
subjected to in-gel tryptic digestion. Spots were identified using an Ap-
plied Biosystems 4800 MALDI-Tof/Tof mass spectrometer. The data
were analyzed using the Applied Biosystems GPS Explorer software with
Mascot analysis against both the NCBInr and IPI mouse databases, and a
combined peptide mass fingerprint/MS/MS search was done.

In vitro pulldown assays. To determine direct interactions between
ARPP-16 and PP2A-A (see Fig. 1e), 6xHis-ARPP-16 (50 �g) was immo-
bilized onto 80 �l/sample (of 50/50 slurry) Talon metal affinity resin
(Clontech). Increasing amounts of purified PP2A-A (0, 10, 20, 40, or 80
ng) were added to the beads, and samples were incubated for 1 h at 4°C
with rotation. As a control, 10 ng PP2A-A was added to beads with no
6xHis-ARPP-16 immobilized. The beads were then washed twice with
1� TBS for 5 min each, boiled in 2� Laemmli buffer, separated and
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visualized using standard immunoblotting techniques. To control for
the specificity of the ARPP-16/PP2A interaction compared with other
proteins of similar size and charge (see Fig. 1d), 100 �g of 6xHis-
ARPP-16 immobilized onto 80 �l/sample (of 50/50 slurry) Talon metal
affinity resin was incubated with the S2 (cytosolic) fraction from 2 adult
mouse striata for 3 h at 4°C. After extensive washing, beads were boiled in
2� Laemmli buffer, separated by SDS-PAGE, and interactions were vi-
sualized by immunoblotting with antibodies against PP2A-A (Cell Sig-
naling Technology), PP2A-C (Millipore), PP2B (BD Bioscience), PP1
(Epitomics) or synaptophysin (Cell Signaling Technology).

To determine which region of PP2A-A ARPP-16 and ARPP-19 could
bind (see Fig. 1e), 50 �g of full-length GST-PP2A-A, GST-HEAT1–9,
GST-HEAT1–7, GST-HEAT3-END or GST tag control was immobilized
onto 80 �l/sample glutathione Sepharose 4 Fast Flow beads. Increasing
concentrations of 6xHis-ARPP-16 or 6xHis-ARPP-19 in 50 �l (0, 10 nM,
100 nM, and 1 �M) were added to the beads and incubated for 15 min at
4°C with rotation. The beads were washed twice with 1� PBS for 5 min
with rotation at 4°C. Proteins were eluted (50 mM Tris-HCl, pH 8.0, 10
mM glutathione) and analyzed by SDS-PAGE followed by immunoblot-
ting. As a control, different concentrations of 6xHis-ARPP-16 or 6xHis-
ARPP-19 were added to beads with the GST tag immobilized to detect
nonspecific binding. In addition, 6xHis-RCS, instead of 6xHis-ARPP-16,
was incubated with full-length PP2A-A and truncation mutants to con-
trol for nonspecific binding.

Transfection. HEK293 (RRID:CVCL_6996) cells were cultured to
60%–70% confluence in 10% FBS-DMEM. Expression plasmids (3 �g of
Flag-B56, Flag-B�, Flag-PR72, HA-ARPP-16, or HA-MAST3) were
transfected into HEK293 cells in 10 cm plates by using Lipofectamine
2000 (Invitrogen). Twenty-four hours after transfection, cells were lysed
in a buffer containing 25 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Triton
X-100, protease and phosphatase inhibitor mixtures, followed by centrif-
ugation at 16,000 � g for 10 min. Supernatants were subjected to immu-
noprecipitation or immunoblotting as described below.

Immunoblotting. Cell lysates were separated by SDS-PAGE (Novex
10 –20% gradient gels, Invitrogen) and transferred onto nitrocellulose
membranes, 0.2 �m (Bio-Rad). The membranes were blocked for 1 h at
room temperature (5% nonfat dry milk in PBS, 0.1% Tween 20) and
immunoblotted overnight at 4°C, with specific antibodies as indicated.
Antibody binding was detected using IRDye800 conjugated anti-mouse
IgG (1:10,000; Rockland, catalog #610-102-041 RRID:AB_2614830) or
IRDye680 conjugated anti-rabbit IgG (1:10,000 LI-COR Bioscience, cat-
alog #926-68021 RRID:AB_10706309). Blots were analyzed and quanti-
fied using an Odyssey Infrared Imaging System (LI-COR Bioscience,
Image Studio Lite version 3.1, RRID:SCR_013715).

ARPP-16 in vitro phosphorylation. Purified 6xHis-ARPP-16 (1 �M)
was incubated with immunoprecipitated MAST3 kinase in the presence
of 200 �M ATP (Sigma) or 1 mM thio-�-ATP (Roche) in a total volume of
100 �l phosphorylation assay buffer (50 mM HEPES, pH 7.4, 10 mM

MgCl2) and incubated at 37°C for different times.
Immunoprecipitation and phosphatase assay. Flag-tagged PP2A-B sub-

units were expressed in HEK293 cells and cells lysed as described above.
Lysates were incubated with 50 �l (50% slurry) of anti-FLAG (Sigma-
Aldrich catalog #F1804 RRID:AB_262044) conjugated agarose beads for
2 h at 4°C. Immunocomplexes were washed 3 times in lysis buffer with-
out phosphatase inhibitors and 2 times in PP2A reaction buffer (50 mM

Tris-HCl, pH 7, 100 �M CaCl2). Immunocomplexes for B�-, B56�-, or
PR72-PP2A trimers or purified PP2A-AC dimer (0.01 U/�l, Millipore)
were resuspended in 100 �l of PP2A reaction buffer and incubated with-
out or with ARPP-16 or thio-�-phosphorylated ARPP-16 (50 nM, 100
nM, 1000 nM) for 10 min at 37°C in the presence of 500 �M phosphopep-
tide (K-R-pT-I-R-R). Phosphatase activity was measured by malachite
green assay kit (Millipore).

DARPP-32 in vitro phosphorylation and PP2A activity assay. Recombi-
nant purified DARPP-32 (200 �g) was phosphorylated by CDK1 at 30°C
for 1 h, in buffer containing 50 mM Tris-HCI, pH 7.1, 150 mM KCI, 10 mM

magnesium acetate, and 200 �M [�- 32P] ATP. Proteins were precipitated
in 100% trichloroacetic acid (TCA) and after extensive washing the pellet
was resuspended and dialyzed in 20 mM Tris-HCl pH 7.6, 5 mM

�-mercaptoethanol. For the PP2A assay, different PP2A heterotrimers

were incubated without or with ARPP-16 or thio-�-phosphorylated
ARPP-16 (200 nM) in the presence of 37.5 �M [ 32P]-DARPP-32 for 10
min at 30°C. Free [ 32P] was measured by scintillation counting (Ceren-
kov radiation) after precipitation of [ 32P]-phosphoproteins with cold
TCA (McAvoy and Nairn, 2010).

Animals. Mice were cared for in animal facilities located at the Con-
necticut Mental Health Center and operated by Charles River Laboratory
staff, or in the animal facility at the Rockefeller University. Animals were
maintained on a 12 h light/12 h dark cycle with all behavioral experi-
ments conducted during the light cycle. Constitutive knockout of the
arrp19 gene (ARPP-16/19 KO mice) is embryonic lethal (A. Horiuchi, P.
Greengard, A.C. Nairn, unpublished results). We therefore generated
floxed ARPP-16/19 mice, which were bred on a mixed C57BL/6/129
background. Floxed ARPP-16/19 mice were crossed with animals ex-
pressing cre recombinase under control of the CaMKII� promoter
(CaMKII�::cre) (Casanova et al., 2001). The animals were bred to ho-
mozygosity for the floxed allele and littermates either did not have cre
(WT) or were hemizygous for cre (conditional KO [cKO]). PCR was used
to determine mouse genotype, namely, WT or floxed ARPP-16/19, or the
absence or presence of cre. Immunoblotting for the presence or absence
of ARPP-16/19 in lysates from striatum and other brain regions was used
to confirm genotype following completing of biochemical or behavioral
studies (see Fig. 5). Male animals were used for both biochemistry as well
as behavior and the breeding strategy allowed for an ARPP-16/19 cKO to
WT ratio of 1:1. All animals received ad libitum normal mouse chow and
water unless otherwise noted. All procedures were approved by the Yale
University Animal Care and Use Committee (Institutional Animal Care
and Use Committee) or the Rockefeller University Institutional Animal
Care and Use Committee and (Institutional Animal Care and Use Com-
mittee) and followed the National Institutes of Health Guide for the care
and use of laboratory animals.

Striatal slice preparation. Striatal slices from 6- to 8-week-old mice or
90 –110 g rats were prepared as described with slight procedural modifi-
cations (Nishi et al., 1997). The brains were rapidly removed and placed
in ice-cold, oxygenated Krebs-HCO3 buffer (124 mM NaCl, 4 mM KCl, 26
mM NaHCO3, 1.5 mM CaCl2, 1.25 mM KH2PO4, 1.5 mM MgSO4, 10 mM

D-glucose, pH 7.4). Coronal slices (350 �m) were prepared using a vi-
brating blade microtome (VT1000S, Leica Microsystems). Striata were
dissected from the slices and then placed in a polypropylene incubation
tube with 2 ml of fresh, oxygenated Krebs-HCO3 buffer and allowed to
recover for 30 min with constant oxygenation with 95% O2/5% CO2 at
30°C followed by another 30 min of recovery with adenosine deaminase
added to fresh Krebs-HCO3 buffer. Slices were then treated, collected at
the appropriate time point, and rapidly frozen on dry ice. Frozen striatal
slices from mice or rats were sonicated in 1% SDS containing phospha-
tase and protease inhibitor cocktails (Sigma-Aldrich) and quantified us-
ing a standard Pierce BCA protocol (Thermo Scientific). Total lysate (30
�g) was loaded on 10%–20% gradient gels and immunoblotting was
performed as described above.

The stoichiometry of phosphorylation of ARPP-16 at Ser46 in striatal
extracts isolated under basal conditions was measured by immunoblot-
ting analysis of increasing amounts of total protein (30 and 60 �g) to-
gether with a linear standard curve of recombinant 6xHis-ARPP-16
(0.05–5 ng) phosphorylated in vitro by PKA to �1 mol/mol. Immuno-
blots for other proteins and phospho-proteins were performed in a sim-
ilar range of protein amounts.

Progressive ratio. Acquisition of instrumental responding for food
reinforcement and responding on a progressive ratio schedule was
performed as described previously (Gourley et al., 2008), with some
modifications. Briefly, before the start of training, male ARPP-16/19
cKOs and WT littermate controls were food-restricted to 80%– 85% of
their normal body weight. Operant chambers, 16 � 14 � 12.5 cm in size
with three back-lit nose-poke apertures on one side and a magazine for
food delivery on the other side, were used (Med Associates). All boxes
were equipped with house lights, housed in noise attenuating chambers
with white noise generators, and photocells in nose-poke apertures to
measure operant responses and a food magazine, to track entry and
deliver grain based food pellets (20 mg, Bioserv). To habituate mice to the
operant boxes, as well as associate the food magazine with reinforcers,
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individual mice were placed into the operant boxes where they received a
food reinforcer for every entry into the magazine for a maximum of 50
pellets or 15 min, whichever was achieved first. The following day, indi-
vidual mice were placed into the operant boxes and assigned an active
nose-poke aperture, which when entered, dispensed a food reinforcer
into the magazine on a VR2 schedule (1, 2, or 3 active nose-pokes leads to
reinforcement) for the duration of a 25 min trial. Retrieval of a food
reinforcer was necessary for further reinforcement. Mice were trained to
nose-poke for food reinforcement in the active aperture until stable ac-
tivity was achieved (�15% variance over 3 consecutive days). Once mice
acquired the operant task, they were placed into operant boxes to per-
form an escalating linear schedule of progressive ratio reinforcement.
Here, mice had to respond in the active nose-poke, 1, 5, 9 (x � 4…) times
to receive a single food reinforcer (PR4 schedule). The session was timed
out when mice did not respond in the active nose-poke aperture for 5
min or the trial was terminated after 3 h, whichever was achieved first.
The active nose-poke response:reinforcement ratio was considered the
breakpoint ratio and was used to measure motivation for a food reward.
Two independent cohorts of mice were used for progressive ratio studies.

Locomotor activity. ARPP-16/19 cKOs and WT littermate controls
were first placed into 40 � 40 � 30 cm acrylic boxes equipped with two
rows of photobeams to detect vertical and horizontal movement for 60
min before cocaine exposure (Accuscan Instruments). The animals were
then exposed to injection of saline or cocaine (5, 12.5, 20 mg/kg i.p.),
placed back into the boxes, and locomotor activity was recorded using
Fusion 3.2 software for 60 min, with measurements of distance traveled,
vertical and stereotypic movement collected every 5 min. Results from
this study were performed with five cohorts of animals each with ARPP-
16/19 cKOs and WT littermates represented.

Statistical analysis. Statistical analysis was accomplished using Stat-
view software (SAS Institute) or Graph Pad Prism (RRID:SCR_002798)
(GraphPad Software). Descriptions for statistical methods and statistical
results are described within Results and figure legends.

Results
Identification of binding partners of ARPP-16 in
rodent striatum
Preliminary studies in which GFP tagged ARPP-16 or ARPP-19 was
expressed in cultured striatal neurons, or subcellular fractionation of
striatal tissue, indicated that both proteins were cytosolic (data not
shown). Identification of novel proteins that interacted with
ARPP-16 therefore involved immobilization of recombinant 6xHis-
ARPP-16 followed by incubation of a precleared cytosolic fraction
(S2) from either rat striatum or hippocampus to identify binding
partners and to also distinguish any potential striatal-specific inter-
actions. Striatal and hippocampal lysates were incubated with beads
with no His-ARPP-16 immobilized to control for nonspecific bind-
ing. Proteins isolated from striatal samples were labeled with Cy3,
those from hippocampal samples labeled with Cy5, and those bound
nonspecifically from control striatal and hippocampal samples
pooled and labeled with Cy2. Pooled samples were then separated in
two dimensions (isoelectric focusing followed by SDS-PAGE) and
analyzed using 2D DIGE (Fig. 1a, hippocampal data not shown).
From the DIGE analysis, 26 spots were analyzed using LC/MS/MS.
From 10 proteins identified, one was found in both the striatal and
hippocampal samples, but absent in the control. This protein was
identified as the scaffolding A subunit of PP2A (PP2A-A) (Fig. 1a,
arrow). One protein found in striatal, but not hippocampal or con-
trol samples, was identified as tubulin (Fig. 1a, arrowhead). These
findings were replicated with an additional independent DIGE ex-
periment (data not shown). Validation of the interaction between
ARPP-16 and PP2A was performed using independent striatal sam-
ples and recombinant His-ARPP-16 (Fig. 1b). Both the PP2A-A and
PP2A-C subunits were identified by immunoblotting.

PP2A consists of an active dimer of a catalytic C subunit
bound to a scaffolding A subunit. Various accessory B subunits

also bind to the A subunit where they influence the substrate
specificity of PP2A heterotrimeric isoforms (Janssens and Goris,
2001; Xing et al., 2006; Xu et al., 2006, 2008). In neurons, differ-
ences in regional and subcellular distribution of the B subunits
allow for intricate regulation of PP2A activity (Strack et al., 1998).
There are four B subunit gene families (B, B�, B�, B�), each con-
taining two to five members with further diversification in splice
variants. Structural studies of the trimeric forms have revealed
interactions between all three subunits, with the scaffolding A
subunit acting as a base for C subunit docking while allowing for
dynamic interchange of B subunits and other regulators, such as
simian virus-40 (SV40) small t antigen (ST) (Xu et al., 2006, 2008;
Chen et al., 2007; Cho and Xu, 2007; Cho et al., 2007). A direct
interaction between 6xHis-ARPP-16 and PP2A-A was demon-
strated in pull-down experiments in which immobilized His-
ARPP-16 was incubated with recombinant SEC-purified PP2A-A
(Fig. 1c). As an additional control, we examined whether the
interaction of ARPP-16 with PP2A was specific by immunoblot-
ting for two other related protein phosphatases, PP1 and PP2B,
and for synaptophysin a protein with similar surface charge to
PP2A as a control for nonspecific binding to His-ARPP-16 beads.
Of the proteins analyzed, only the A and C subunits of PP2A were
found to interact with His-ARPP-16 (Fig. 1d).

PP2A-A consists of 15 HEAT motif repeats. Crystal structures
of trimeric PP2A have shown interactions of PP2A-C with
PP2A-A via HEAT repeats 11–15 (Xu et al., 2006; Cho and Xu,
2007) and interactions of B subunits via HEAT repeats 2– 8. Crys-
tal structures also show interactions of ST with PP2A-A via HEAT
repeats 3–7 (Chen et al., 2007; Cho et al., 2007). Increasing
amounts of ARPP-16, ARPP-19, or RCS (used as a control) were
incubated with immobilized full-length GST-tagged PP2A-A or
truncated GST-tagged mutants containing different HEAT re-
peats from PP2A-A. As an additional control, GST alone was also
immobilized. Both ARPP-16 and ARPP-19 interacted with full-
length PP2A-A as well as with PP2A-A mutants that contained
HEAT repeats 3–7 (Fig. 1e), suggesting that ARPP-16 and
ARPP-19 may bind to similar regions of PP2A-A as do both B and
ST subunits.

Phosphorylation of Ser46 of ARPP-16 by MAST3 kinase
Our previous studies found that PKA phosphorylates ARPP-16 at
Ser88 (Ser104 in ARPP-19) near the C terminus of the protein (Du-
lubova et al., 2001). In unpublished work, we had also identified
Ser46 (Ser62 in ARPP-19) as being phosphorylated in vitro by Rho
kinase, but phosphorylation of this site was unaffected by inhibition
of Rho kinase in intact cells, and the identity of the relevant kinase
was unknown. However, recent studies in Xenopus oocytes have
demonstrated that ARPP-19 or ENSA, when phosphorylated by Gwl
on Ser62, inhibit PP2A during mitosis (Gharbi-Ayachi et al., 2010;
Mochida et al., 2010). We therefore performed a BLAST sequence
analysis on Gwl, identifying high homology between Gwl and the
microtubule-associated serine/threonine kinase (MAST) family.
The MAST-like kinase (MASTL) is the Gwl homolog in mammalian
cells (Voets and Wolthuis, 2010). Among the other MAST family
members, MAST3 has been shown by in situ hybridization studies to
be highly enriched in the striatum (Garland et al., 2008), but to date
no substrates for this kinase have been identified. For these reasons,
we examined the ability of MAST3 to phosphorylate ARPP-16 (Fig.
2). Expression of MAST3 in HEK293 cells resulted in robust phos-
phorylation of ARPP-16 at Ser46 as measured by immunoblotting
using a phospho-specific rabbit polyclonal antibody (Fig. 2a,b).
Moreover, in vitro, immunoprecipitated HA-MAST3 phosphory-
lated Ser46 of ARPP-16 rapidly and to high stoichiometry (Fig. 2c).
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Regulation of PP2A activity by ARPP-16 in vitro
We next addressed the question of whether ARPP-16 phosphory-
lated by MAST3 was able to inhibit PP2A. However, in preliminary
assays, we found that under our in vitro conditions, phospho-Ser46
was dephosphorylated by PP2A (data not shown). We therefore
phosphorylated 6xHis-ARPP-16 using thio-�-ATP, an ATP analog

that produces thio-phospho-substrates
characterized by slower dephosphorylation
kinetics. Notably, once phosphorylated by
MAST3 kinase, P-�-Ser46-ARPP-16 was re-
sistant to dephosphorylation by PP2A
(Fig. 2d).

We first assessed the action of phospho-
Ser46-ARPP-16 using purified PP2A dimer
containing the PP2A-A and PP2A-C sub-
units. PP2A dimer was incubated with
increasing concentrations of dephospho-
ARPP-16 or phospho-Ser46-ARPP-16
phosphorylated in vitro by recombinant
MAST3 (Fig. 3a). A malachite green assay,
which used a synthetic peptide substrate,
was initially used to assess PP2A activity. Us-
ing this substrate, a slight, but significant,
inhibitory effect of dephospho-ARPP-16 on
PP2A dimer activity was observed, but only
at the highest concentration used (1000
nM). A similar level of inhibition was
obtained using the highest concentra-
tion of phospho-Ser46-ARPP-16 (Fig.
3a; multivariable ANOVA with New-
man–Keuls Multiple Comparison Test;
1000 nM dephospho-ARPP-16 vs PP2A
alone, F(3,8) 	 13.48, p 	 0.0017; 1000
nM phospho-ARPP-16 vs PP2A alone,
F(3,9) 	 6.906, p 	 0.0104).

Although there is possibly some PP2A
dimer in cells, it is likely that most PP2A
activity is associated with a variety of hetero-
trimeric forms of the protein phosphatase.
PP2A specificity is strongly dependent on
the regulatory B subunit, and our previous
studies have implicated the B56� and PR72
heterotrimeric forms of PP2A as being
highly expressed in striatum and responsi-
ble for dephosphorylation of DARPP-32 at
Thr75 (Ahn et al., 2007a, b). We therefore
used phospho-Thr75-DARPP-32 as a phys-
iological substrate that would be more rele-
vant to the function of ARPP-16 in striatum.
The B55� (also termed B�) form of PP2A
has also been found to be regulated by ENSA
(Mochida et al., 2010), and we included this
heterotrimeric form of PP2A in the assays.
The results indicated that PP2A activity was
significantly inhibited only by phospho-
Ser46-ARPP-16 and different isoforms of
PP2A exhibited varying sensitivity, with the
B� form being inhibited to the largest extent
(Fig. 3b; multivariable ANOVA with New-
man–Keuls Multiple Comparison Test;
phospho-ARPP-16 vs B55�, phospho-
ARPP-16 vs dephospho-ARPP-16, F(2,5) 	
412.6, p 	 0.0001; phospho-ARPP-16 vs

B56�, phospho-ARPP-16 vs dephospho-ARPP-16, F(2,3) 	 284.1,
p 	 0.0004; phospho-ARPP-16 vs PR72, phospho-ARPP-16 vs de-
phospho-ARPP-16, F(2,3) 	 21.16, p 	 0.017). Somewhat similar
results were obtained using the phospho-peptide substrate and mal-
achite green assay method instead of 32P-DARPP-32 and TCA pre-
cipitation. However, the extent of inhibition by phospho-ARPP-16

Figure 1. ARPP-16 interacts with the A subunit of PP2A. a, Rat brain S2 fractions were incubated with immobilized His-ARPP-
16, and then eluted proteins were separated using DIGE. The striatal sample was labeled with Cy3, whereas the control sample
(nonspecific binding of striatal samples to beads with no ARPP-16) was labeled with Cy2. Samples were mixed and analyzed by
DIGE. White arrow indicates a spot corresponding to PP2A-A. Arrowhead indicates a spot corresponding to tubulin. b, Independent
striatal S2 samples were incubated with control beads (Control) or beads with immobilized His-ARPP-16 (His-A16), and bound
proteins were analyzed by SDS-PAGE and immunoblotting with antibodies to PP2A-A (red) and PP2A-C (green). c, Increasing
amounts of recombinant, SEC-purified PP2A-A (10, 20, 40, or 80 ng) were incubated with immobilized His-ARPP-16 (50 �g) and
bound protein analyzed by SDS-PAGE and immunoblotting with antibody to PP2A-A. The PP2A-A input (10 ng) is shown in lane 1,
and the eluant from beads with no His-ARPP-16 that were incubated with PP2A-A (10 ng) is shown in lane 2. d, Striatal lysate
fraction S2 was incubated with immobilized His-ARRP-16 (100 �g) or beads alone (empty beads, negative control). Eluted
proteins were separated by SDS-PAGE and immunoblotted with antibody against PP2A-A, PP2A-C, PP1, PP2B, or synaptophysin.
The lysate input (1%) is showed in lane 1; 20% of the eluates were analyzed in lanes 2 and 3. e, Full-length GST-PP2A-A,
GST-tagged truncation mutants of PP2A-A that included HEAT repeats HEAT1–7, HEAT1–9, HEAT3-END, or a GST tag control (50
�g), were immobilized onto glutathione Sepharose 4 Fast Flow beads and incubated with increasing amounts of recombinant,
SEC-purified His-ARPP-16 (A16, 10, 100, or 1000 nM) or SEC-purified His-ARPP-19 (A19, 10, 100, or 1000 nM). Recombinant RCS
(100 or 1000 nM) was incubated with beads to determine nonspecific binding. Eluted samples were analyzed by SDS-PAGE and
immunoblotted for ARPP-16, ARPP-19, or RCS.
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was not as great, dephospho-ARPP-16 in-
hibited enzyme activity, and as a conse-
quence there was little discrimination
between the effects on the different hetero-
trimeric forms of PP2A (data not shown).
The differences observed between the effects
of phospho-Ser46-ARPP-16 on PP2A activ-
ities using a native substrate compared with
a synthetic peptide presumably reflect the
structural basis for the interaction of
ARPP-16 with the PP2A heterotrimer and
polypeptide substrate.

Ser46 of ARPP-16 is basally
phosphorylated to high stoichiometry in
striatal slices and is dephosphorylated in
response to cAMP signaling
ARPP-16 was originally identified as being
phosphorylated at Ser88 by PKA in striatal
lysates (Horiuchi et al., 1990). Subsequent
studies found it to be highly expressed in
MSNs (Girault et al., 1990) where it can be
differentially regulated by D1- and D2-
receptor-mediated signaling (Dulubova et
al., 2001), presumably in direct and indirect
pathway neurons, respectively. However,
nothing is known about the regulation of
the MAST kinases; but based on our studies
in HEK293 cells and in vitro assays, MAST3
was basally active. Consistent with this, we
measured the level of phosphorylation of
Ser46 in striatal extracts isolated under basal
conditions as being �0.8 mol/mol based on
the use of total ARPP-16 and phospho-
Ser46-ARPP-16 antibodies and phosphory-
lated recombinant ARPP-16 standard (data not shown). ENSA, the
predominant 19 kDa form of the protein in striatum, was also phos-
phorylated to a similarly high level. We next examined whether
phosphorylation of Ser46-ARPP-16 (Ser62 in ENSA) was subject to
regulation in striatal slices. Incubation of rat striatal slices with fors-
kolin (10 �M, 10 min), an activator of adenylyl cyclase, led to a
significant decrease in phosphorylation of both ARPP-16 and ENSA
at the MAST3 site (Fig. 4a; t(2) 	 30.49, p � 0.001). These results
were replicated in striatal primary cultures (data not shown). We
also found that incubation of rat striatal slices with the glutamate
receptor agonist NMDA (100 �M for 5 or 15 min) led to a significant
reduction in phosphorylation of ARPP-16 at Ser46 after 15 min (Fig.
4b; multivariate ANOVA with Bonferroni post hoc analysis, F(2,24) 	
5.22, p 	 0.0131), yet no significant difference was detected for
Ser62-ENSA. Ser46-ARPP-16 is contained within a conserved motif,
which also includes an adjacent tyrosine that might be phosphory-
lated ([RK] 
 x(2) 
 [DE] 
 x(3) 
 Y). Conceivably, the reduction
in Ser46 phosphorylation might be secondary to increased phos-
phorylation of the adjacent tyrosine and interference with phospho-
antibody binding. However, pan inhibition of tyrosine kinases with
genistein in striatal slices did not influence the effect of forskolin on
Ser46 dephosphorylation (data not shown).

ARPP-16 acts to regulate phosphorylation of selective PP2A
substrates in striatal neurons
Our results indicate that ARPP-16 phosphorylated at Ser46 by
MAST3 acts as an inhibitor of specific heterotrimeric forms of
PP2A. Moreover, phosphorylation of Ser46 is basally high in stri-

atal tissue. These results therefore suggest that phospho-Ser46-
ARPP-16 would constitutively suppress PP2A activity in striatal
neurons in vivo and that knock-out of ARPP-16 would possibly
lead to increased dephosphorylation of PP2A substrates. Consti-
tutive knock-out of ARPP-16/19 led to embryonic lethality in
mice; therefore, conditional knock-out mice crossed to a mouse
strain expressing Cre recombinase driven by the CaM kinase II�
promoter were generated (ARPP-16/19 cKO). Immunoblotting
confirmed that ARPP-16 was knocked out in forebrain regions
(cortex, hippocampus, amygdala, and striatum) while expression
of ENSA was not affected (Fig. 5a).

We examined the level of phosphorylation of selected PP2A
substrates in ARPP-16/19 cKO mice. This included DARPP-32 at
Thr75 (Nishi et al., 2000; Ahn et al., 2007a), Akt at Thr308 (Kuo
et al., 2008), EF2 at Thr56 (Redpath and Proud, 1990; Redpath et
al., 1993; Feschenko et al., 2002), and tau at Ser396 (Xu et al.,
2008). The results obtained showed a significant decrease in the
basal phosphorylation of DARPP-32 at Thr75 (Fig. 5b; t(6) 	
3.528, p 	 0.012) as well as Akt at Thr308 (Fig. 5c; t(6) 	 2.744,
p 	 0.034) in cKO mice compared with WT. In contrast, no
difference in basal phosphorylation of EF2 at Thr56 or tau at
Ser396 was detected (Fig. 6a,b).

The phosphorylation of Thr202 of ERK1, which is a target for
PP2A (Sontag et al., 1993; Van Kanegan et al., 2005), was also
analyzed. In this case, phosphorylation of ERK was examined in
striatal slices from ARPP-16/19 cKO mice and WT controls in-
cubated with forskolin (10 �M for 0, 10, 30, or 60 min). As ex-
pected (see, e.g., Grewal et al., 1999), forskolin stimulated

Figure 2. ARPP-16 is phosphorylated at Ser46 in intact cells and in vitro by MAST3 kinase. a, Purified ARPP-16 was phosphor-
ylated in vitro with MAST3 kinase, and unphosphorylated (left lane) or phosphorylated (right lane) samples analyzed by immuno-
blotting with total ARPP-16 (bottom) or a phospho-Ser46 antibody (top). b, HA-ARPP-16 was expressed in HEK293 cells without or
with HA-MAST3 kinase, and the phosphorylation at Ser46 of ARPP-16 was analyzed by immunoblotting using the phospho-Ser46-
specific antibody. HA-MAST3 and HA-ARPP-16 expression was analyzed by immunoblotting with an HA antibody. c, Recombinant
purified ARPP-16 (1 �M) was incubated with immunoprecipitated MAST3 for various times (as indicated), and phosphorylation of
Ser46 was measured by immunoblotting. Ser46 phosphorylation was normalized to total ARPP-16 levels, and to the zero time
value in each experiment. Results shown represent the average from three experiments. Error bars indicate SEM. d, Purified
HA-ARPP16 (1 �M) was phosphorylated in vitro with MAST3 kinase in the presence of thio-�-ATP. P-�-Ser-46-ARPP-16 was then
incubated without or with PP2A, and phosphorylation of Ser46 was measured by immunoblotting.
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Figure 3. ARPP-16 inhibits PP2A activity in vitro. a, Purified PP2A-AC dimer (0.01 U/�l, Millipore) was incubated with increasing concentration (0, 0.05, 0.1, and 1 �M) of recombinant, purified
dephospho-ARPP-16 (top) or P-�-Ser46-ARPP-16 (bottom) for 10 min at 37°C and phosphatase activity measured using 500 �M phosphopeptide as substrate. Phosphate release was detected using
a malachite green assay with absorbance measured at 650 nm. b, Recombinant Flag-B�, Flag-B56�, or Flag-PR72 subunits were individually overexpressed in HEK293 cells, and PP2A heterotrimers
were isolated by immunoprecipitation with anti-Flag antibody. PP2A heterotrimeric forms were incubated with 200 nM dephospho-ARPP-16 or P-�-Ser46-ARPP-16 for 10 min at 37°C with
[ 32P]-T75-DARPP-32 as substrate. 32P release was measured following TCA precipitation and scintillation counting. Results are all expressed as percentage changes with respect to PP2A alone
(white bars). *p � 0.05 (Newman–Keuls test). **p � 0.01 (Newman–Keuls test). ***p � 0.001 (Newman–Keuls test). Error bars indicate SEM.

Figure 4. Regulation of phosphorylation of ARPP-16 at Ser46 and ARPP-19/ENSA at Ser62 in striatal slices. a, Rat striatal slices (n 	 6 per condition) were treated without (Control, ctrl) or with
10 �M forskolin (fsk) for 10 min. Samples (30 �g total lysate) were analyzed by immunoblotting for phospho-Ser46 and total ARPP-16 or phospho-Ser62 and total ENSA (top). Phospho-site signals
were each normalized to total protein, and data for forskolin treatment were normalized to controls (bottom bar graph). **p � 0.01 (Student’s t test). ***p � 0.001 (Student’s t test). Error bars
indicate SEM. b, Striatal slices (n 	 3 or 4 per condition) were treated without (ctrl) or with 100 �M NMDA for 5 min (5m), or 15 min (15m), and differences in phosphorylation of ARPP-16 at Ser46
and ENSA at Ser62 were analyzed as in a. *p � 0.05 (multivariate ANOVA with Bonferroni post hoc analysis). Error bars indicate SEM.
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Figure 5. ARPP-16/19 regulates PP2A in a substrate-specific manner in striatum. a, Samples from different brain regions (as indicated) from WT and conditional ARPP-16/19 knock-out
(cKO) mice were analyzed by immunoblotting with an antibody that recognizes ARPP-16, ARPP-19, and ENSA. Striatal slices from ARPP-16/19 cKOs (n 	 4) or WT littermate controls (n 	
3 or 4) were isolated and basal phosphorylation of the PP2A targets, (b) DARPP-32 at Thr75, or (c) Akt at Thr308 were analyzed by SDS-PAGE and immunoblotting. b, Phospho-Thr75
(pD32–T75) and total DARPP-32 (totD32) blots. c, Phospho-Thr308 (pAkt-t308) and total Akt (totAkt) blots. Bottom bar graphs represent cumulative data. *p � 0.05 (Student’s t test).
Error bars indicate SEM. d, Striatal slices from ARPP-16/19 cKOs (n 	 4) or WT littermate controls (n 	 4) were incubated with 10 �M forskolin for 0, 10, 30, or 60 min. Samples were
analyzed by SDS-PAGE, and immunoblotting was done for phospho-Thr202/204 and total ERK1/2 (top); quantitation of phosphorylation as done for Thr202/204 normalized to ERK1.
Bottom graph represents cumulative data. **p � 0.01 (multivariate ANOVA). b–d, Phospho-site signals were each normalized to total protein, and then data for cKO mouse samples
were normalized to controls.
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phosphorylation of ERK1/2 in a time-dependent manner in stri-
atal slices from WT mice, but this effect was attenuated in slices
from ARPP-16/19 cKO mice (Fig. 5d; multivariate ANOVA,
F(1,24) 	 11.71, p 	 0.002). We interpret this result as indicating
that there was no change in the kinase activity that phosphory-
lated ERK in response to forskolin in slices from WT and ARPP-
16/19 cKO mice, but greater PP2A activity in ARPP-16/19 cKO
mice resulted in more rapid dephosphorylation of pERK, which
was revealed at longer time points. Notably, substrates for either
PP1 (the GluA1 subunit of AMPAR at Ser845) (Snyder et al.,
2000) or calcineurin (DARPP-32 at Thr34) (King et al., 1984),
showed no phosphorylation differences in ARPP-16/19 cKO
mice following stimulation of striatal slices with forskolin (Fig. 6c
and Fig. 6d, respectively; GluA1-Ser845, multivariate ANOVA,
F(1,24) 	 1.29, p 	 0.268; DARPP-32-Thr34, multivariate
ANOVA, F(1,24) 	 1.91, p 	 0.180), suggesting that the effects
observed are specific for PP2A.

Conditional ARPP-16/19 knock-out mice exhibit increased
motivation and a decreased locomotor response to acute
cocaine
Increased salience for rewards is a hallmark of psychomotor stim-
ulant addiction (Robinson and Berridge, 2001; Cardinal and
Everitt, 2004), and psychomotor stimulants are known to in-
crease motivation to nose-poke for food reinforcement measured
in a progressive ratio schedule (Poncelet et al., 1983). While
ARPP-16/19 cKO mice showed no difference in acquiring an
instrumental learning task compared with WT littermate con-
trols (Fig. 7a; repeated-measures ANOVA, F(1,19) 	 1.30, p 	
0.268), they exhibited a significantly higher breakpoint ratio
on 2 consecutive days of progressive ratio assessment (Fig. 7b;
repeated-measures ANOVA with Bonferroni post hoc analysis,
F(1,18) 	 6.35, p 	 0.021). Thus, ARPP-16/19 cKO mice exhibit
increased motivation to respond for a food reinforcer compared
with WT littermate controls.

Figure 6. ARPP-16/19 does not regulate Ser845 phosphorylation of GluA1 or Thr34 phosphorylation of DARPP-32. Striatal slices from ARPP-16/19 cKOs (n 	 4) or WT littermate
controls (n 	 3 or 4) were isolated and basal phosphorylation of the PP2A targets, (a) elongation factor-2 (EF2) at Thr56 or (b) tau at Ser396, were analyzed by immunoblotting.
a, Phospho-Thr56 (pEF2) and total EF2 (TotEF2) blots. b, Phospho-Ser396 (pTau) and total tau (TotTau) blots. Bar graphs represent cumulative data (multivariate ANOVA p � 0.05). Data
for cKO mouse samples were normalized to controls. Striatal slices from ARPP-16/19 cKOs (n 	 4) or WT littermate controls (n 	 4) were incubated with 10 �M forskolin for 0, 10, 30,
or 60 min. Samples were analyzed by immunoblotting for (c) phospho-Ser845 and total GluA1 and (d) phospho-Thr34 and total DARPP-32 (bottom); quantitation of phosphorylation was
calculated for Ser845 or Thr34 normalized to total GluA1 or total DARPP-32, respectively. Graphs represents cumulative data (multivariate ANOVA, p � 0.05). Data for cKO mouse samples
were normalized to controls.
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Figure 7. ARPP-16/19 cKO mice show increased motivation in progressive ratio responding and an altered locomotor response to cocaine. a, ARPP-16/19 cKOs (open circles, n 	 11) and WT
littermate controls (closed circles, n 	 9) were trained on a VR2 schedule of reinforcement to respond by nose-poking into an assigned nose aperture to receive a food reinforcer until stable
acquisition of reward was measured. No significant difference in acquisition of this task was detected between the cKOs and WT controls (repeated-measures ANOVA). Data are mean� SEM. b, Once
the WT (black bars) and ARPP-16/19 cKO (white bars) mice were stably trained, the number of responses required to receive a food reinforcer increased using an escalating schedule of reinforcement
(1, 5, 9… x � 4 responses/reinforcer). The breakpoint ratio was defined as the response/reinforcer ratio achieved by an animal when the animal gave up nose-poking (defined as 5 min of no activity
in the active nose aperture). This paradigm was completed on 2 consecutive days. *p � 0.05 (repeated-measures ANOVA with Bonferroni post hoc analysis). Data are mean � SEM. c, d, ARPP-16/19
cKO and WT littermate controls were exposed to saline (n 	 10 WT; n 	 11 cKO), 5 mg/kg (n 	 10 WT; n 	 9 cKO), 12.5 mg/kg (n 	 7 WT; n 	 6 cKO), or 20 mg/kg (n 	 8 WT, n 	 10 cKO) cocaine
(i.p.); then locomotor activity was measured using an Accuscan tracking system. c, Horizontal movement during the 60 min postinjection session were binned into 5 min increments. ARPP-16/19 cKO
(open circles and squares) shows an attenuated response to 20 mg/kg cocaine compared with WT littermate controls (closed circles and squares) and no significant effect of cocaine compared with
cKO animals exposed to saline. *p � 0.05 (repeated-measures ANOVA with Bonferroni post hoc analysis). **p � 0.01 (repeated-measures ANOVA with Bonferroni post hoc analysis). ***p � 0.001
(repeated-measures ANOVA with Bonferroni post hoc analysis). Data are mean � SEM. d, Total horizontal movement over the 60 min postinjection session for saline (n 	 9 for both WT and cKO),
5 mg/kg (n 	 10 WT; n 	 9 cKO), 12.5 mg/kg (n 	 7 WT; n 	 6 cKO), and 20 mg/kg (n 	 8 WT, n 	 10 cKO) showed significant hyperlocomotor activity in WT animals following 12.5 mg/kg and
20 mg/kg cocaine exposure. **p � 0.01 (two-way ANOVA with Bonferroni post hoc analysis). ****p � 0.0001 (two-way ANOVA with Bonferroni post hoc analysis). Data are mean � SEM. There was no
significant difference in total distance moved by cKO mice in response to cocaine exposure compared with saline exposure, and ARPP-16/19 cKO mice showed significantly less cocaine-induced locomotor activity
over 60 min compared with WT controls at 20 mg/kg cocaine. *p�0.05 (two-way ANOVA with Bonferroni post hoc analysis). Data are mean�SEM. e, WT and ARPP-16/19 cKO mice were exposed to saline or
cocaine as described in c, d, and events of vertical movement were measured and summarized for 1 h after injection of cocaine or saline. WT control animals showed significantly increased vertical movement
following 20 mg/kg cocaine injection compared with WT animals injected with saline. ***p�0.001 (two-way ANOVA with Bonferroni post hoc analysis). Data are mean�SEM. ARPP-16/19 cKO mice showed
no difference in vertical movement at any dose. At 20 mg/kg cocaine, ARPP-16/19 cKO mice showed significantly reduced vertical movement compared with WT control animals. **p�0.01 (two-way ANOVA
with Bonferroni post hoc analysis). Data are mean � SEM. f, No significant differences were observed in stereotypic behavior in either ARPP-16/19 cKO mice or WT control animals at any dose.
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No difference was observed in baseline locomotor activities in
ARPP-16/19 cKO mice and their WT littermate controls (Fig. 7c).
ARPP-16/19 cKO mice and WT littermate controls were acutely
exposed to saline or cocaine (5, 12.5, or 20 mg/kg i.p.) after 60
min of habituation to the tracking chambers. Locomotor activity
was then recorded for 60 min with distance traveled summarized
for the session (Fig. 7d) (data for 20 mg/kg cocaine are also shown
in 5 min bins in Fig. 7c). No differences were seen in ARPP-16/19
cKO mice and WT mice in response to a saline injection or 5
mg/kg cocaine (Fig. 7d), whereas significant effects on locomotor
activity were observed at 12.5 mg/kg in WT but not in ARPP-
16/19 cKO mice (Fig. 7d; two-way ANOVA with Bonferroni post
hoc analysis, F(1,31) 	 12.41, p 	 0.0013 for saline vs 12.5 mg/kg in
WT mice). WT mice showed a significant increase in locomotor
activity following 20 mg/kg cocaine injection compared with sa-
line injected WT mice (Fig. 7d; two-way ANOVA with Bonfer-
roni post hoc analysis, F(1,32) 	 23.23, p � 0.0001). A significant
attenuation in cocaine-induced locomotor activity was observed
in ARPP-16/19 cKO mice (Fig. 7d; two-way ANOVA with Bon-
ferroni post hoc analysis, F(1,32) 	 6.62, p 	 0.0149). When the 20
mg/kg cocaine data were binned into 5 min intervals, WT mice
exposed to 20 mg/kg cocaine showed significant hyperlocomotor
activity (repeated-measures ANOVA with Bonferroni post hoc
analysis, F(23,345) 	 7.16, p � 0.0001). However, ARPP-16/19
cKO mice exhibited significantly attenuated hyperlocomotor ac-
tivity compared with WT controls and no significant effect of
cocaine on locomotion compared with ARPP-16/19 cKO in-
jected with saline (Fig. 7c; repeated-measures ANOVA with Bon-
ferroni post hoc analysis, F(1,16) 	 4.97, p 	 0.0405 for cKO and
WT comparison; repeated-measures ANOVA with Bonferroni
post hoc analysis, F(1,17) 	 2.67, p 	 0.1205 for saline and 20
mg/kg cocaine comparison of cKO mice).

Vertical movement was measured and summarized for 1 h
after injection of cocaine or saline. WT control animals showed
significantly increased vertical movement following 20 mg/kg co-
caine injection compared with WT animals injected with saline
(Fig. 7e; two-way ANOVA with Bonferroni post hoc analysis,
F(1,35) 	 7.30, p 	 0.0106), whereas ARPP-16/19 cKO showed no
difference in vertical movement at any dose. At 20 mg/kg cocaine,
ARPP-16/19 cKO showed significantly reduced vertical move-
ment compared with WT control animals (Fig. 7e; two-way
ANOVA with Bonferroni post hoc analysis, F(1,35) 	 9.58, p 	

0.0039). Importantly, no differences in
stereotypies were observed at any dose of
cocaine compared with saline in either
ARPP-16/19 cKO mice or WT controls
(Fig. 7f). Finally, to further address any
baseline behavioral differences that may
confound these results, several additional
behavioral analyses were performed. No
differences were seen between WT and
ARPP-16/19 cKO mice in long-term
memory expression, acquisition of cued
fear conditioning, or open field testing for
anxiety (data not shown). Given its very
high expression in MSNs, the behavioral
phenotypes likely involve knock-out in
these striatal projection neurons. How-
ever, ARPP-16 is expressed in other
brain regions and conditional knock-
out in other cell types could contribute
to the behavioral phenotypes observed.

Discussion
The results obtained in this study identify ARPP-16 as an inhib-
itor of specific heterotrimeric forms of the serine-threonine
phosphatase, PP2A (Fig. 8). Inhibition of PP2A is dependent on
phosphorylation of ARPP-16 at Ser46 by MAST3 kinase, an en-
zyme that is highly expressed in striatum. Consistent with a high
basal activity of MAST3, phosphorylation of Ser46 is very high,
suggesting that phospho-Ser46-ARPP-16 acts normally to selec-
tively suppress PP2A activity in striatum. In support of this, bio-
chemical studies of ARPP-16 cKO mice indicate that the
phosphorylation of a subset of specific striatal substrates for
PP2A are increased and that this is associated with altered behav-
ior in the ARPP-16/19 cKO mice. These results complement and
extend recent studies that highlight critical roles for phosphory-
lation of the ARPP-16-related proteins, ARPP-19 and ENSA, by
Gwl in the inhibition of PP2A during mitosis and meiosis
(Gharbi-Ayachi et al., 2010; Mochida et al., 2010; Dupré et al.,
2014). Strikingly, we show that, in striatal neurons, the ARPP-16/
PP2A regulatory system is regulated by MAST3 kinase in an op-
posing manner to that found in regulation of the cell cycle by
ARPP-19/ENSA by Gwl.

Previous studies have suggested functions for the ARPP-16
homolog, ARPP-19, in GAP-43 mRNA stabilization (Irwin et al.,
2002) and as a binding partner for �-synuclein (Woods et al.,
2007). ENSA was originally identified as being a potential extra-
cellular ligand for the KATP-coupled sulfonylurea receptor
(Virsolvy-Vergine et al., 1992). However, there is no evidence
that ENSA is found extracellularly. Moreover, the ubiquitous
distribution of ARPP-19 and ENSA would suggest a broader
function than regulation of the neuronal GAP-43 mRNA or in-
teractions with the neuronal protein, �-synuclein. Indeed, the
recent studies that have found that ARPP-19 or ENSA is required
for the ability of the Gwl kinase to regulate PP2A during mitosis
in frog oocytes, together with our results, suggest that the func-
tion of the ARPP-16/19/ENSA family of proteins is limited to
control of PP2A activity.

Heterotrimeric forms of PP2A contain a catalytic C, a scaf-
folding A, and various B subunits that influence the substrate
specificity of the different PP2A isoforms (Janssens and Goris,
2001; Xing et al., 2006; Xu et al., 2006; Xu et al., 2008). Our studies
indicated that ARPP-16 can bind directly to the A subunit but
that the dephospho- or phospho-Ser46-forms of the protein have

Figure 8. Schematic illustration of ARPP-16 regulation in striatal neurons. ARPP-16 is phosphorylated by MAST3 at Ser46 to a
high basal stoichiometry in striatum, which leads to selective inhibition of PP2A activity. Dephosphorylation of Ser46 in ARPP-16 is
increased by activation of PKA or by stimulation of NMDA receptors, leading to disinhibition of PP2A.
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little effect on the activity of the isolated AC dimer. However, we
find that phospho-Ser46-ARPP-16, but not dephospho-ARPP-
16, can inhibit heterotrimeric forms of the enzyme, especially
those containing either the B� or B56� subunits. ARPP-16 inter-
acts with HEAT repeats 3–7 of the A subunit, the same general
region that binds both B subunits and ST. Given that only the
heterotrimeric forms of the enzyme are inhibited by phospho-
Ser46-ARPP-16, this would suggest that, although ARPP-16 can
bind directly to the A subunit, it does not compete for binding
with the B subunit. Moreover, given the variable effect on differ-
ent heterotrimeric forms of PP2A, there presumably must be
specific interactions between phospho-ARPP-16 and some, but
not all, B subunits that combine to inhibit substrate interaction.
Recent studies of Gwl-mediated inhibition of PP2A in frog
oocytes suggested that the B� isoform form of PP2A might be
selectively regulated (Castilho et al., 2009; Mochida et al., 2010).
However, our results suggest that, in striatal neurons, the B56�
form of PP2A may also be subject to regulation by ARPP-16.
Thus, the efficacy and selectivity of phospho-ARPP-16 (or
ARPP-19 or ENSA) are likely influenced by the nature of
phospho-protein substrate used in combination with a specific B
subunit isoform.

We identified MAST3 kinase as being involved in regulation
of ARPP-16 in striatum from the studies of the Gwl kinase and
ARPP-19 and ENSA in frog oocytes (Gharbi-Ayachi et al., 2010;
Mochida et al., 2010). The MASTL kinase has greatest similarity
to Gwl and is likely functionally equivalent to Gwl in dividing
mammalian cells (Voets and Wolthuis, 2010). There are four
MAST kinases, all of which are expressed in brain, with MAST3
kinase being selectively found in striatum (Garland et al., 2008).
Based on our biochemical studies that indicate MAST3 efficiently
phosphorylates Ser46 of ARPP-16, and that MAST3, but not
other related MAST kinase isoforms, is highly expressed in stria-
tum, it is likely that MAST3 is responsible for regulation of
ARPP-16 in situ.

Phosphorylation of Ser88 of ARPP-16 does not influence
PP2A activity (V. Musante, A.C. Nairn, unpublished results),
raising the question of how this might contribute to ARPP-16
function. Our studies indicate that Ser46 is phosphorylated ba-
sally to a high stoichiometry in striatum. Treatment of striatal
slices with forskolin led to a substantial dephosphorylation at
Ser46 of ARPP-16 (and also Ser62 of ENSA). These results suggest
that rather than regulate ARPP-16 activity directly, cAMP-
dependent signaling serves to attenuate phosphorylation of Ser46
leading to disinhibition of PP2A (Fig. 8). It is possible that phos-
phorylation of ARPP-16 acts in an intramolecular fashion to in-
hibit Ser46 phosphorylation by MAST3 or to increase the
dephosphorylation of this site. Alternatively, MAST3 kinase may
be suppressed by cAMP signaling, or the activity of a phosphatase
could be increased. With respect to the latter situation, PKA-
mediated activation of the B56� form of PP2A (Ahn et al., 2007a)
could be involved. Dephosphorylation of Ser46 of ARPP-16 was
also regulated by NMDA receptor activation in striatal slices,
indicating that ARPP-16 is controlled by multiple signaling path-
ways.

In support of the hypothesis that phospho-Ser46-ARPP-16
acts to basally inhibit selected PP2A heterotrimeric isoforms, we
found that conditional knock-out of ARPP-16/19 led to de-
creased phosphorylation of a subset of PP2A substrates. ARPP-16
is important for the PP2A-dependent regulation of DARPP-32,
Akt, and ERK, although it does not affect tau and EF2. Addition-
ally, calcineurin regulation of DARPP-32 and PP1 regulation of
GluA1 are not affected in ARPP-16/19 cKO mice. It is likely that

the selective effect of ARPP-16 knock-out on phosphorylation of
PP2A targets is linked to the ability of ARPP-16/19 to regulate
specific B subunits while leaving others unaffected. However,
although dephosphorylation of DARPP-32 by PP2A involves
both B56� (or B��) and PR72/B�, it is not known whether B�
confers any specificity for DARPP-32 (Ahn et al., 2007a, b). De-
phosphorylation of tau by PP2A appears to be dependent on B�,
but not B�� (Sontag et al., 2004; Xu et al., 2008). However, de-
phosphorylation of Akt or ERK by PP2A exhibits dependence on
both B� and B56 subunits that is variable in different cell types
(Van Kanegan et al., 2005; Letourneux et al., 2006; Rocher et al.,
2007; Kuo et al., 2008; Rodgers et al., 2011). It is possible, there-
fore, that the relative expression levels of these different B sub-
units in MSNs may be important in terms of the forms of PP2A
that are targeted by ARPP-16. In this regard, B56� is known to be
highly expressed in striatal neurons (Ahn et al., 2007a; Louis et al.,
2011).

Consistent with its high expression in MSNs, ARPP-16 is in-
volved in regulation of behaviors associated with striatal func-
tion. Thus, conditional knock-out of this selective PP2A inhibitor
enhanced motivation for food measured by progressive ratio re-
sponding yet attenuated locomotor response to acute cocaine
injection. The motivational effects of ARPP-16/19 knock-out are
opposite to that of genetic manipulation of the two other PKA
substrates enriched in MSNs, namely, DARPP-32 and RCS.
DARPP-32 S97A mutant mice show reduced motivation for a
food reinforcement (Stipanovich et al., 2008) as did RCS knock-
out mice (Davis et al., 2012). However, DARPP-32 S97A mutant
mice also show reduced preference for cocaine, as well as reduced
cocaine sensitization, although direct studies of psychostimulant
action in RCS knock-out mice have yet to be performed. These
various behavioral consequences of genetic manipulation of
DARPP-32, RCS, and ARPP-16 therefore suggest specific func-
tions in the striatum that likely reflect their ability to regulate the
actions of different serine/threonine phosphatases and/or reflect
the different signaling pathways that regulate their activities.

The regulation of PP2A by ARPP-16 in striatum adds to our
previous studies that have found that DARPP-32 and RCS
control the actions of PP1 and calcineurin (PP2B), respec-
tively. Notably, these three small, intrinsically disordered,
PKA substrates collectively control the activities of three of the
four major classes of serine/threonine protein phosphatases in
striatal neurons, albeit by different mechanisms. Phosphory-
lation of DARPP-32 by PKA generates a pseudosubstrate in-
hibitor of PP1, whereas phosphorylation of RCS by PKA acts
indirectly to inhibit PP2B. In contrast, ARPP-16 acts basally to
inhibit PP2A, and this activity is likely relieved by suppression
of MAST3 phosphorylation of ARPP-16 by cAMP signaling.
The coevolution of an enrichment of regulators of serine/
threonine protein phosphatases in MSNs is striking and is pre-
sumably a reflection of the temporal and possibly spatial require-
ments for intracellular signaling responding to dopamine and
other neurotransmitter inputs that coordinate with dopamine
action in striatal MSNs. Several important questions remain to be
answered. ENSA is expressed in similar levels as ARPP-16 in stria-
tum and presumably may have complimentary or distinct bio-
chemical and behavioral roles. Elucidation of the mechanistic
details of the interaction between the phosphorylation of ARPP-
16/ENSA by PKA and MAST3 will also be needed to fully under-
stand the functional role of regulation of PP2A by dopamine and
other neurotransmitters in striatal neurons.
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