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Glutamatergic signaling through N-methyl-D-aspartate receptors (NMDARs) is required for synaptic plasticity. Disruptions in
glutamatergic signaling are proposed to contribute to the behavioral and cognitive deficits observed in schizophrenia (SZ). One
possible source of compromised glutamatergic function in SZ is decreased surface expression of GluN2B-containing NMDARs.
STEP61 is a brain-enriched protein tyrosine phosphatase that dephosphorylates a regulatory tyrosine on GluN2B, thereby
promoting its internalization. Here, we report that STEP61 levels are significantly higher in the postmortem anterior cingulate
cortex and dorsolateral prefrontal cortex of SZ patients, as well as in mice treated with the psychotomimetics MK-801 and
phencyclidine (PCP). Accumulation of STEP61 after MK-801 treatment is due to a disruption in the ubiquitin proteasome system
that normally degrades STEP61. STEP knockout mice are less sensitive to both the locomotor and cognitive effects of acute and
chronic administration of PCP, supporting the functional relevance of increased STEP61 levels in SZ. In addition, chronic
treatment of mice with both typical and atypical antipsychotic medications results in a protein kinase A-mediated
phosphorylation and inactivation of STEP61 and, consequently, increased surface expression of GluN1/GluN2B receptors. Taken
together, our findings suggest that STEP61 accumulation may contribute to the pathophysiology of SZ. Moreover, we show a
mechanistic link between neuroleptic treatment, STEP61 inactivation and increased surface expression of NMDARs, consistent
with the glutamate hypothesis of SZ.
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Introduction

Disrupted glutamatergic signaling, and specifically hypo-
function of N-methyl-D-aspartate receptors (NMDARs), is
proposed as a contributing factor in the etiology of schizo-
phrenia (SZ).1–3 Several neuropathological studies show
abnormal glutamate receptor densities in the prefrontal
cortex, thalamus and temporal lobe, as well as decreased
receptor function in SZ brains.4,5 Noncompetitive NMDAR
antagonists such as phencyclidine (PCP) and ketamine
elicit SZ-like symptoms in normal individuals and exacer-
bate psychotic episodes in SZ patients;2,3,6,7 and adminis-
tration of these psychotomimetics, or the more selective
NMDAR antagonist MK-801, is used to model SZ in rodents
and primates. These drugs produce cognitive deficits and
behavioral phenotypes reminiscent of SZ symptoms, as
well as induce biochemical modifications and disrupted
glutamatergic transmission thought to be present in SZ
brains.2,8–18 Altogether, these findings link aberrant NMDAR
function to behavioral deficits in SZ;19–21 however, the
mechanism(s) underlying NMDAR hypofunction remain
unclear.

The brain-enriched protein tyrosine phosphatase STEP

is a critical regulator of NMDAR function.22 The STEP gene

is alternatively spliced to produce several isoforms with

domains that regulate their localization, substrate specificity

and activity.23–25 STEP61 is associated with postsynaptic

densities in the striatum, cortex, hippocampus and related

regions.26–28 Substrates include the NMDAR subunit

GluN2B,29,30 the AMPA receptor subunit GluA2,31 Fyn,32

Pyk2,33,34 and the MAPK proteins ERK1/2 and p38.35,36

STEP61-mediated dephosphorylation of GluN2B and GluA2

promotes their internalization,29,30 while dephosphorylation of

the kinases inactivates them.32,33,35 Thus, elevated STEP61

reduces synaptic expression of GluN2B-containing NMDARs

via two mechanisms: (1) dephosphorylation of GluN2B

Tyr1472 (refs 29, 30, 37) and (2) dephosphorylation and inacti-

vation of Fyn Tyr420 (ref. 32), a kinase that phosphorylates

GluN2B at Tyr1472 (ref. 38). A model has therefore emerged

whereby STEP opposes synaptic strengthening by negatively

regulating kinase activity and NMDAR surface expression.22

Dopamine signaling also regulates STEP61 activity and
consequently NMDAR trafficking. D1 receptor stimulation
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activates protein kinase A and leads to the phosphorylation
of STEP61 at a regulatory serine (Ser221) within the sub-
strate-binding KIM domain, thereby preventing STEP61 from
interacting with and dephosphorylating its substrates.39,40

When STEP61 is phosphorylated at this site, or in STEP
knockout (KO) mice, the tyrosine phosphorylation of STEP61

substrates and surface expression of GluN1/GluN2B-
containing receptors are increased.33,37,39,41 Protein kinase
A also activates dopamine and cAMP-regulated phospho-
protein-32 that inhibits PP1-mediated dephosphorylation of
STEP.40,42,43

Because of the relationship between STEP61, dopamine
signaling and NMDAR function, we hypothesized that
dysregulation of STEP61 might contribute to the pathophysiol-
ogy of SZ. We find elevated STEP61 levels in postmortem
anterior cingulate cortex and dorsolateral prefrontal cortex
(DLPFC) of two different cohorts of SZ patients, as well in
frontal cortex of mice treated with psychotomimetics. We also
demonstrate that antipsychotics inactivate STEP61, leading to
increased NMDAR phosphorylation and surface expression.
These results suggest that the inactivation of STEP61 may
contribute to the beneficial effects of medications used to
treat SZ.

Materials and methods

Postmortem brain tissue. Postmortem anterior cingulate
cortex from SZ patients and nonpsychotic controls was
obtained from the Stanley Foundation Brain Bank. A second
cohort of postmortem samples was obtained from the
Mount Sinai Brain Bank and consisted of DLPFC. Subject
and tissue parameters for both cohorts are shown in
Supplementary Tables S1 and S2. Tissue collection44,45

and sample preparation were performed as described.46

Samples were stored at �80 1C until processing by quanti-
tative immunoblotting. Lactate dehydrogenase was used for
normalization.

Primary cortical cultures and stimulation. All procedures
were approved by the Yale University Institutional Animal
Care and Use Committee and strictly adhered to the NIH
Guide for the Care and Use of Laboratory Animals. Primary
cortical neurons were isolated from rat E18 embryos.30

Neurons (14–21 DIV) were treated with MK-801 (50 mM;
Tocris, Minneapolis, MN, USA) or PCP (100 mM; Sigma,
Ronkonkoma, NY, USA) for the time points indicated. The
D2 antagonist sulpiride (25–50 mM; Sigma) or D1 agonist
SKF-82958 (25–50mM; Sigma) were applied to neurons
for 15min. In some cases, neurons were pretreated
for 30min before MK-801 application with anisomycin
(40mM; EMD Biosciences, Billerica, MA, USA), actinomycin
D (25 mM; Sigma), LY294001 (10 mM; Tocris) or U0126
(10mM; EMD Biosciences). After treatments, cells were
lysed in 1� RIPA buffer supplemented with NaF (5mM),
Na3VO4 (2mM), MG-132 (10 mM, EMD Biosciences) and
complete protease inhibitor cocktail (Roche, Indianapolis, IN,
USA), and spun at 1000 g for 10min, and supernatants were
subjected to SDS-PAGE and western blotting.

Ubiquitinated protein pull-down. MK-801-treated cultured
neurons or cortical tissue were homogenized as described.30

Lysates were incubated with 20 ml of Agarose-TUBE2
(Tandem Ubiquitin Binding Entity, LifeSensors, Malvern,
PA, USA) beads overnight at 4 1C, bound proteins eluted
and processed by western blots.

Surface biotinylation and phosphatase activity. After
stimulations, cortical cultures were labeled with EZ-Link
Sulfo-NHS-SS-Biotin (Pierce, Rockford, IL, USA) as des-
cribed.31 Neurons were lysed and incubated with NeutrAvidin
Biotin-binding Protein immobilized to agarose beads. For
phosphatase activity, the GST-GluN2B C-terminal was
phosphorylated by Fyn, mixed with immunoprecipitated
STEP and a phospho-specific antibody was used to assess
phosphorylation of GluN2B at Tyr1472 (ref. 30).

Subcellular fractionations and western blot analyses.
Subcellular fractionation was performed and synaptosomal
fractions (P2) were prepared for western blot analysis or all
experiments where glutamate receptor subunits or STEP
substrates were investigated in vivo from cortical tissue.31

Antibodies used are shown in Supplementary Table S3.
Bands were visualized with a G:BOX with a GeneSnap
image program (Syngene, Fredrick, MD, USA) and quantified
with Image J 1.33 (NIH). Levels of phosphoproteins were
normalized first to total protein levels and then normalized
again with glyceraldehyde-3-phosphate dehydrogenase.

In vivo treatments. Male wild-type (WT) C57BL/6 mice
(6–8 months) received subchronic injections haloperidol
(2mgkg�1), clozapine (5mgkg�1) or risperidone (2mgkg�1)
administered intraperitoneal (i.p.) daily for 3 weeks. These
drugs were dissolved in 100mM acetic acid and titrated to pH
6.5 and diluted in 0.9% normal saline to desired concentration.
MK-801 (0.6mgkg�1, i.p.) and PCP (5mgkg�1, i.p.) were
dissolved in 0.9% saline and administered to male WT mice.
Control animals received 0.9% saline injections. Mice receiving
subchronic antipsychotic treatment were killed 24h following
the last injection or at indicated time points following MK-801
administration.
Frontal cortex (anterior to motor cortex) was dissected out

and synaptosomal fractions (P2) were prepared.31

Behavioral assessments. For locomotor activity, male WT
and STEP KO mice (n¼ 8–10; 6–10 months) were assessed
for 2 days in an open field.37 On day 1, mice were drug naı̈ve;
on day 2, they were administered PCP (2.5–20mg kg�1

dose) or vehicle by i.p. injection. Separate mice were used
for each dose of PCP. Total distance traveled in 60min was
determined by AnyMaze software (Stoelting, Wood Dale,
IL, USA). For object recognition, PCP was administered sub-
chronically (5mgkg�1, i.p. twice daily for 7 days)47,48 to male
WT and STEP KO mice (n¼ 10–11; 6–8 months). At 1 week
after the last injection, preference to a novel object after
a 2-hr delay was determined as described previously.37

Data analysis. All data were presented as means±s.e.m.,
and Pp0.05 was considered significant. For the postmortem
data, ANCOVA (IBM SPSS Statistics v19, Poughkeepsie,
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NY, USA) was used to determine differences between
groups (Control and SZ) using sex, age and postmortem
interval (PMI) as covariates. For all other biochemical
analyses, either Student’s unpaired two-tailed t-test or one-
way analysis of variances were performed with Fisher’s post-
hoc tests. For locomotor activity, a repeated-measures
analysis of variance with Fisher’s post-hoc was used. For
object recognition, a one-sample t-test was used as
previously described37 to determine whether a group spent
more time with the novel object compared with the chance
value of 15 sec.

Results

STEP61 is elevated in the cortex of SZ patients. We first
examined STEP61 expression in brain homogenates pre-
pared from anterior cingulate cortex of a well-characterized
group of SZ patients from the Stanley Foundation, compared
with age-, sex- and PMI-matched control patients (SZ: n¼ 12;
controls: n¼ 12; Supplementary Table S1).46 STEP61 was
significantly elevated in SZ subjects compared with controls
using sex, age and PMI as covariates (Po0.05; Figures 1a
and b), with no interactions between those covariates and the
main effect. As most SZ patients from the Stanley Foundation
were under antipsychotic medication at the time of death
(Supplementary Table S1), we wanted to confirm our findings
in a second SZ cohort from the Mount Sinai Brain Bank where
few patients where under antipsychotic treatment
(Supplementary Table S2). DLPFC homogenates from SZ
(n¼ 14) and controls (n¼ 12) were assessed for STEP61

levels. We again observed a significant increase in STEP61 in
the DLPFC of SZ subjects using sex, age and PMI as
covariates (Po0.05; Figures 1c and d), and there was no
influence of the covariates on the main effect.

MK-801 increases STEP61 activity and promotes NMDAR
internalization. Noncompetitive NMDAR antagonists have
psychotomimetic properties in humans and produce SZ-like
effects in animal models. We therefore determined whether
treatment with NMDAR antagonists would mimic the
increase in STEP61 observed in human SZ tissue. We first
examined STEP61 after stimulating cortical cultures with
the NMDAR antagonist MK-801. STEP61 levels were signi-
ficantly increased in cultured neuronal homogenates at
all time points examined (10, 30 and 60min; Po0.01;
Figure 2a). MK-801 treatment concomitantly decreased
STEP61 phosphorylation (Ser221) (Po0.01), suggesting an
increase in STEP61 activity. Consistent with this expectation,
the tyrosine phosphorylation of STEP61-regulated sites on
GluN2B (Tyr1472), Pyk2 (Tyr402) and ERK1/2 (Tyr204/187)
were significantly decreased (Po0.01; Figure 2b). Total
levels of GluN2B, Pyk2 and ERK1/2 did not change following
MK-801 treatment in neuronal homogenates (data not
shown), suggesting that the overall phosphorylation state
and not the total level of these proteins were affected by
MK-801.
To more accurately determine whether MK-801 increased

STEP61 levels and altered STEP61 substrates in vivo at the
synapse, WT mice were injected acutely with MK-801, and

synaptosomal (P2) fractions were prepared from frontal
cortex at various time points post injection. Consistent with
the cultured neuron findings, STEP61 levels were increased,
while phosphorylation of STEP61 was decreased 10min post
injection (Po0.05; Figure 2c). The tyrosine phosphorylation of
GluN2B, Pyk2 and ERK1/2 was also significantly decreased
(Po0.05; Figure 2d).
Increased STEP61 activity has been shown in other

contexts to promote internalization of NMDARs.29,30,37 Thus,
we examined GluN2B levels in P2 fractions following MK-801
treatment. There was a trend for GluN2B levels to decrease
after 10min post injection (�27.3±12.6;P¼ 0.09), consistent
with increased internalization of GluN2B NMDARs. In most
cases, substrate phosphorylation and GluN2B levels returned
to baseline at later time points in vivo in P2 fractions, in
contrast to the cultured neuron findings (although ERK1/2
phosphorylation remained low even 60min post injection).
These results likely reflect pharmacokinetic complexities

Figure 1 STEP61 levels are increased in human postmortem brains with SZ.
STEP61 was measured in protein homogenates from the anterior cingulate cortex of
controls and patients with SZ (n¼ 12) (a, b) or the DLPFC of controls (n¼ 12) and
patients with SZ (n¼ 14) (c, d). (a, c) Representative western blots of subjects
demonstrating an overall increase in STEP61 expression in SZ patients compared
with controls. The top band is pSTEP61 while the bottom band is the
nonphosphorylated, active form of STEP61, which was quantified. Lactate
dehydrogenase (LDH) levels were not significantly different between control and
SZ samples, and were used for normalization. (b, d) analysis of covariance model
with sex, age and PMI as covariates was used to demonstrate that STEP61 was
significantly higher in SZ subjects (*Po0.05).
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in vivo not captured in culture. Similar results were observed
in the hippocampus (data not shown).
To further confirm that STEP61 activity, and not just its

quantity, was increased by MK-801, we conducted a
phosphatase assay using a phospho–GluN2B fusion protein
as a substrate of STEP61 immunoprecipitated from MK-801-
treated and control cultured neurons. Immunoprecipitated
STEP61 fromMK-801-treated neurons significantly decreased
GluN2B phosphorylation compared with control (Po0.01;
Figure 3a).
As a more direct approach to determine whether surface

levels of NMDARs were altered by MK-801, we investigated
NMDAR surface expression using a surface biotinylation

assay in cultured neurons. MK-801 significantly reduced
GluN2B and GluN1 surface expression (Po0.05), but not
GluN2A (P¼ 0.28) or GABAAb2/3 (P¼ 0.79) that are not
STEP61 substrates (Figure 3b). As observed previously
(Figure 2), MK-801 significantly increased STEP61 in total
neuronal homogenates and concomitantly decreased phos-
phorylation of GluN2B (Po0.05) and ERK1/2 (Po0.01;
Figure 3c). Total levels of NMDARs, ERK1/2 and GABAAb2/
3 remained unchanged (P40.05; Figure 3c). Taken together,
our findings indicate that MK-801 increased STEP61 levels
and activity, decreased the tyrosine phosphorylation of
STEP61 substrates and reduced the surface expression of
GluN2B-containing NMDARs.

Figure 2 MK-801 treatment increases STEP61 activity and decreases tyrosine phosphorylation of STEP61 substrates. (a, b) Primary cortical cultures (in vitro) were treated
with MK-801 (50mM) for 10, 30 or 60min. (a) MK-801 treatment significantly increased total levels of STEP61, while also significantly reducing STEP61 phosphorylation at
Ser221 (pSTEP) (one-way analysis of variance (ANOVA); *Po0.01 different from control, Tukey’s post-hoc; n¼ 4). (b) Administration of MK-801 significantly reduced the
Tyr phosphorylation of STEP61 substrates at sites that STEP is known to dephosphorylate, including GluN2B at Tyr1472 (pGluN2B), Pyk2 at Tyr402 (pPyk2) and ERK1/2 at
Tyr204/187 (pERK1/2) (one-way ANOVA; *Po0.01 different from control, Tukey’s post-hoc; n¼ 4). (c, d) WT mice were acutely injected with MK-801 (0.6 mg kg�1, i.p.) or
saline (control). Frontal cortex was dissected at 10, 30 or 60min post injection. (c) MK-801 treatment in vivo significantly increased STEP61 levels and attenuated STEP61
phosphorylation in synaptosomal (P2) fractions prepared from frontal cortex 10min post injection (one-way ANOVA; *Po0.05 different from control, Tukey’s post-hoc; n¼ 6).
(d) Tyr phosphorylation of GluN2B, Pyk2 and ERK1/2 was also significantly reduced (one-way ANOVA; *Po0.05 different from control, Tukey’s post-hoc; n¼ 6). In all panels,
each phosphoprotein was normalized to the total protein level for that protein and then to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data represent the mean
percentage of control±s.e.m.
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Accumulation of STEP61 occurs via blockade of the
ubiquitin proteasome system. We tested several mecha-
nisms that might explain the MK-801-induced increase in
STEP61. Translation of STEP is regulated in part by the
PI3K-Akt and ERK pathways.31,49 Therefore, neuronal
cultures were pretreated with either the PI3K inhibitor
(LY294001) or MEK inhibitor (U0126) before MK-801
administration (Figure 3d). Neither inhibitor blocked the
MK-801-induced increase in STEP61, demonstrating that

the PI3K-Akt and ERK pathways were not involved. Likewise,
pretreatment with inhibitors of transcription (actinomycin D)
and translation (anisomycin) failed to block the elevation
in STEP61 levels (Figure 3d). These results indicate that
the observed increase in STEP61 levels following MK-801
treatment was not due to increased transcription or
translation.
STEP61 is normally ubiquitinated and degraded by the

ubiquitin proteasome system (UPS), and disruption of the

Figure 3 The MK-801-induced accumulation of STEP61 occurs via blockade of the UPS and promotes internalization of NMDARs. (a) Primary cortical cultures were
treated with MK-801 (50 mM) for 2 h, and the activity of immunoprecipitated STEP61 from control and treated neurons was measured against phospho–GluN2B fusion protein.
Phosphorylation of GluN2B at Tyr1472 (pGluN2B) was significantly lower in MK-801-treated immunoprecipitates than in controls (Student’s t-test; **Po0.01; n¼ 4). (b, c)
Surface proteins were biotinylated after MK-801 treatment. (b) MK-801 treatment significantly decreased surface levels of GluN2B and the obligatory subunit GluN1, but not
GluN2A or GABAAb2/3. (c) Total levels of subunits were unaltered by MK-801 treatment (quantification not shown), while an overall significant decrease in the phosphorylation
of GluN2B at Tyr1472 and ERK1/2 at Tyr204/187 (pERK1/2) was observed again alongside increased STEP61 levels. For (b, c), *Po0.05 and **Po0.01 (Student’s t-test;
n¼ 4). (d) Cortical cultures were pretreated with various inhibitors for 20–30min before applying MK-801; none prevented the MK-801-induced increase in STEP61 or the
decrease in ERK1/2 phosphorylation (one-way analysis of variance; *Po0.01 different from control, Tukey’s post-hoc; n¼ 4). For (a–d), each phosphoprotein was normalized
to the total protein level for that protein and then to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data were normalized to control and represent the mean
normalized value±s.e.m. (e) Ubiquitinated proteins were isolated from control and MK-801-treated cultures, and probed with anti-STEP and anti-Ub antibodies. An increase
in ubiquitinated STEP61 was observed following MK-801 treatment. Glutamate receptor-interacting protein 1 (GRIP1) served as a positive control, as it is degraded by the UPS
(n¼ 4). (f) Ubiquitinated proteins were also more abundant in mouse cortical lysates isolated following an acute injection of MK-801 (0.6 mg kg�1, i.p.) (n¼ 4).
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UPS increases STEP61 levels.30 The UPS can be activated
by NMDAR signaling, and blocking NMDARs leads to rapid
accumulation of several proteins normally degraded by the
UPS.50,51 To determine whether disruptions in the UPS
mediate the MK-801-induced increase in STEP61, we
measured polyubiquitinated STEP61 following MK-801 treat-
ment in cultured neurons, as well as in brain homogenates
from MK-801-treated WT mice. Polyubiquitinated proteins
were enriched and probed with an anti-STEP antibody or
anti-glutamate receptor-interacting protein 1 antibody as a
positive control (Figures 3e and f). Acute injections of
MK-801 increased polyubiquitinated STEP61 (MK-801:
10min¼ 113±1.8%; 30min¼ þ 117±0.6%; 60min¼ 126±

2.6% (Pso0.01), suggesting that blocking NMDARs with
MK-801 disrupts the UPS and leads to the accumulation of
polyubiquitinated STEP61.

Neuroleptics inactivate STEP61 and increase the
phosphorylation of its substrates. Our findings thus far
demonstrate that MK-801 increased both STEP61 expression
and activity in synaptosomal fractions. As increased STEP61

activity leads to loss of GluN2B-containing NMDARs from
neuronal membrane surfaces, we next investigated whether
antipsychotic medications exert their beneficial effects by
inactivating STEP61. We first examined the phosphorylation
of STEP61 and its substrates in cultured neurons treated
with the D1R agonist, SKF-82958, or the D2R antagonist,
sulpiride. Both treatments significantly increased the phos-
phorylation of STEP61, and tyrosine phosphorylation of
GluN2B and ERK1/2 at the two doses examined (Pso0.05;
Figures 4a and b), consistent with an inactivation of STEP61

and activation of its substrates. No significant changes were
observed in total levels of GluN2B, ERK1/2 or STEP61 in
cultured neuronal homogenates (data not shown).
To more closely recapitulate the clinical use of antipsycho-

tics, WT mice were subchronically treated with three different
antipsychotic medications (haloperidol, clozapine or risper-
idone) for 21 days, and phosphorylation of STEP61 and its
substrates were examined in synaptosomal (P2) fractions
from frontal cortex (Figures 4c–h).
Haloperidol significantly increased STEP61 phosphorylation

(Po0.05) and concomitantly enhanced the tyrosine phos-
phorylation of GluN2B, Pyk2 and ERK1/2 (GluN2B and ERK1/
2: Po0.005; Pyk2: Po0.05; Figures 4c–f). The atypical
antipsychotics, clozapine and risperidone, similarly increased
STEP61 phosphorylation (Po0.05 and Po0.005, respec-
tively; Figure 4c), as well as the tyrosine phosphorylation of
Pyk2 and ERK1/2 (Pso0.005; Figures 4e and f).
Consistent with increased surface expression of GluN2B,

clozapine and risperidone significantly enhanced GluN2B
levels in the P2 fraction (Pso0.005) and a similar trend was
observedwith haloperidol (P¼ 0.06) (Figure 4g). Similar to the
results using SKF-82958 and sulpiride, subchronic treatment
of haloperidol did not alter total STEP61 levels in P2 fractions
(þ 0.8±5.4%; P40.05), while clozapine and risperidone
did (þ 135.1±30.5% and þ 74.9þ 15.4%, respectively;
Po0.05). As a positive control, antipsychotic treatment
significantly increased the phosphorylation of dopamine and
cAMP-regulated phosphoprotein-32 (Thr34) (clozapine:
Po0.05; Figure 4h), which is in agreement with prior

studies.43 Comparable results were observed for these
measures in the striatum and hippocampus (data not shown).
No significant changes were detected in GluN2A (P¼ 0.907)
or GABAAb 2/3 (P¼ 0.431) in P2 fractions (data not shown).
Altogether, these findings indicate that different classes of
neuroleptics increase STEP61 phosphorylation, increase the
tyrosine phosphorylation of STEP61 substrates and enhance
NMDAR surface expression.

STEP KO mice are less sensitive to behavioral
abnormalities elicited by the psychotomimetic PCP. If
increased activity of STEP61 and consequent downstream
changes are mechanistically important for the psycho-
tomimetic effects of NMDAR antagonists, then STEP KO
mice should be less sensitive behaviorally than WT controls
to these effects. Consistent with previous reports,52,53 we
found that even low doses of acute MK-801 injections
(0.2mgkg�1) resulted in convulsive jumping and wild running
fits that severely affected motor coordination and prevented
accurate baseline locomotor measurements and analysis of
object recognition (data not shown). Therefore, we utilized
another well-characterized psychotomimetic and NMDAR
antagonist, PCP, for behavioral analyses. To confirm that
PCP altered STEP61 and its substrates in a similar manner
as MK-801 (Figure 2), we administered PCP acutely to both
in cortical neurons and in vivo (Supplementary Figure 1).
In cortical neurons, PCP significantly decreased STEP61

phosphorylation (Po0.01) and increased STEP61 levels
(Po0.05) following a 60min treatment. PCP also
decreased the tyrosine phosphorylation of GluN2B, Pyk2
and ERK1/2 (Pso0.05) (Supplementary Figure 1a).
WT mice were subsequently injected with an acute dose of

PCP (5mgkg�1; i.p.) and synaptosomal (P2) fractions
prepared from the frontal cortex 60-min post injection
(Supplementary Figure 1b). STEP61 phosphorylation was
significantly decreased in P2 fractions (Po0.01), while total
STEP61 levels were increased (Po0.05). Tyrosine phosphor-
ylation of GluN2B, Pyk2 and ERK1/2 was significantly
reduced following an acute injection of PCP (Pso0.05).
These findings indicate that PCP, like MK-801, increases
STEP61 activity and levels, leading to decreased tyrosine
phosphorylation of STEP61 substrates.
We next investigated the effect of PCP on behavior in WT

versus STEP KO mice. As expected, WT mice became
increasingly hyperactive with acute injections of low and
intermediated doses of PCP (2.5–15mgkg�1) and were
sedated by the highest dose (20mgkg�1; Figure 5a). There
was no difference between genotypes in baseline locomotor
activity (data not shown). While there was a within-genotype
dose effect for both genotypes (Po0.001), STEP KO mice
were significantly less hyperactive than WT mice in response
to PCP (significant dose by genotype interaction; Po0.02).
These results confirm our hypothesis that STEP KO mice are
less sensitive behaviorally to PCP-induced hyperactivity.
Subchronic administration of PCP induces long-term

cognitive impairments and mimics aspects of the positive
and negative symptomatology of SZ in both rodents and
primates.54–59 To assess whether STEP KO mice were less
sensitive to PCP-induced cognitive deficits, WT and STEPKO
mice were treated for 7 days with PCP (5mgkg�1, i.p. twice
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daily) and tested in a novel object recognition task (Figure 5b).
No genotypic differences were observed in exploration time of
two identical objects during the acquisition phase (data not
shown), and both saline-treatedWT and STEPKOmice spent
significantly more time with the novel object than chance
(15 s) during the 24-hr delay retention trial (Po0.05,
Figure 5b). After PCP treatment, however, WT mice did not
explore the novel object significantly more than chance. STEP
KOs treated with PCP were protected from this impairment
and continued to show a clear preference for the novel object
despite PCP treatment (Po0.05). Taken together, the
behavioral findings indicate that STEP KOs are less sensitive
to PCP-induced hyperactivity and cognitive impairment
compared with WT mice.

To determine the molecular alterations induced by sub-
chronic PCP treatment that could account for these long-term
behavioral effects, we analyzed whether there were changes
in STEP61 or its substrates that occurred in a sustained
fashion 24 h after the last of the subchronic PCP injections.
No significant differences were observed for STEP61 phos-
phorylation (þ 8.9±9.8%, PX0.05) or STEP61 levels
(þ 6.0±6.9%, PX0.05) in PCP- versus saline-injected WT
mice. In line with previous studies,60 we found that ERK1/2, a
direct substrate of STEP61,

35 was activated 24 h after the last
PCP injection in WT mice but not in STEP KOs (Figure 6).
Altogether, these findings suggest that STEP61 is transiently
activated after the first PCP injection and that other proteins
downstream of STEP61 are altered more sustainably. We also

Figure 4 Neuroleptics increase the phosphorylation of STEP61, STEP61 substrates and dopamine and cAMP-regulated phosphoprotein-32. (a, b) Primary cortical cultures
were treated with the DA D1R agonist SKF-82958 (25 or 50 mM) or D2R antagonist sulpiride (25 or 50mM). Both drugs at either concentration significantly increased
phosphorylation of STEP61 at Ser

221 (pSTEP), GluN2B at Tyr1472 (pGluN2B) and pERK1/2 at Tyr204/187 (pERK1/2) (one-way analysis of variance; *Po0.05 and **Po0.01
different from control, Tukey’s post-hoc; n¼ 4). (c–h) WT mice were injected with saline (SAL; control), haloperidol (HAL; 2mg kg�1), clozapine (CLZ; 5 mg kg�1) and
risperidone (RIS; 2 mg kg�1) daily for 3 weeks, and synaptosomal (P2) fractions were prepared from frontal cortex. Phosphorylation of (c) STEP61, (d) GluN2B, (e) Pyk2 and
(f) ERK1/2 were significantly increased by neuroleptics (Student’s t-test, saline versus drug; *Po0.05 and **Po0.005; n¼ 4–6) (g) Total GluN2B in P2 fractions was
also significantly increased following neuroleptic treatment (Student’s t-test, saline versus drug; **Po0.005; n¼ 4–6). (h) Increased phosphorylation of dopamine and
cAMP-regulated phosphoprotein-32 at Thr34 (pDARPP-32) following neuroleptic treatment was used as a positive control (Student’s t-test, saline versus drug; *Po0.05;
n¼ 4–6). In all panels, phosphoproteins were first normalized to the total protein and then to GADPDH. Data represent the mean percentage of control±s.e.m.
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observed that the level of Tau, a direct substrate of ERK1/2
that is required for synaptic plasticity,61 was decreased in WT
mice after subchronic PCP treatment, but not in STEP KOs
(Figure 6). Furthermore, PSD-95 levels were significantly
increased in STEP KOs, and not in WTmice, after subchronic
PCP treatment (Figure 6). These findings demonstrate that
the expression of signaling molecules required for synaptic
plasticity and cognitive function are differentially affected by
subchronic PCP treatment in WT and STEP KO mice,
providing a potential explanation for why STEP KOs are less
sensitive behaviorally to PCP.

Discussion

Several converging lines of evidence point to reduced
NMDAR function as an integral part of SZ pathophysiology.
Abnormalities in NMDAR density are observed in postmortem

studies of SZ brains, specifically in regions exhibiting impaired
activation patterns during cognitive tasks.4,5,62–65 Moreover,
positron emission tomography scans suggest that hippocam-
pal NMDAR binding is significantly reduced in untreated, but
not antipsychotic-treated, SZ patients.66 Genetic association
studies have identified several candidate genes implicated in
NMDAR stability or trafficking, including neuregulin 1,67

disrupted-in-schizophrenia 168 and calcineurin.69 Given that
NMDARs have an integral role in cognitive function and
synaptic plasticity,70 these studies suggest that cognitive
impairments in SZ are mediated, at least in part, by NMDAR
hypofunction.
We present data establishing a link between high levels of

STEP61 and aberrant NMDAR signaling in SZ. STEP61 levels
are increased in two independent patient populations and two
different brain regions (DLPFC and anterior cingulate cortex).
It has been suggested that medication status might affect
gene expression in SZ.71,72 Given that STEP61 levels
are elevated in SZ patient populations both on (Stanley

Figure 6 Subchronic PCP treatment differentially affects ERK1/2 activation and
total levels of Tau and PSD-95 in WT and STEP KO mice. (a, b) WT and STEP KO
mice were subchronically injected with PCP (5mg kg�1, i.p. twice daily for 7 days) or
an equal volume of saline in control mice, and tissue was extracted 24 h following
the last injection. PCP treatment significantly increased the phosphorylation of
ERK1/2 and decreased protein levels of Tau in cortical synaptosomal (P2) fractions
of WT mice, but not STEP KOs (*Po0.05, **Po0.01; one-sample t-test).
Conversely, PSD-95 was significantly increased after subchronic PCP injections in
P2 fractions of STEP KO mice and not WT mice (*Po0.05; one-sample t-test). All
protein levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and pERK1/2 was normalized to the total ERK1/2 levels. Data represent
the mean percentage of control±s.e.m.

Figure 5 STEP KO mice are less sensitive to PCP-induced behavioral and
cognitive deficits. (a) WT (n¼ 10) and STEP KO (n¼ 8) were acutely injected with
PCP (2.5–20mg kg�1, i.p.), and analyzed for locomotor activity in an open field task.
A repeated-measures analysis of variance indicated a main effect of dose
(Po0.001) and a significant dose by genotype interaction (Po0.02). Tukey’s post-
hoc indicated that WT was significantly different from STEP KO at the PCP doses
indicated (*Po0.05). (b) Exploration time of the novel and familiar objects during
the 24-h delay object recognition retention trial (n¼ 12 for all groups). Both saline-
treated WT and STEP KO mice spent significantly more time with the novel object
than the chance value of 15 s (one-sample t-test; *Po0.05). WT mice treated
subchronically with PCP (5 mg kg�1, i.p. twice daily for 7 consecutive days) did not
spend more time than chance with the novel object. In contrast, STEP KOs spent
significantly more time with the novel object (one-sample t-test; *Po0.05).
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Foundation cohort; Supplementary Table S1) or off (Mt. Sinai
cohort; Supplementary Table S2) antipsychotic medication, it
seems unlikely that antipsychotic treatment was responsible
for the observed elevation of STEP61 in human postmortem
tissue.
We propose that increased STEP61 levels promote the

dephosphorylation of STEP61 substrates, including GluN2B,
leading to internalization and hypofunction of NMDARs. In
support of this, acute treatment with the psychotomimetics
MK-801 and PCP increase STEP61 levels and activity,
decrease tyrosine phosphorylation of STEP61 substrates
and reduce the surface expression of GluN2B-containing
NMDARs in cultured neurons and in vivo. While we did not find
significant changes in STEP61 levels or phosphorylation after
subchronic PCP treatment, both short- and long-term
changes in NMDAR binding are found in mouse brain
following chronic PCP treatment.18 Further studies will be
needed to determine whether acute disruption of STEP61

activity and its downstream substrates (for example, GluN2B,
ERK1/2 and Fyn) are sufficient to lead to longer-term PCP-
induced changes in synaptic plasticity.
Recent evidence supports a link between NMDAR-

mediated signaling and the UPS. UPS activation occurs
through NMDAR- and Ca2þ -dependent mechanisms,
and degradation of glutamate receptor-interacting protein 1
is NMDAR-dependent.51 Moreover, Ca2þ influx through
NMDARs and L-type voltage-gated Ca2þ channels activates
CaMKII, a necessary component for proteasomal trafficking
into dendritic spines.73 We found that MK-801 treatment
impairs the UPS and led to an increase in STEP61. Previous
studies establish that disruption of the UPS by b-amyloid
promotes an elevation of STEP61.

30 However, it is likely that
impairment of the UPS leads to accumulation of additional
proteins as well. The fact that STEP KOs are less sensitive
behaviorally to the acute and chronic effects of PCP suggest
that STEP61 accumulation is an important contributor to the
observed findings. Although we provide evidence for UPS
involvement in the psychotomimetic-induced increase in
STEP61 expression in cultured neurons and mice, whether a
similar mechanism occurs in humans with SZ remains to be
determined.
We tested the causal importance of the changes in STEP61

expression and its substrates by examining the behavioral
effects of PCP inWT and STEP KOmice. Acute use of PCP in
humans induces positive symptoms of SZ, while PCP abuse
can lead to persistent SZ-like symptoms.2,74,75 Unlike other
psychotomimetic drugs, PCP elicits positive and negative
symptoms, and cognitive deficits in humans.76,77 Our data are
consistent with STEP KOs being less sensitive than WT to
PCP-induced hyperactivity and cognitive deficits. As STEP
KOs exhibit increased cortical NMDAR surface expression
and ERK1/2 phosphorylation,37,41 it is possible that the
enhanced tyrosine phosphorylation of STEP61 substrates
and increased NMDAR surface expression contribute to the
findings that STEP KOs are less sensitive to the behavioral
effects of PCP. Moreover, the activation and expression of
signaling molecules required for synaptic plasticity and
cognitive function, including ERK1/2, Tau and PSD-95, are
differentially affected by subchronic PCP treatment in WT and
STEP KOmice, pointing to potential molecular underpinnings

that may explain why STEP KOs are less sensitive behavio-
rally to PCP than WT.
Another important finding was that neuroleptic treatments

regulate STEP61 phosphorylation. Rodent and human studies
demonstrate that first-generation neuroleptics are more
effective at treating positive symptoms in SZ, compared with
their efficacy on negative symptoms or cognitive deficits.78,79

Second-generation medications, including clozapine and
risperidone, appear to be more effective at reducing the
cognitive and behavioral deficits induced by PCP, ketamine
and MK-801.12,47,48 While the underlying mechanism(s)
mediating the beneficial effects of neuroleptics are still under
debate, our data suggest that neuroleptics function, at least in
part, through the inactivation of STEP61.
Administration of D2 antagonists to cortical cultures led to

the phosphorylation of STEP61, a modification that prevents
STEP61 from interacting with its substrates. Subchronic
haloperidol treatment in mice led to a similar increase in
STEP61 phosphorylation with no change in total STEP61

levels. Subchronic risperidone and clozapine treatment
significantly increased the phosphorylation of STEP61. How-
ever, both of these neuroleptics also increased STEP61 levels
in synaptosomal (P2) fractions. While the mechanism by
which these two drugs increase STEP61 expression remains
to be determined, it is possible that subchronic neuroleptic
treatment promotes trafficking of STEP61 to the synapse as a
homeostatic mechanism. As STEP61 phosphorylation is
increased by antipsychotics to a greater magnitude than its
expression level, it appears that increased STEP61 in the P2
fraction is insufficient to reverse the decreased STEP61

activity and enhanced NMDAR surface expression elicited
by neuroleptic treatment.
In summary, our results implicate STEP61 as one likely

mediator of NMDAR hypofunction in SZ. Increased STEP61

levels are present both in postmortem SZ brains and mice
exposed to psychotomimetics, and genetically eliminating
STEP61 results in progeny less sensitive behaviorally to these
drugs. One possible explanation for increased STEP61 levels
is impaired UPS function in SZ. It is likely that other
mechanisms affect STEP61 expression, such as mutations
in specific UPS enzymes or disruption of microRNAs that
regulate STEP61 expression. The present findings establish
that neuroleptics used to treat SZ act, at least in part, via
STEP61 inactivation. Dysregulation of STEP61 represents a
previously unappreciated pathophysiological contributor to
SZ and implicates STEP61 as a novel pharmacological target
in SZ.
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