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Abstract
STEP61 is a protein tyrosine phosphatase recently implicated in the pathophysiology of
Alzheimer’s disease (AD). STEP61 is elevated in human AD prefrontal cortex and in the cortex of
several AD mouse models. The elevated levels of active STEP61 down-regulate surface expression
of GluN1/GluN2B (formerly NR1/NR2B) receptor complexes, while genetically reducing STEP
levels rescues both the biochemical and cognitive deficits in a triple transgenic AD mouse model
(3xTg-AD). Here we show that increased STEP61 also plays a role in Aβ-mediated internalization
of the AMPA receptor (AMPAR) subunits GluA1/GluA2 (formerly GluR1/GluR2). We purified
Aβ oligomers and determined that oligomers, but not monomers, lead to endocytosis of GluA1/
GluA2 receptors in cortical cultures. The decrease in GluA1/GluA2 receptors is reversed in the
progeny of STEP KO mice crossed with Tg2576 mice, despite elevated levels of Aβ. These results
provide strong support for the hypothesis that STEP61 is required for Aβ-mediated internalization
of GluA1/GluA2 receptors.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that predominantly
afflicts individuals over 65 years of age. The neuropathological hallmarks of AD are the
appearance of amyloid plaques and neurofibrillary tangles. The main constituents of
amyloid plaques are Aβ peptides that are derived from successive cleavage of amyloid
precursor protein (APP) by the action of β- and γ-secretases. Previous studies suggest that
beta amyloid (Aβ) peptides affect synaptic function early in the disease process (Selkoe,
2002), even before the appearance of amyloid plaques (Hsiao et al., 1996; Jacobsen et al.,
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2006). For example, exogenous application of either soluble or oligomeric Aβ peptides to
cultures and slices disrupts spine morphology and blocks long-term potentiation (LTP),
while in vivo administration impairs cognitive function in rodent models (Walsh et al., 2002;
Lacor et al., 2007; Shankar et al., 2008). Decreased surface expression of NMDA receptors
(NMDAR) (Snyder et al., 2005; Dewachter et al., 2009; Kurup et al., 2010; Zhang et al.,
2010) and AMPAR (Almeida et al., 2005; Gu et al., 2009, Zheng et al., 2010) complexes are
likely to underlie some of the biochemical, electrophysiological and behavioral defects seen
in AD.

STEP61 (STriatal-Enriched protein tyrosine Phosphatase of MW 61 kDa) is a brain-specific
tyrosine phosphatase implicated in the pathophysiology of AD (Zhang et al., 2010; Snyder et
al., 2005). Elevated levels of STEP61 are found in the prefrontal cortex of AD patients and
in cortical tissue from three transgenic mouse models (J20, Tg2576, and 3xTg-AD mice;
Chin et al., 2005; Kurup et al., 2010b; Zhang et al., 2010). STEP61 dephosphorylates
GluN2B (formerly NR2B) at a regulatory tyrosine (Tyr1472) (Snyder et al., 2005), and
resulting in internalization of NMDARs by clathrin-mediated endocytosis (Roche et al.,
2001; Lavezzari et al., 2003). Exogenous application of Aβ-enriched 7PA2 conditioned
medium increased STEP61 levels and reduced surface GluN1/GluN2B receptors, whereas
this effect of Aβ was absent in STEP KO cultures (Kurup et al., 2010a; Kurup et al., 2010b).
Finally, genetically reducing STEP levels in a triple transgenic mouse model of AD (3xTg-
AD) restored both the surface levels of GluN1/GluN2B receptors and the cognitive deficits
in 6-month old 3xTg-AD mice (Zhang et al., 2010).

We purified soluble Aβ oligomers and monomers and tested their effects on glutamate
receptor internalization in cortical cultures. We also determined whether reducing STEP61
levels might reverse the loss of surface GluA1/GluA2 (formerly GluR1 and GluR2)
receptors caused by Aβ. To address this question, we crossed STEP KO mice with APP
transgenic mice (Tg2576), and used western blotting and biotinylation experiments to
analyze cortical tissue and neuronal cultures of the progeny. Our results show that STEP
regulates GluA1/GluA2 endocytosis and suggests an important role in AD pathophysiology
in mouse models.

Experimental procedures
Materials

YM-3 Centriprep filters were from Millipore (Bedford, MA). Superdex 75 10/300 columns
were from Amersham Biosciences (Piscataway, NJ) and10–20% Tris-Tricine gradient
acrylamide gels from Bio-Rad (Hercules, CA). All primary and secondary antibodies and
their dilutions are listed in Table 1.

Purification of Aβ monomers and oligomers
7PA2 cells or control Chinese Hamster Ovary (CHO) cells were grown in DMEM without
serum for 16 h. Medium was collected and centrifuged at 200×g for 10 min to remove cell
debris, and concentrated 15-fold using YM-3 Centriprep (Millipore) filters. Size exclusion
chromatography was used to purify Aβ monomers and oligomers from the 7PA2
conditioned medium as described (Shankar et al., 2007). In brief, the concentrated
conditioned medium (0.90 ml) was injected onto a Superdex 75 10/300 GL column (10×300
mm), and eluted with 1 ml/min 0.05 M ammonium acetate, and collected in 1 ml fractions.
An aliquot (850 µl) from each fraction was lyophilized and stored at −80°C. The remaining
150 µl was lyophilized and loaded on 4–20% Tris-Tricine gradient gels to determine purity
and sizes of the Aβ oligomers. Dimers, trimers and tetramers eluted in fraction 12, while
monomers eluted in fraction 15 (Fig. 1).
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Preparation of cortical neurons
Cortical cultures from rat (E18) or mouse (E15) embryos were grown as previously
described (Xu et al., 2009; Zhang et al., 2008). In some experiments, TAT-STEP proteins (2
µM) were introduced into STEP WT or KO cultures for 45 min followed by Aβ oligomers
for 1 h. The basic 11 amino acid TAT peptide is cell permeable and is used to transduce
proteins into cell cultures or slices. TAT-STEP proteins were purified as previously
described (Zhang et al., 2008) and were shown to enter cells with high efficiency within 30
minutes of application (Xu et al., 2009).

Subcellular fractionation and immunoblot analysis
Subcellular fractionations were obtained as described (Dunah et al., 2001; Xu et al., 2009).
In brief, mouse brain homogenates were prepared in homogenization buffer (in mM): 10
Tris-HCl, pH 7.6, 320 sucrose, 150 NaCl, 5 EDTA, 5 EGTA, 50 NaF, 50 Na3VO4, and
protease inhibitors. Homogenates were centrifuged at 800×g to remove nuclei and large
debris (P1); S1 was centrifuged at 9200×g for 15 min to produce the P2 fraction. The P2
fraction was re-suspended in homogenization buffer containing 35.6 mM sucrose and
centrifuged at 25000×g for 20 min to produce LP1. The purity of LP1 fraction was verified
by marker proteins (Supplementary Fig. 2)

Proteins (30–50 µg) were loaded on 8% SDS-PAGE gels and transferred to polyvinylidene
difluoride membranes. Membranes were blocked with 5% (w/v) nonfat dry milk and
incubated with primary antibodies overnight at 4°C followed by incubation with secondary
antibody. Bands were visualized using a G:BOX with a GeneSnap image program and
quantified using Image J 1.33 (NIH).

Animals
All experiments were approved by the Institutional Animal Care and Use Committee of Yale
University. Two strains of mice were used in this study: Tg2576 mice (Taconic, Hudson,
NY; Hsiao et al., 1996) and STEP KO mouse (Venkitaramani et al., 2009). Heterozygous
STEP mice with and without the APP transgene were bred to produce progeny with or
without the Tg2576 transgene, and STEP KOs with and without the APP transgene (Zhang
et al., 2010). For biochemistry experiments, male 9 months old animals were used.

Surface biotinylation assay
Primary cortical neurons were treated with Aβ oligomers or monomers for 1 hr, and
incubated in PBS containing 1.5 mg/ml sulfo-NHS-LC-biotin (Pierce, Rockford, IL) for 20
min at 4°C. Neurons were then processed to obtain surface and total receptors as described
previously (Kurup et al., 2010a).

Aβ assay and western blot
Aβ1–42 concentrations were measured using a human Aβ (1–42) ELISA kit (Invitrogen). For
Aβ western blots, mouse hemibrains (Tg2576, male: 3, 6, and 9 months old) were processed
as described (Zhang et al., 2010).

Synthetic Aβ (1–42) was purchased from EMD biosciences. Aβ oligomers were prepared by
dissolving the peptide in 1X PBS (phosphate buffered saline, pH 9.0) and incubating at 37°C
for 48 hrs. For surface biotinylation experiments, the stock was diluted to 1 µM of Aβ (1–
42) in Neurobasal medium and applied on cortical cultures for 1 hr.

In vitro phosphorylation—Two µg of purified GST-GluN2B (1361–1482aa) or GST-
GluA2 (834–883aa) was phosphorylated using 50 ng of active Fyn (Upstate Biotechnology)
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in kinase assay buffer (in mM): 50 Tris-HCl, pH 7.5, 0.1 EGTA, 10 MgCl2, 500 µM ATP
for 30 min at 30° C. Total reaction volume of kinase assay was 30 ml. The phosphorylation
reaction was stopped by adding EDTA/ EGTA mix to a final concentration of 5 mM. This
phosphorylation reaction mix was used as a source of pGluN2B or pGluA2 substrate for the
in vitro dephosphorylation assay.

In vitro phosphatase assay—For in vitro phosphatase assays, 7PA2-CM derived
monomer and oligomer treated cortical cultures were lysed in buffer containing (in mM): 50
Tris-HCl, pH 7.4, 150 NaCl, 0.5 EGTA, 2 EDTA, 1% Triton-X-100 and complete protease
inhibitors (Roche). The samples were precleared with protein G-sepharose beads (GE Health
sciences) and mixed with anti-STEP antibody (2 mg; 23E5) for 2 h at 4 °C. The antibody-
bound complex was immunoprecipitated by adding protein G-sepharose (50 ml) and
incubated for 2 h at 4 °C. The beads were washed three times with Tris buffer and a final
wash with phosphatase assay buffer (in mM): 25 HEPES pH 7.3, 5 EDTA, 10 DTT. Beads
were re-suspended in fresh phosphatase assay buffer (100 µl) and used as enzyme source for
in vitro phosphatase assay. The phosphatase assay reaction was initiated by adding 20 µl of
beads to Fyn phosphorylated GST-GluN2B or GST-GluA2 substrate and incubated for 30
mins at 30°C. The reaction was stopped by adding 2X SDS sample buffer and subjected to
western blotting.

Statistics
All data are presented as means ± S.E. Differences among multiple groups were evaluated
by ANOVA with Tukey’s post hoc test, and p values of 0.05 or less were considered
significant.

Results
Aβ oligomers but not monomers lead to GluA1/GluA2 endocytosis

The addition of synthetic Aβ or Aβ-enriched 7PA2 conditioned medium (CM) to cortical
neurons leads to NMDAR endocytosis through activation of STEP (Snyder et al., 2005;
Kurup et al., 2010b). These earlier studies did not address whether endocytosis of AMPAR
subunits was also regulated by STEP, or whether specific species of Aβ were involved in
this process. Using size-exclusion chromatography, we purified oligomers (fraction
containing dimers, trimers and tetramers) and monomers from Aβ-enriched-CM (Fig. 1) and
tested their effects on endocytosis of glutamate receptors in rat cortical cultures by using
surface biotinylation. Treatment with oligomers (fraction 12; 100 pM) for 1 hr resulted in a
significant reduction in surface GluN1/GluN2B and GluA1/GluA2 subunits compared to
cultures treated with the monomeric fraction (fraction 15; 100 pM) or control cultures (Fig.
2a–d, GluA1: 73.2 ± 5.7%; GluA2: 60.5 ± 6.3%; GluN1: 71.3 ± 6.2%; GluN2B: 63.8 ±
5.1%, p < 0.01, n = 4). Surface expression of GluN2A and GABAAβ2/3 were not changed
(Fig. 2e and f, p > 0.05, n = 4). To rule out the possibility of contaminants in the 7PA2-CM
oligomeric fraction, we tested the effect of synthetic oligomers on the internalization of
GluA1, GluA2, GluN1, GluN2B receptors compared with synthetic monomers by using
surface biotinylation in cortical cultures. The results showed the internalization of glutamate
receptors (Sup. Fig. 1 a–d, GluA1: 77.23 ± 6.67, p<0.01; GluA2: 68.78 ± 6.02, p<0.01;
GluN1: 77.43 ± 8.03, p<0.01; GluN2B: 67.80 ± 7.73, p<0.01) are specific to Aβ oligomers
and independent of the preparation procedure. Similarly, the surface expression of GluN2A
and GABAAβ2/3 were unchanged with synthetic oligomers (Sup. Fig. 1e – f, GluN2A:
96.63 ± 5.61, p>0.05; GABAAβ2/3: 102.55 ± 6.32, p>0.05, n = 4). These results indicate
that either 7PA2-CM derived or synthetic Aβ oligomeric forms lead to the internalization of
GluA1/GluA2 and GluN1/GluN2B receptors.
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Aβ-induced GluA1/GluA2 receptor endocytosis is reduced in STEP KO cultures
We next determined whether STEP regulates Aβ-induced GluA1/GluA2 receptor
endocytosis by using biotinylation experiments. Aβ oligomers decreased the surface
expression of GluA1 and GluA2 receptors in wild type (WT) mouse cortical cultures (Fig.
3a and b, GluA1: 67.3 ± 7.3%; GluA2: 63.6 ± 4.0%, p < 0.01, n = 5). In contrast, we
observed no significant Aβ-induced decrease in the surface expression of these receptors in
STEP KO cultures (GluA1: 143.6 ± 4.7%; GluA2: 149.2 ± 3.2%, p > 0.05 compared to
STEP KO control levels). Higher baseline surface expression of GluA1 and GluA2 was
detected in STEP KO cultures, consistent with the role of STEP in mediating the
internalization of these receptors (Zhang et al., 2008) (GluA1: 134.5 ± 7.3%, p < 0.05;
GluA2: 156.8 ± 4.4%, p < 0.001).

The addition of TAT-STEP restored Aβ-mediated glutamate receptor endocytosis (Fig. 3a
and b, GluA1: 69.1 ± 6.5%; GluA2: 60.2 ± 4.3%, p < 0.001). These results indicate that
replacing STEP is sufficient to rescue the Aβ-induced GluA1/GluA2 receptor endocytosis in
STEP KO cultures.

Aβ-induced GluA1/GluA2 endocytosis is reduced in STEP KO mice
We next tested whether crossing STEP KO mice with Tg2576 mice would produce progeny
that no longer exhibit reduced glutamate receptor surface expression in the presence of
elevated Aβ. We tested 9-month old mice because at this age Tg2576 mice have elevated
levels of Aβ and learning deficits (Hsiao et al., 1996). Basal surface expression of GluA1/
GluA2 subunits was higher in cortical synaptosomal fractions (LP1) derived from STEP
KOs compared to WT mice (Fig. 4a, GluA1: 132.6 ± 8.7%, p < 0.05; GluA2: 164.1 ±
12.8%, p < 0.01, n = 6). Mice with the APP transgene and WT levels of STEP61 showed a
significant decrease in surface GluA1/GluA2 subunits in LP1 fractions (Fig. 4a, GluA1: 78.5
± 7.1%, p < 0.05; GluA2: 64.7 ± 12.8%, p < 0.05). In contrast, mice with the Aβ transgene
and null for STEP did not exhibit a significant decrease in the surface expression of GluA1/
GluA2 subunits (Fig. 4a, GluA1: 134.1 ± 7.6%; GluA2: 153.8 ± 9.6%, p > 0.05 compared to
STEP KO mice without the transgene, n = 6). Immunoblot for Aβ confirmed that 9-month
old Tg2576 mice had higher Aβ oligomers than 3-month old mice (Fig. 4b). These findings
indicate that despite high Aβ levels, GluA1/GluA2 endocytosis was significantly reduced in
the absence of STEP.

Aβ oligomer treatment of cortical cultures leads to increased STEP61 activity
Previous studies reported that Aβ oligomer leads to increase in STEP activity by two
mechanisms, (i) a calcineurin-mediated dephosphorylation of the regulatory PKA site on
STEP, (ii) an increase in total STEP levels due to decreased degradation by the proteasome
system (Snyder et al., 2005; Kurup et al., 2010a). To explore whether oligomeric Aβ
treatment led to activation of STEP61, we immunoprecipitated STEP61 from cortical cell
lysate treated with Aβ monomers or oligomers. Immunoprecipitated STEP61 was incubated
with either p-tyr1472 GST-GluN2B or p-tyr GST-GluA2, both of which were previously
phosphorylated by Fyn. STEP61 immunoprecipitated from cultures treated with oligomers
significantly decreased p-tyr1472 GluN2B (Fig. 5a, pGluN2B: 61.8 ± 9.1%, p < 0.01, n = 3).
Tyrosine phosphorylation of GluA2 was also significantly decreased as measured by an anti-
p-tyr antibody (Fig. 5b, pGluA2: 59.6 ± 7.6%, p < 0.01, n = 3). Monomer treatment did not
alter STEP-mediated dephosphorylation of the receptors. These results demonstrated that
STEP61 was activated by Aβ oligomers and led to the tyrosine dephosphorylation of
GluN2B and GluA2 in vitro. We also found the activation of STEP by oligomers involves
dephosphorylation of STEP at its regulatory PKA site and accumulation of total STEP levels
(Fig. 5c).
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Discussion
The data reported here demonstrate that STEP is involved in Aβ-induced ionotrophic
glutamate receptor internalization. STEP is elevated in the cortex of AD mouse models and
human AD patients and contributes to the internalization of surface GluN1/GluN2B
receptors (Kurup et al., 2010a, b). We recently showed that genetic reduction of STEP
restores surface GluN1/GluN2B subunits and attenuates cognitive deficits in 3xTg-AD mice
(Zhang et al., 2010). The data reported here expand on these findings by demonstrating that
STEP is also involved in regulating surface expression of GluA1/GluA2 receptors.

We first demonstrate that treatment with Aβ oligomers derived either from 7PA2-CM or
synthetic Aβ are equally capable of internalizing GluA1/GluA2 and GluN1/GluN2B
receptor complexes. Aβ oligomers leads to GluA1/GluA2 endocytosis in wild type cortical
cultures, but not in cultures derived from STEP KO mice. The addition of wild type TAT-
STEP to the KO cultures rescues the endocytosis, demonstrating a role of STEP in this
process. In addition, Tg2576 mice expressing elevated Aβ levels have reduced levels of
GluA1/GluA2 receptors in synaptic membrane fractions, whereas these receptors were
restored in progeny of STEP KO and Tg2576 crosses.

The finding that GluA1/GluA2 receptors are internalized by STEP is consistent with several
studies that demonstrate a reduction of AMPAR subunits in AD mouse model brains
(Almeida et al., 2005; Gu et al., 2009), in neuronal cultures treated with Aβ (Hsieh et al.,
2006; Parameshwaran et al., 2007), as well as in human AD brains (Armstrong et al., 1994;
Thorns et al., 1997). Our results suggest that STEP contributes to the disruption of synapses
caused by Aβ oligomers by promoting internalization of both AMPARs and NMDARs.

The mechanism by which STEP regulates GluA1/GluA2 internalization remains unclear.
One study showed that stimulation of the metabotrophic glutamate receptor mGluR5 leads
to a STEP-mediated tyrosine dephosphorylation of GluA2 and internalization of GluA1/
GluA2 (Zhang et al., 2008), although the tyrosine residue on GluA2 that is
dephosphorylated by STEP remains unidentified. A second report shed some light on one
molecular mechanism that might regulate Aβ-mediated AMPAR endocytosis (Scholz et al.,
2010). GluA2 was found to directly interact with BRAG2, a synaptic protein that is a
guanine-exchange factor (GEF) for the GTPase Arf6. When Arf6 is activated by BRAG2, it
recruits the adaptor protein AP2 and clathrin to synaptic membranes, thereby promoting
internalization of GluA1/GluA2 receptor complexes (Krauss et al., 2003; Scholz et al.,
2010). Activation of Arf6 requires the dephosphorylation of GluA2 Tyr876 by an unknown
tyrosine phosphatase. Whether STEP is the PTP that dephosphorylates GluA2 Tyr876 is the
subject of current investigation. Our in vitro dephosphorylation assay with a Tyr-
phosphorylated C-terminal sequence GluA2(834–883) suggests that GluA2 is a substrate of
STEP. STEP immunoprecipitated from oligomer treated samples significantly decreases the
tyrosine phosphorylation of GluA2 compared to STEP immunoprecipitated from monomer
treated samples. The current data also demonstrate that oligomer-treated cortical culture
samples show increased total STEP levels and increased catalytic activity, consistent with
earlier findings that Aβ inhibits the proteasome-mediated degradation of STEP (Kurup et al.,
2010). Our findings are also consistent with the finding that proteasome activity is
significantly inhibited by Aβ oligomers, but not by Aβ monomers (Tseng et al., 2008).

Additional STEP substrates include members of the mitogen activated protein kinase family
extracellular-signal regulated kinase 1/2 (ERK1/2), p38 (Paul et al., 2003; Munoz et al.,
2003), and Fyn, a member of the Src kinase family (Nguyen et al., 2002). STEP
dephosphorylates ERK1/2, p38, and Fyn at a regulatory tyrosine residue in their activation
loop, thereby inactivating these enzymes. The emergent model of STEP function therefore

Zhang et al. Page 6

J Neurochem. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suggests that STEP normally opposes the development of synaptic strengthening by
regulating the activity of these key signaling proteins (reviewed by Gobel-Goody et al., in
press). One prediction of this model is that increases in activated STEP disrupt synaptic
plasticity in two ways: through a direct dephosphorylation of glutamate receptor subunits
and through the indirect dephosphorylation and inactivation of tyrosine kinases required for
glutamate receptor stabilization in synaptosomal membranes.

The present findings support this model of STEP function. We demonstrate that Aβ
oligomers, and not monomers, are responsible for the internalization of two glutamate
receptor subtypes, AMPARs and NMDARs. We purified a fraction from 7PA2 conditioned
medium consisting of dimers, trimers, and tetramers, and used this sample at picomolar
concentrations. We did not use higher molecular weight oligomers in this study, and cannot
address whether they might also induce AMPAR/ NMDAR endocytosis. Nonetheless, our
findings are consistent with the earlier evidence suggesting the involvement of oligomers in
the pathophysiology of AD (Lesné et al., 2006). Aβ dimers from human Alzheimer's brains
impair memory consolidation (Shankar et al., 2008), whereas Aβ trimers isolated from 7PA2
medium inhibit LTP in hippocampal slices (Townsend et al., 2006).

In summary, we demonstrate that Aβ oligomers lead to the internalization of GluA1 and
GluA2 receptors. STEP KO cultures treated with Aβ are resistant to Aβ–mediated
internalization of GluA1/GluA2 receptors, but adding wild type STEP into these cultures
restored endocytosis of these receptors. A similar pattern emerged when we examined
progeny of STEP KO and Tg2576 mice. Crosses between mice with the APP mutation and
mice null for STEP produced progeny that no longer showed increased internalization of
GluA1/GluA2 receptors, despite elevated levels of Aβ. The work extends earlier studies
demonstrating that STEP mediates the internalization of NMDAR complexes (Kurup et al.,
2010a, b), and that genetic removal of STEP is sufficient to restore cognitive deficits in 6-
month old 3xTg-AD mice (Zhang et al., 2010). As later stages of AD are characterized by
increased excitotoxicity and neuronal degeneration, the increased glutamate receptor levels
in the absence of STEP are likely to have detrimental effects in more advanced AD, a
hypothesis that needs to be experimentally tested in future studies. Taken together, this body
of work validates STEP as a candidate for drug discovery in an effort to find STEP
inhibitors as potential therapeutic agents for the treatment of AD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

STEP Striatal Enriched tyrosine Phosphatase

KO Knock-out

AD Alzheimer’s disease

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

NMDA N-Methyl-D-aspartate

Aβ amyloid beta

APP amyloid precursor protein

LTP long-term potentiation

CHO chinese hamster ovary
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TAT trans-activator of transcription

PBS phosphate buffered saline
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Figure 1. Aβ oligomers purified from Aβ expressing 7PA2 conditioned medium (7PA2-CM)
using size-exclusion chromatography
Aβ oligomers and monomers in 7PA2-CM were fractionated by size-exclusion
chromatography (SEC) and samples were analyzed by SDS-PAGE and immunoblotting with
6E10 antibody. Tetramers, trimers and dimers are present in fraction 12, while monomers
were present in fraction 15.
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Figure 2. 7PA2-CM derived oligomers but not monomers result in AMPAR and NMDAR
endocytosis
Surface proteins of cortical cultures were biotinylated and processed for immunoblots.
Representative western blots of surface and total (a), GluA1; (b), GluA2; (c), GluN1; (d),
GluN2B; (e), GluN2A; and (f), GABAAβ2/3 levels after treatment with Aβ monomers and
oligomers from 7PA2-CM and control CHO-CM fractions. Histograms (lower panels) show
quantification of surface receptors normalized to total receptor levels. Histograms show
oligomers but not monomers lead to significant loss of surface NMDA and AMPA receptors
(**p < 0.01; n = 4)
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Figure 3. STEP KO cultures show no decrease in surface AMPAR after Aβ oligomers treatment
Surface proteins of WT and STEP KO cortical cultures were biotinylated and processed for
immunoblots. Representative western blots of (a), GluA1 and (b), GluA2 after treatment
with control CHO fraction 12, 7PA2 fraction 12 (oligomers), and wild type TAT-STEP +
7PA2 fraction 12. Histograms (lower panels) show quantification of surface receptors
normalized to total receptor levels. STEP KO cultures showed higher levels of AMPA
receptors (GluA1: *p < 0.05; GluA2: ***p < 0.001; n = 5). Oligomers led to a significant
decrease of these receptors in STEP WT cultures (**p < 0.01; n = 5), but no decrease in
STEP KO cultures (p > 0.05; n = 5). Addition of wild type TAT-STEP to STEP KO cultures
rescued GluA1 and GluA2 endocytosis (GluA1: *p < 0.05; GluA2: **p < 0.01; n = 5).
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Figure 4. Progeny from crosses between Tg2576 and STEP KO mice restores surface AMPAR
levels
Crosses were made between Tg2576 and STEP KO mice, cortical tissues were analyzed for
AMPAR levels in synaptosome fractions (LP1). (a), GluA1, GluA2: Representative western
blots from 9-month old mice. Histograms of results shown in lower panel. Tg2576 mice
brains with high levels of Aβ showed significantly lower levels of GluA1/GluA2 (GluA1,
GluA2: *p < 0.05; n = 6). Progeny with no STEP protein had significantly higher levels of
GluA1/GluA2 (GluA1: *p < 0.05; GluA2: **p < 0.01; n = 6). STEP KO mice no longer
showed detectable endocytosis of GluA1/GluA2 even with high levels of Aβ (p > 0.05; n =
6). ERK2 immunoreactivity was the loading control. (b), Homogenates of hemibrains (3-,
6-, 9-months Tg2576 mice) were analyzed by western blot and show an increased levels of
oligomers occur in Tg2576 mice brains with aging.
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Figure 5. STEP activity is required for Aβ induced NMDAR and AMPAR endocytosis
(a), STEP protein was immunoprecipitated from cortical cultures treated with Aβ oligomers
or monomers, and assayed in vitro using GST-phospho-GluN2B as substrate.
Dephosphorylation of pGluN2B was assessed with a p-tyr1472-specific antibody (**p <
0.01; n = 3). (b), STEP protein was immunoprecipitated from cortical cultures treated with
Aβ oligomers or monomers, and assayed in vitro using GST-phospho-GluA2 as substrate.
Dephosphorylation of GluA2 was assessed with a tyrosine phosphorylation antibody (**p <
0.01; n = 3). (c), 7PA2-CM derived monomer and oligomer fractions treated cortical
cultures were immunoprecipitated with STEP antibody and analyzed for pSTEP and STEP
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immunoreactivity. The oligomer treated samples show increased STEP levels and decreased
pSTEP levels compared to monomer treated samples.
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