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Adaptor Protein APPL1 Couples Synaptic NMDA
Receptor with Neuronal Prosurvival Phosphatidylinositol
3-Kinase/Akt Pathway
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It is well known that NMDA receptors (NMDARs) can both induce neurotoxicity and promote neuronal survival under different circum-
stances. Recent studies show that such paradoxical responses are related to the receptor location: the former to the extrasynaptic and the
latter to the synaptic. The phosphoinositide 3-kinase (PI3K)/Akt kinase cascade is a key pathway responsible for the synaptic NMDAR-
dependent neuroprotection. However, it is still unknown how synaptic NMDARs are coupled with the PI3K/Akt pathway. Here, we
explored the role of an adaptor protein—adaptor protein containing pH domain, PTB domain, and leucine zipper motif (APPL1)—in this
signal coupling using rat cortical neurons. We found that APPL1 existed in postsynaptic densities and associated with the NMDAR
complex through binding to PSD95 at its C-terminal PDZ-binding motif. NMDARs, APPL1, and the PI3K/Akt cascade formed a complex
in rat cortical neurons. Synaptic NMDAR activity increased the association of this complex, induced activation of the PI3K/Akt pathway,
and consequently protected neurons against starvation-induced apoptosis. Perturbing APPL1 interaction with PSD95 by a peptide
comprising the APPL1 C-terminal PDZ-binding motif dissociated the PI3K/Akt pathway from NMDARs. Either the peptide or lentiviral
knockdown of APPL1 blocked synaptic NMDAR-dependent recruitment and activation of PI3K/Akt pathway, and consequently blocked
synaptic NMDAR-dependent neuroprotection. These results suggest that APPL1 contributes to connecting synaptic NMDARs with the
intracellular PI3K/Akt cascade and the downstream prosurvival signaling pathway in rat cortical neurons.

Introduction
NMDA receptors (NMDARs) are cation channels gated by the
neurotransmitter glutamate and are essential mediators in syn-
aptic transmission and plasticity. NMDARs play important roles
in both the physiology and pathophysiology of the CNS. Exces-
sive NMDAR activation causes neuronal loss in acute trauma and
certain neurodegenerative diseases. In contrast, physiological
NMDAR activity promotes neuronal survival and is resistant to
apoptotic or excitotoxic insults (Hardingham, 2009). In addi-
tion, accumulating evidence indicates that the location of
NMDARs mainly influences whether they are coupled to pro-
death or prosurvival signals (Hardingham and Bading, 2010).
Synaptic NMDARs are neuroprotective, and their activity trig-
gers different neuroprotective signaling pathways, such as activa-

tion of the phosphoinositide 3-kinase (PI3K)/Akt pathway,
activation of nuclear CREB (cAMP response element-binding pro-
tein), and enhancement of the antioxidant defense system (Harding-
ham, 2009). Extrasynaptic NMDARs preferentially initiate lethal
downstream reactions including mitochondrial dysfunction (Mur-
phy and Fiskum, 1999; Wang et al., 1999), oxidative stress (Kinouchi
et al., 1991), and nitrosative stress (Aarts et al., 2003; Uehara et al.,
2006; Luo and Zhu, 2011). Despite the increase in our understanding
of NMDAR functions and their downstream signaling pathways, the
molecular mechanisms underlying the coupling of NMDARs with
different downstream signaling pathways are still far from well
understood.

The PI3K/Akt kinase cascade is a key pathway responsible
for the prosurvival effects of synaptic NMDAR activity
(Lafon-Cazal et al., 2002; Papadia et al., 2005). PI3K is strongly
activated by NMDARs in many neuronal types (Perkinton et
al., 2002; Sutton and Chandler, 2002) and recruits the kinase
PDK1 (phosphoinositide-dependent protein kinase) (Alessi et
al., 1997) and its substrate Akt to the membrane. Subse-
quently, Akt is phosphorylated and activated, which further
phosphorylates and inhibits proapoptotic substrates, such as
GSK3� (glycogen synthase kinase-3�) (Soriano et al., 2006),
ASK1 (apoptosis signal-regulating kinase 1) (Kim et al., 2001),
p53 (Yamaguchi et al., 2001), BAD (Bcl2-associated death
promoter) (Downward, 1999), and FOXO (forkhead box O)
(Soriano et al., 2006). It is still unclear how Akt is recruited to
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the cell membrane, and how the PI3K/
AKT kinase cascade is coupled to
NMDARs.

Adaptor protein containing pH domain,
PTB domain, and leucine zipper motif
(APPL) is a multifunctional endosomal
adaptor protein with two isoforms, APPL1
and APPL2. APPL interacts with trans-
membrane receptors such as the EGF
receptor (Miaczynska et al., 2004), adi-
ponectin receptors (Mao et al., 2006),
TrkA (Lin et al., 2006), the follicle-
stimulating hormone receptor (Necha-
men et al., 2004), and DCC (Liu et al.,
2002). Furthermore, APPL interacts with,
and regulates the activity of, Akt (Mitsuu-
chi et al., 1999; Schenck et al., 2008) and
is involved in fundamental processes
such as proliferation, survival, growth,
and metabolism.

Here, we found that, in the CNS, a sub-
fraction of APPL1 localized at the post-
synaptic density (PSD) and associated
with NMDAR complexes by interacting with PSD95, and there-
fore tethered PI3K and Akt to the NMDAR complex. Function-
ally, APPL1 is required for synaptic NMDAR-dependent Akt
activation and synaptic NMDAR-dependent neuroprotection.

Materials and Methods
Antibodies. The primary antibodies for Western blotting (WB) were APPL1
(Santa Cruz; sc-67402), PSD95 (Millipore; MAB1596), GluN2A (sc-1468),
GluN2B (homemade mAb), GluN1 (BD Biosciences Pharmingen; 556308),
Akt (9272), Rab5 (sc-46692), synaptophysin (Sigma-Aldrich; S5768), GluA2
(MAB397), clathrin (sc-12734), PI3K p110� (sc-602), phospho-Akt Ser473
(4060), Erk1/2 (4696), phospho-Erk1/2 (9101), and GFP (Abcam; ab1218).
The secondary antibodies for WB were DyLight 680/800-conjugated IgG
(Thermo Fisher Scientific). The antibodies for immunoprecipitation were
APPL1 (as for WB), GluN1 and antigen peptide (sc-1467 and sc-1467p),
PSD95 (ab18258), and GFP (as for WB). The primary antibodies for
immunocytochemistry were APPL1 (Cell Signaling; 3858), and GluN1
and PSD95 (as for WB). The secondary antibodies for immunocyto-
chemistry were Alexa Fluor 488 anti-mouse IgG and Alexa Fluor 546
anti-rabbit IgG (Invitrogen).

Peptides. Tat-APPL1CT peptide (YGRKKRRQRRREEGKKRESEA)
and Tat-sAPPL1CT peptide (YGRKKRRQRRREREKEESAKG) were syn-
thesized by GL Biochem.

Tissue coimmunoprecipitation. The protocol for tissue coimmunopre-
cipitation (co-IP) was as previously described (Luo et al., 1997) with
some modifications. All animal experiments were performed in accor-
dance with the ethical guidelines of the Zhejiang University Animal Ex-
perimentation Committee and were in complete compliance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Adult mouse cortex of either sex was homogenized with 10 vol
of homogenization buffer (10 mM Tris-HCl, pH 7.4, 320 mM sucrose, 1
mM PMSF, 1 �g/ml aprotinin). The tissue homogenate was centrifuged
at 700 � g for 10 min at 4°C. A 0.10 vol of 10% sodium deoxycholate in
500 mM Tris-HCl, pH 9.0, was added to the supernatant, and the prepa-
ration was incubated at 37°C for 20 min for membrane solubilization. A
0.10 vol of 1% Triton X-100, 50 mM Tris-HCl, pH 9.0, was then added,
and the preparation was dialyzed against binding buffer (50 mM Tris-
HCl, pH 7.4, 0.1% Triton) overnight at 4°C. After centrifugation at
37,000 � g at 4°C for 30 min, IP antibody was added to the supernatant
and incubated overnight at 4°C. Protein A-Sepharose (GE Healthcare;
for APPL1 and PSD95 rabbit polyclonal antibodies) or protein G-agarose
(Thermo Fisher Scientific; for GluN1 goat polyclonal antibody) was then
added. After incubation for 1 h at 4°C, the mixtures were washed four

times with binding buffer, and the immunoprecipitates were eluted with
2� SDS-PAGE loading buffer by boiling at 100°C for 5 min.

Co-IP of cultured neurons. Cultured cortical neurons [days in vitro
(DIV) 12–14] were lysed by buffer containing 50 mM Tris-HCl, pH 7.4, 1%
sodium deoxycholate, 0.1% Triton X-100, 1 mM PMSF, and 1 �g/ml apro-
tinin. The lysate was then dialyzed against binding buffer overnight at 4°C.
All subsequent procedures were the same as the protocol for tissue co-IP.

Co-IP of transfected HEK cells. After transfection with indicated plas-
mids for 24 h, HEK293 cells were lysed by buffer containing 20 mM Tris,

Figure 1. Subcellular localization of APPL1 protein in brain. A, APPL1 and Akt existed both in the non-PSD and PSD fractions.
PSD95, GluN2A, GluN2B, and GluN1 are components of the PSD fraction. Rab5 is a component of the late endosome. Synaptophysin
is a component of presynaptic structure. B, Cultured cortical neurons (DIV 11–13) coimmunostained for endogenous APPL1 and
PSD95. APPL1 clusters partially colocalized with PSD95 clusters (arrows). Scale bar, 10 �m. C, Coimmunostaining of endogenous
APPL1 and GluN1. APPL1 clusters partially colocalized with GluN1 clusters (arrows). Scale bar, 10 �m.

Figure 2. APPL1 associates with the NMDA receptor complex in brain. A, APPL1 coprecipi-
tated PSD95, GluN1, GluN2A, and GluN2B, but did not coprecipitate GluA2, GIPC, and clathrin
from lysate of mouse cortex. Immunoprecipitation with nonimmune rabbit IgG was included as
a negative control. B, GluN1 coprecipitated APPL1 and GluN2B but not GluA2 from lysate of
mouse cortex. Immunoprecipitation with GluN1 antibody preblocked by excess antigen peptide
(antigen blocking) was included as a negative control. C, PSD95 coprecipitated APPL1, GluN2A,
and GluN2B, but not GluA2 from lysate of mouse cortex.
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pH 7.5, 150 mM NaCl, 1% Triton X-100, and protease inhibitor mixtures.
Anti-APPL1 antibody or anti-GFP antibody was added to the lysate and
incubated overnight at 4°C. All subsequent procedures were the same as
for tissue co-IP.

Subcellular fractionation. Subcellular fractionation was conducted on
adult mouse cortex of either sex using an adapted protocol (Pacchioni et
al., 2009).

Detection of fluorescence resonance energy transfer using three-cube flu-
orescence resonance energy transfer measurement. The fluorescence imag-
ing work station for fluorescence resonance energy transfer (FRET) and
the FRET quantification method have been described previously (Qiu et
al., 2005, 2009). Briefly, the fluorescence imaging workstation consisted
of an inverted microscope (TE2000; Nikon), Dual-View (Optical In-
sights), and a SNAP-HQ-cooled CCD (Roper Scientific). MetaMorph,
version 5.0, software was used for analysis of the cell image data. The
FRET ratio (FR) was calculated according to the following equation:

FR �
[SFRET(DA) � RD1 � SCFP(DA)]

RA1 � SYFP(DA)
.

SCUBE(SPECIMEN) denotes an intensity measurement, where CUBE in-
dicates the filter cube (CFP, YFP, or FRET) and SPECIMEN indicates
whether the cell is expressing donor (D) (CFP), acceptor (A) (YFP), or
both (DA). RD1 � SFRET(D)/SCFP(D), and RA1 � SFRET(A)/SYFP(A).
FRET signals were acquired from intact HEK293 cells expressing the
indicated fluorescent tag protein.

Cortical neuronal cultures. Cortical tissue was harvested from embry-
onic day 17–19 rats of either sex, and then gently chopped and digested in
0.5% trypsin for 13 min at 37°C. Dissociated cells were plated at a density
of 0.4 � 10 4/cm 2 in a 35 mm dish with poly-L-lysine-coated coverslips in
Neurobasal medium containing 1% horse serum, 0.5 mM glutamine, 1%
antibiotic, and 2% B27, at 37°C under 5% CO2. After 3 d, the medium
was replaced with Neurobasal medium containing 0.5 mM glutamine, 1%
antibiotic, and 2% B27. Subsequently, the culture medium was replaced
every 5 d. At 5 DIV, cytosine arabinofuranoside was added at a final
concentration of 2.5 �M.

Immunocytochemistry. For staining of endogenous APPL1, GluN1,
and PSD95, cortical neurons (DIV 11–13) were fixed for 10 min with 4%

paraformaldehyde. After fixation, neurons
were washed three times with PBS and incu-
bated with blocking buffer (0.4% Triton
X-100, 2.5% BSA in PBS) for 30 min. Primary
antibodies were then applied in blocking buffer
for 1 h at room temperature. Neurons were
washed three times with PBS. Secondary anti-
bodies were applied in blocking buffer for 1 h at
room temperature. After washing three times
with PBS, neurons were mounted. The images
were acquired with a confocal microscope (Flu-
oview FV1000; Olympus). Image-Pro Plus 6.0
software was used to analyze colocalization of
clusters.

Lentivirus-mediated RNAi in cortical neurons.
pFUGW-APPL1 shRNA-GFP lentiviral vector
targeted against rat APPL1 (5�-CTCACCTGAC
TTCGAAACT-3�) and nonspecific control
shRNA lentiviral vector against the sequence
5�-TTCTCCGAACGTGTCACGT-3� were from
Shanghai GeneChem. Cultured cortical neurons
at DIV 6 were infected by lentivirus. Five to 6 d
after infection, neurons were used for synap-
tic NMDAR activation or the neuroprotec-
tive model.

Synaptic or extrasynaptic NMDAR activa-
tion. For synaptic NMDAR activation, cortical
neurons at DIV 12–14 were treated for 30 min
with 50 �M bicuculline (Bic) and 250 �M

4-aminopyridine (4-AP). For peptide block-
ing, 10 �M Tat-APPL1CT or Tat-sAPPL1CT was
applied to neurons and incubated for 1 h be-

fore Bic and 4-AP treatment. Extrasynaptic NMDAR activation was per-
formed as previously established protocols (Hardingham et al., 2002).
Briefly, synaptic NMDARs were irreversibly blocked by MK801 (50 �M),
Bic (50 �M), and 4-AP (250 �M) for 5 min. After washout, extrasynaptic
NMDARs were then selectively activated by NMDA (10 �M) for 1 h.
Treated neurons were lysed by buffer containing 20 mM Tris, pH 7.5, 150
mM NaCl, 1% Triton X-100, and protease inhibitor mixtures. Protein
concentrations were measured. Equivalent samples were loaded for SDS-
PAGE and Western blot.

Neuroprotective model. DIV 10 cortical neurons were subjected to
trophic deprivation by transferring them from growth medium to a star-
vation medium containing 10% MEM and 90% salt– glucose– glycine
medium (114 mM NaCl, 0.22% NaHCO3, 5.3 mM KCl, 1 mM MgCl2, 2
mM CaCl2, 10 mM HEPES, 1 mM glycine, 30 mM glucose, 0.5 mM sodium
pyruvate). For neuroprotection, 50 �M Bic and 250 �M 4-AP were added
to the starvation medium. For peptide blocking, 10 �M Tat-APPL1CT or
Tat-sAPPL1CT was added at the same time and readded every 24 h. After
3 d of trophic deprivation, neurons were either subjected to Hoechst
staining or lysed for Western blotting to detect cleaved caspase-3.

Hoechst staining. Hoechst staining was performed according to the in-
structions with the kit (Beyotime Biotech). Tau protein was immunostained
to distinguish neurons from glia and help to determine the state of neurons.

Results
APPL1 exists in postsynaptic density and partially colocalizes
with PSD95 and NMDA receptors
APPL1 protein is enriched in mouse brain and widely expressed
in different brain regions (data not shown). We determined the
synaptic location of APPL1 in cortex by fractionation of synap-
tosomes prepared as previously described (Pacchioni et al.,
2009). Digestion of synaptosomes yielded a PSD-enriched and a
non-PSD-enriched membrane fraction. As expected, Rab5 and
synaptophysin were enriched in the non-PSD fraction, while
PSD95, as well as GluN1, GluN2A, and GluN2B subunits, were
enriched in the PSD fraction (Fig. 1A). APPL1 was distributed
both in the non-PSD and PSD fractions (Fig. 1A); this extends

Figure 3. APPL1 interacts with PSD95 but not with NMDAR subunits. A, Co-IP of transfected GFP-GluN1, GFP-GluN2A, or
GFP-GluN2B with endogenous APPL1 in HEK293 cells. GFP-GluN1, GFP-GluN2A, or GFP-GluN2B did not coprecipitate with APPL1.
B, GFP-GluN2A/GluN1 or GFP-GluN2B/GluN1 were cotransfected into HEK293 so that they could form functional NMDARs on the
plasma membrane. APPL1 was still unable to coprecipitate GluN1, GluN2A, or GluN2B under such conditions. C, GFP-PSD95 was
transfected into HEK293 cells. APPL1 coprecipitated GFP-PSD95. D, GFP-PSD95 or GFP was transfected into HEK293 cells. GFP-
PSD95 but not GFP coprecipitate APPL1.
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our previous knowledge of APPL1 as a
Rab5-interacting protein localized on endo-
somes, implicating function of APPL1 in
synapses. In addition, the APPL1-binding
protein Akt, a key survival signaling mole-
cule, was also partly located in the PSD frac-
tion (Fig. 1A). We further examined the
expression pattern of endogenous APPL1 in
cortical neurons at DIV 11–13 by double
immunofluorescent staining. APPL1 exhib-
ited puncta along the dendrites, either ap-
pearing to be associated with dendritic
spines or located in the dendritic shafts. The
punctate staining of APPL1 and PSD95 was
partially colocalized (Fig. 1B), which is con-
sistent with a previous report (Majumdar et
al., 2011). APPL1 also partially colocalized
with the GluN1 subunit of the NMDAR
(Fig. 1C). Further quantification revealed
that 32.3 � 2.1% (mean � SEM) of total
APPL1 clusters colocalized with PSD95,
versus 25.0 � 0.9% of PSD95 clusters con-
taining APPL1 (2000–3000 clusters of each
protein from six separate experiments). In
addition, 48.0 � 2.8% of APPL1 colocalized
with GluN1, while 33.7 � 3.0% of GluN1
clusters contained APPL1 (2000–3000 clus-
ters of each protein from five separate exper-
iments). These data indicate that APPL1
plays a potential role in synaptic function.

APPL1 is a binding partner within
NMDA receptor multiprotein
complexes
APPL was identified as a component of
NMDAR multiprotein complexes by mass
spectrometric analysis (Husi et al., 2000).
Here, co-IPs were performed to assess the
association of APPL1 and NMDARs in
mouse cortical lysates. APPL1 antibody
immunoprecipitated APPL1 protein effi-
ciently and coprecipitated the scaffold
protein of NMDARs, PSD-95 (Fig. 2A).
In addition, a small but significant frac-
tion of GluN1, GluN2A, and GluN2B
coprecipitated with APPL1. GluA2, a sub-
unit of the AMPA receptor, did not copre-
cipitate with APPL1 (Fig. 2A), which
indicated that APPL1 specifically associ-
ated with the NMDAR but not the AMPA
receptor. We did not detect an interaction
of GIPC with APPL1 in mouse cortical ly-
sates (Fig. 2A), although GIPC is reported
to bind with APPL1 through PDZ interac-
tion in PC12 cells and in sympathetic neu-
rons (Lin et al., 2006). We also found that
APPL1 antibody was unable to coprecipi-
tate clathrin, which is in accord with previous reports showing a
lack of colocalization of APPL1-positive structures with clathrin-
coated vesicles (Miaczynska et al., 2004; Zoncu et al., 2009). Con-
trol nonimmune IgGs immunoprecipitated none of these
proteins. In the opposite direction, GluN1 antibody coprecipi-
tated GluN2B and faint but detectable amounts of APPL1 (Fig.

2B). In contrast, GluN1 antibody was unable to precipitate
GluN1 or coprecipitate APPL1 or GluN2B when preblocked by
excessive antigen peptide, which further indicated the specificity
of APPL1 and GluN1 co-IP. Immunoprecipitation with PSD95
antibody also coprecipitated APPL1, GluN2A, and GluN2B, but
did not coprecipitate GluA2 (Fig. 2C). Together, these results

Figure 4. APPL1 interacts with PSD95 through its C-terminal PDZ-binding motif. A, CFP-APPL1/PSD95 or CFP-APPL1�4/PSD95
was cotransfected into HEK293. CFP-APPL1 but not CFP-APPL1�4 coprecipitated PSD95. B, Three-cube FRET measurements in
HEK293 cells. Coexpression of CFP-APPL1 and YFP-PSD95 yielded positive FRET signals while CFP-APPL1 and YFP, CFP-APPL1�4,
and YFP-PSD95 did not. The horizontal axis indicates FRET ratio (FR). *p � 0.01, two-tailed t test. C, Application of 100 �M

Tat-APPL1CT peptide (APPL1CT) on GFP-PSD95 transfected HEK293 cells for 2 h before cell harvest perturbed the co-IP of GFP-PSD95
with APPL1, compared with that of Tat-sAPPL1CT peptide (sAPPL1CT). D, Statistical analysis of C. Western results of three indepen-
dent co-IP tests were analyzed. The ratio of the band intensity of coprecipitated GFP-PSD95 to precipitated APPL1 was compared
between the APPL1CT group and the sAPPL1CT group. All ratios were normalized (divided by the average ratio of sAPPL1CT group)
before t test (*p � 0.05, two-tailed t test; n � 3). E, Application of 10 �M Tat-APPL1CT peptide for 1 h on cultured cortical neurons
perturbed the colocalizaion of endogenous APPL1 and PSD95, compared with that of Tat-sAPPL1CT peptide. Scale bar, 10 �m. F,
Statistical analysis of E. Left, Tat-APPL1CT significantly decreased the percentage of APPL1 clusters that colocalized with PSD95
clusters and the percentage of PSD95 that colocalized with APPL1 (�1000 clusters of each protein from three separate experi-
ments; *p � 0.05, two-tailed t test). Right, Density of APPL1 or PSD95 clusters (clusters per micrometer of dendrite branch) was
not affected by Tat-APPL1CT peptide (ns, no significant difference; two-tailed t test; n � 3). Error bars indicate SEM.
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demonstrate that APPL1 is a binding partner of the NMDAR
multiprotein complex in vivo.

APPL1 interacts with PSD95 through its C-terminal
PDZ-binding motif
The results above indicate that APPL1 belongs to the NMDAR
multiprotein complex. To further assess whether APPL1 interacts
directly with the NMDAR, we transfected GFP-GluN1, GFP-
GluN2A, or GFP-GluN2B into HEK293 cells, and assessed the
interaction of endogenous APPL1 with the different transfected
NMDAR subunits by co-IP. APPL1 antibody precipitated endog-
enous APPL1 efficiently in HEK293 cells but was unable to co-
precipitate GFP-GluN1, GFP-GluN2A, or GFP-GluN2B (Fig.
3A). The GluN1, GluN2A, or GluN2B subunit, when expressed
alone in heterogeneous cells, is retained in the ER, and unable to
be expressed in the cell membrane. However, APPL1 is an endo-
somal adaptor protein and mainly involved in the endocytosis of
receptors expressed in the cell membrane. In the following exper-
iments, we cotransfected GluN1/GluN2A or GluN1/GluN2B into
HEK293 cells and functional NMDARs were formed in the

cell membrane. Under such conditions,
APPL1 antibody was still unable to copre-
cipitate GluN1, GluN2A, or GluN2B (Fig.
3B). Together, these results indicated that
APPL1 does not interact directly with
NMDAR subtypes.

Our results showed that APPL1 had a
relatively strong co-IP with the PDZ
protein PSD95 in mouse cortex (Fig.
2 A). In addition, APPL1 has a PDZ-
binding motif (-ESEA) at its C terminus.
Next, we assessed the interaction of
transfected GFP-PSD95 with endoge-
nous APPL1 in HEK293 cells by co-IP.
We found that APPL1 coprecipitated
GFP-PSD95 efficiently (Fig. 3C). In the re-
verse co-IP test, GFP-PSD95 coprecipitated
APPL1 (Fig. 3D). To investigate whether the
APPL1 C-terminal PDZ-binding motif de-
termines the APPL1–PSD95 interaction, we
cotransfected CFP-APPL1/PSD95 or CFP-
APPL1�4 (the last 4 aa, the PDZ-binding
domain of APPL1, were deleted)/PSD95
into HEK293 cells. Co-IP tests with anti-
GFP antibody showed that CFP-APPL1 but
not CFP-APPL1�4 interacted with PSD95
(Fig. 4A). FRET is another method to detect
protein–protein interactions in vivo (Qiu et
al., 2005, 2009). Here, we tagged APPL1
with CFP and PSD95 with YFP and exam-
ined the interaction of APPL1 with PSD95
using FRET (Fig. 4B). As the negative con-
trol, when CFP-APPL1 and YFP were
cotransfected, no FRET signal was detected
[FR � 1.01 � 0.03 (mean � SEM); n � 24].
Cotransfection of CFP-APPL1 and YFP-
PSD95 yielded a positive FRET signal
(FR � 1.16 � 0.04; n � 24). However, CFP-
APPL1�4 and YFP-PSD95 yielded a nega-
tive FRET signal (FR � 1.00 � 0.04; n � 23)
(Fig. 4B). This suggests that the PDZ-
binding motif of APPL1 is necessary for
APPL1–PSD95 interaction.

We further generated the cell membrane-permeable peptide
by fusion of the 10 C-terminal residues of APPL1 (EEGKKRE-
SEA) to the cell membrane transduction domain of the HIV-1
Tat protein (YGRKKRRQRRR) (Tat-APPL1CT). The peptide of
the scrambled APPL1 C-terminal sequence fused to Tat protein
(Tat-sAPPL1CT) was also constructed as the negative control.
Co-IP showed that incubation of transfected HEK293 cells with
Tat-APPL1CT peptide for 2 h before cell harvest perturbed the
interaction between APPL1 and GFP-PSD95, while Tat-
sAPPL1CT peptide did not (Fig. 4C). The ratio of coprecipitated
GFP-PSD95 to precipitated APPL1 in the APPL1CT group was
�40% lower than that in the sAPPL1CT group (Fig. 4D). We
further detected the effect of Tat-APPL1CT peptide treatment on
the colocalization of endogenous APPL1 with PSD95 in cultured
cortical neurons by immunostaining. The results showed that
application of Tat-APPL1CT peptide slightly but significantly de-
creased the colocalization of APPL1 cluster with PSD95 cluster,
without affecting the density of either APPL1 or PSD95 clusters
(Fig. 4E,F). Together, these results suggest that APPL1 interacts
with PSD95 through its C-terminal PDZ-binding motif.

Figure 5. Disruption of APPL1 and NMDAR complex interaction dissociates PI3K and Akt from NMDARs. A, GluN1 coprecipitated
PSD95, APPL1, Akt, and p110� but not GluA2 from lysate of cultured cortical neurons. Immunoprecipitation with GluN1 antibody
preblocked by excess antigen peptide (antigen blocking) was included as the negative control. B, Incubation of cultured cortical
neurons with Tat-APPL1CT peptide for 2 h partially blocked the co-IP of APPL1, Akt, and p110� with GluN1, but not the co-IP of
PSD95 with GluN1. Treatment with Tat-sAPPL1CT peptide did not have the blocking effect. C, Statistical analysis of three indepen-
dent co-IP tests. The ratio of the band intensity of coprecipitated PSD95, APPL1, Akt, or p110� to precipitated GluN1 was com-
pared. All ratios were normalized (divided by the average ratio of control group) before t test (*p � 0.05; ns, no significant
difference; two-tailed t test; n � 3). D, Co-IP of GluN2B with PSD95 was not perturbed by Tat-APPL1CT peptide. E, Statistical
analysis of D (ns, no significant difference; two-tailed t test; n � 3). Error bars indicate SEM.
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APPL1 couples the PI3K/Akt pathway
with NMDA receptor complexes
APPL1 was first identified as an Akt-
interacting protein (Mitsuuchi et al., 1999).
It directly binds Akt through its PTB do-
main and regulates the activity of Akt
(Schenck et al., 2008; Cleasby et al., 2011;
Majumdar et al., 2011). APPL1 also directly
binds to the PI3K p110 subunit (Mitsuuchi
et al., 1999; Tan et al., 2010a). This indicates
that APPL1 acts as an adaptor protein cou-
pling PI3K with Akt. In cultured cortical
neurons, we found that GluN1 antibody co-
precipitated PSD95 and APPL1, together
with Akt and the PI3K p110� subunit (Fig.
5A). To assess the role of APPL1 in this
NMDAR/PSD95/APPL1/PI3K/Akt protein
complex, we used the Tat peptide to perturb
the interaction of APPL1 with PSD95. Cul-
tured cortical neurons were treated with
Tat-APPL1CT or Tat-sAPPL1CT peptide for
2 h, and the protein interactions with the
NMDAR complex were tested by co-IP (Fig.
5B,C). Western blots of the precipitates
revealed that application of Tat-APPL1CT

efficiently uncoupled APPL1 from the
NMDAR complex (�40% decrease),
while the Tat-sAPPLCT had no effect. Co-
precipitated PSD95 showed no changes in
the Tat-APPL1CT group, suggesting that
the interaction of NMDAR and PSD95
was not disturbed by Tat-APPL1CT. Im-
portantly, Akt and p110� were also par-
tially uncoupled from NMDARs when the cortical neurons were
treated with Tat-APPL1CT (Fig. 5B,C), suggesting that APPL1 is
involved in coupling Akt and PI3K with NMDAR complexes. To
test the specificity of Tat-APPL1CT, we also assessed its effects on
the PDZ interaction between the GluN2B subunit and PSD95,
since the PDZ-binding motifs of GluN2B (-ESDV) and APPL1
(-ESEA) both belong to class I PDZ-binding motifs (Sheng and
Sala, 2001). The results showed that Tat-APPL1CT did not affect
the interaction between GluN2B and PSD95 (Fig. 5D,E), sug-
gesting that Tat-APPL1CT specifically disrupts the PDZ interac-
tion between APPL1 and PSD95. The above results indicate that
APPL1 acts as an adaptor to form a signaling platform that cou-
ples the PI3K/AKT signaling pathway to NMDARs.

APPL1 mediates synaptic NMDA receptor-induced
recruitment of Akt and PI3K
Next, we assessed whether the association of this receptor signaling
complex is regulated by synaptic NMDAR activity. We induced syn-
aptic NMDAR activation by treatment with the GABAA receptor
antagonist Bic (50 �M) and the K� channel blocker 4-AP (250 �M)
(Papadia et al., 2005). After treatment for 30 min, neurons were lysed
and processed for the co-IP test. Synaptic NMDAR activation did
not affect GluN1–GluN2B or GluN1–PSD95 interaction, but signif-
icantly upregulated the interaction between NMDAR and APPL1/
Akt/p110� (Fig. 6A) (also see Fig. 6B,C). The upregulation was
blocked by the NMDAR antagonist MK801 (Fig. 6A). These results
suggest that synaptic NMDAR activity recruits more APPL1 along
with PI3K/Akt to the NMDAR complex.

Preincubation with Tat-APPL1CT peptide for 1 h before the
application of Bic and 4-AP blocked the recruitment of APPL1/

Akt/p110� to NMDARs, while Tat-sAPPL1CT did not have a
blocking effect (Fig. 6B,C). To verify the results of Tat-APPL1CT

peptide, we generated APPL1 RNAi lentivirus. Cultured cortical
neurons were infected by APPL1 RNAi or control RNAi virus at
DIV 6. Six days after infection, APPL1 was efficiently knocked
down (Fig. 7A). The expression level of APPL1 after RNAi under-
went a 60 –70% decrease (Fig. 7B). Immunofluorescent staining
of infected neurons by APPL1 antibody indicated that APPL1
RNAi virus-infected (GFP-positive) neurons showed less APPL1
expression, compared with noninfected (GFP-negative) neurons
or control virus-infected neurons (Fig. 7C). Knockdown of
APPL1 did not affect the expression of Akt or p110�, but blocked
Bic- and 4-AP-induced recruitment of Akt and p110� to
NMDARs (Fig. 7D,E). These results indicate that APPL1 medi-
ates synaptic NMDAR activity-dependent recruitment of Akt/
PI3K pathway to NMDAR signaling complex.

APPL1 mediates synaptic NMDA receptor-induced
Akt activation
Next, we assessed whether APPL1 is involved in NMDAR-
dependent Akt activation. Previous studies reported that synaptic
NMDAR activation increases the phosphorylation of Akt in cul-
tured hippocampal neurons (Papadia et al., 2005). We showed
that, when cultured cortical neurons were treated with Bic and
4-AP for 30 min, phosphorylation of Akt was significantly in-
creased, and this effect was blocked by the NMDAR antagonist
MK801 (Fig. 8A,B) and the PI3K inhibitor 2-morpholin-4-yl-8-
phenylchromen-4-one (LY294002) (Fig. 8D,E). This suggests
that the stimulation of Akt is dependent on NMDAR activity and
PI3K. Bic and 4-AP treatment also induced MAP kinase/extracel-

Figure 6. Synaptic NMDAR activity increases the association of APPL1/PI3K/Akt to the NMDAR complex. A, Treatment of
cultured cortical neurons with 50 �M Bic and 250 �M 4-AP for 30 min increased the co-IP of APPL1, Akt, and p110� with GluN1, but
not the co-IP of GluN2B or PSD95 with GluN1. MK801 (50 �M) blocked the Bic- and 4-AP-induced increase of interaction. B,
Preincubation of cortical neurons with Tat-APPL1CT peptide for 1 h blocked the Bic- and 4-AP-induced increase of interaction.
Tat-sAPPL1 CT peptide did not have the blocking effect. C, Statistical analysis of three independent co-IP tests. ns, No significant
difference by one-way ANOVA (GluN2B, F(3,8) � 0.04, n � 3, p 	 0.05; PSD95, F(3,8) � 0.15, n � 3, p 	 0.05). *p � 0.05 by
Bonferroni’s multiple-comparisons test after significant one-way ANOVA (APPL1, F(3,8) � 31.55, n � 3, p � 0.05; Akt, F(3,8) �
7.62, n � 3, p � 0.05; p110�, F(3,8) � 8.30, n � 3, p � 0.05). Error bars indicate SEM.
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lular signal-regulated kinase (ERK1/2) activation (Fig. 8A,C),
which was blocked by MK801, suggesting that synaptic NMDAR
activity also induced ERK1/2 activation. To further test whether
Akt pathway and ERK1/2 pathway is specifically coupled to syn-
aptic NMDARs but not extrasynaptic NMDARs, we used an es-
tablished method to selectively activate extrasynaptic NMDARs
(see Materials and Methods). Extrasynaptic stimulation did not
induce Akt or ERK1/2 activation (Fig. 8F--H), consistent with
the previous report (Ivanov et al., 2006; Papadia et al., 2008).

Next, we treated the cultured cortical neurons with 10 �M

Tat-APPL1CT or Tat-sAPPL1CT for 1 h before application of Bic
and 4-AP. Pretreatment with Tat-APPL1CT, but not Tat-
sAPPL1CT, blocked the Bic- and 4-AP-stimulated Akt activation
(Fig. 9A,B). Tat-APPL1CT did not affect ERK1/2 activation (Fig.
9A,C). We then use APPL1 RNAi lentivirus to verify the involve-
ment of APPLI in NMDAR–Akt pathway. Knockdown of APPL1
in cortical neurons did not affect the basal level of phospho-Akt
(Fig. 9D,E), which is consistent with the finding from APPL1 KO
mice that APPL1 is dispensable for the basal level of Akt activity in

thymic T-cells (Tan et al., 2010b) and in
murine embryonic fibroblasts (Tan et al.,
2010a). However, knockdown of APPL1
effectively blocked the Akt activation
induced by synaptic NMDAR activity. Con-
trol virus did not block the NMDAR-
induced Akt activation (Fig. 9 D, E).
Knockdown of APPL1 did not block the
NMDAR-dependent ERK1/2 activation
(Fig. 9D,F). These results suggest that either
disrupting APPL1–NMDAR association or
knocking down APPL1 uncouples NMDA
receptors from the downstream PI3K/AKT
signaling pathway, but not from the ERK
pathway.

APPL1 is required for NMDA
receptor-dependent neuroprotection
Our results above indicated that APPL1
is involved in PI3K/Akt activation by
NMDARs. The PI3K/Akt kinase cascade
is an important signaling pathway that
contributes to the prosurvival effects of
NMDAR activity. Previous studies re-
ported that synaptic NMDAR activation
activates Akt and protects neurons from
starvation-induced apoptosis (Papadia et
al., 2005). Here, we further assessed
whether APPL1 is involved in NMDAR-
dependent neuroprotective function us-
ing a similar model. DIV 10 cortical
neurons switched from growth medium
to serum-free medium underwent apo-
ptosis after 4 d, as indicated by enhanced
DNA fragmentation. The condensation
and/or fragmentation of nuclei as assessed
by Hoechst 33258 staining indicated an
apoptotic process (Fig. 10A). Application
of Bic and 4-AP to neurons subjected to
trophic deprivation improved cell sur-
vival and reduced the proportion of
Hoechst-positive neurons from 50.9 �
2.2% (mean � SEM) (Fig. 10A,B, starva-
tion group) to 26.7 � 4.0% (starvation

plus Bic plus 4-AP group). However, application of 10 �M Tat-
APPL1CT along with Bic and 4-AP blocked their neuroprotective
effect, with the proportion of apoptotic neurons being 46.4 �
4.0% (starvation plus Bic plus 4-AP plus APPL1CT group). In
contrast, Tat-sAPPL1CT did not affect the neuroprotective effect
of Bic and 4-AP, the proportion being 27.4 � 4.2% (starvation
plus Bic plus 4-AP plus sAPPL1CT group).

Finally, lentiviral RNAi was used to verify the involvement of
APPL1 in NMDA receptor-dependent neuroprotection. Knock-
down of APPL1 did not affect the neuronal survival under basal
conditions (6.7 � 1.6% under basal condition of APPL1 RNAi
and 7.0 � 2.5% under basal condition of control RNAi; Fig.
10C,D). For the neuroprotection test, infected neurons were sub-
jected to trophic deprivation for 3 d with or without the addition
of Bic and 4-AP. APPL1 RNAi blocked the neuroprotective effect
of Bic and 4-AP. The apoptosis rate in the starvation plus Bic plus
4-AP group was not significantly decreased (40.8 � 2.6%), com-
pared with that in the starvation group (47.7 � 2.9%) (Fig.
10C,D). In contrast, control RNAi did not affect the neuroprotec-

Figure 7. Lentiviral RNAi of APPL1 blocks synaptic NMDAR-induced recruitment of Akt and PI3K to NMDARs. A, Cultured cortical
neurons (DIV 6) were infected by APPL1 RNAi or control RNAi lentivirus. Six days after infection, neurons were harvested for
Western blot. B, Quantification of blots from three independent experiments (*p � 0.05; two-tailed t test; n � 3). C, Immuno-
fluorescent staining of infected neurons by APPL1 antibody. Neurons expressing GFP fluorescent indicate virus expression. The
arrows indicate APPL1 knockdown neurons. Scale bar, 10 �m. D, Six days after lentiviral infection, neurons were treated for 30 min
with Bic and 4-AP and processed for co-IP. E, Statistical analysis of three independent co-IP. Top, APPL1 knocking down did not
affect the concentration of GluN1, Akt, p110�, and GluN2B in lysate. Bottom, APPL1 knocking down blocked the co-IP of APPL1,
Akt, and p110� with GluN1, but did not affect the co-IP of GluN2B with GluN1 (*p � 0.05; ns, no significant difference; two-tailed
t test; n � 3). Error bars indicate SEM.
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tive effect. The apoptosis rate in the starva-
tion plus Bic plus 4-AP group was decreased
to 22.3 � 2.0%, compared with that in the
starvation group (45.2 � 1.2%) (Fig.
10C,D). The above results suggest that ei-
ther uncoupling the connection between
APPL1 and NMDARs or knockdown of
APPL1 blocks the synaptic NMDAR-
mediated neuroprotective effect.

Discussion
This study aimed at determining the poten-
tial involvement of APPL1 in NMDAR-
dependent neuroprotection. We found that
APPL1 associated with NMDARs through
binding to PSD95 at its C-terminal PDZ-
binding motif. Furthermore, APPL1 specif-
ically coupled NMDARs to the downstream
PI3K/AKT signaling pathway and mediated
the synaptic NMDAR-dependent neuro-
protective function.

APPL1 associates with NMDA receptor
complexes through binding to PSD95
APPL1, a multifunctional adaptor protein,
binds to various transmembrane receptors
in various cell types and is involved in their
intracellular signal transduction. Here, we
found that APPL1 is a component of the
NMDAR complex, but it does not directly
interact with NMDAR subunits. Further
analysis using co-IP and FRET indicated
that APPL1 interacts with PSD95. Consis-
tently, such interaction between APPL1 and
PSD95 was interrupted either by deletion of
the APPL1 C-terminal PDZ-binding motif
or by treatment with the peptide against this
domain. These results strongly suggested
that APPL1 associates with NMDARs
by binding directly with PSD95 at its
C-terminal PDZ-binding motif. We noted that another PDZ
domain-containing protein GIPC has been reported to interact with
APPL1 (Lin et al., 2006) and to interact with NMDA receptors (Yi et
al., 2007). These results imply that GIPC may be another potential
mediator between APPL1 and NMDARs. However, we did not find
an interaction between APPL1 and GIPC by co-IP from mouse cor-
tex (Fig. 2A). This difference may come from the different experi-
mental system. Moreover, we did not find an interaction of APPL1
with SAP102, another PDZ domain-containing scaffold protein of
NMDARs, in transfected HEK293 cells (data not shown). This indi-
cates a selective binding of APPL1 among PDZ-containing proteins.

APPL1 couples NMDA receptors to the PI3K/AKT
kinase cascade
Previous studies showed that APPL1 interacts with Akt and reg-
ulates Akt activity. Here, we found that both APPL1 and Akt are
partially located in the postsynaptic density and are components
of NMDAR complexes. Synaptic NMDAR activity increases the
association of APPL1/PI3K/Akt to NMDARs, the mechanism of
which is unknown. Disturbance of the interaction between
APPL1 and PSD95 by Tat-APPL1CT peptide either uncoupled
NMDARs from PI3K and Akt under basal conditions, or blocked
the synaptic NMDAR activity-induced recruitment and activa-

tion of PI3K/Akt kinase cascade. Consistent with this, APPL1
knockdown blocked the synaptic NMDAR-dependent recruit-
ment and activation of PI3K/Akt. This indicates that APPL1,
acting as an adaptor protein, mediates the activity-regulated cou-
pling of NMDARs with the downstream PI3K/Akt kinase cas-
cade. This organization may facilitate the signal transduction
initiated by local Ca 2� influx via NMDARs (Fig. 11). APPL1 has
been reported to connect some receptors with different signaling
pathways, such as the FSH (follicle-stimulating hormone) recep-
tors with Akt2, adiponectin receptors with MAPK/AMPK, and
TrkA with its downstream signaling pathway. This kind of pro-
tein complex organization of receptors, adaptor proteins, and
signaling molecules likely facilitates the signal transduction in-
duced by receptors.

Previous studies reported that APPL1 binds to Rab5 and
forms a endosomal signaling platform to “channel” endocytic
receptors to downstream signaling pathways (Miaczynska et al.,
2004; Varsano et al., 2006; Zoncu et al., 2009). However, our
results from synaptosomal fractionation showed that APPL1, but
not Rab5, was located in the PSD-enriched fraction. This indi-
cates that APPL1 in the PSD may function other than a key com-
ponent of signaling endosomes, but directly relay signals from
membrane receptors to downstream signaling molecules that can
be recruited to the PSD by APPL1. However, our results also

Figure 8. Synaptic NMDARs but not extrasynaptic NMDARs induce Akt and ERK activation. A, Cultured cortical neurons (DIV
12–14) were treated for 30 min with 50 �M Bic and 250 �M 4-AP. MK801 (50 �M) was used to test whether the activation was
NMDAR dependent. The levels of phospho-Akt Ser473 (pAkt), Akt, phospho-ERK1/2 (pErk), and ERK1/2 (Erk) were detected by
Western blot. B, The ratio of phospho-Akt to Akt was compared between three groups. All ratios were normalized (divided by the
average ratio of control group) before one-way ANOVA. *p � 0.05 by Bonferroni’s multiple-comparisons test after significant
one-way ANOVA (F(2,11) �6.40; n�5; p�0.05). C, The ratio of phospho-ERK1/2 to ERK1/2 was compared between three groups.
*p � 0.05 by Bonferroni’s test after significant one-way ANOVA (F(2,6) � 11.50; n � 3; p � 0.05). D, Pretreatment with the PI3K
inhibitor LY294002 (50 �M) for 5 min blocked the increase of phospho-Akt by Bic plus 4-AP treatment. E, Statistical analysis of D
(*p � 0.05; two-tailed t test; n � 3). F, Extrasynaptic NMDARs were selectively activated by NMDA (10 �M), following irreversible
blockade of synaptic NMDARs. G, H, Statistical analysis of F. Extrasynaptic stimulation did not increase pAkt/Akt or pERK/ERK (ns,
no significant difference; two-tailed t test; n � 3). Error bars indicate SEM.
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showed both APPL1 and Rab5 are expressed at high levels in the
non-PSD fraction of mouse cortex, which suggests that APPL1
may also play an important role in the formation of signaling
endosomes and mediating endocytic receptor signaling in the
CNS.

APPL1 is involved in synaptic NMDA receptor-dependent
neuroprotective effect
Evidence indicates that NMDAR location influences whether the
receptor is coupled to prodeath or prosurvival signals (Harding-
ham and Bading, 2010). Synaptic NMDAR activity promotes
neuronal survival through different signaling pathways under
different circumstances. Among these, the PI3K/Akt kinase cas-
cade is a key pathway responsible for the neuroprotective effects
induced by synaptic NMDAR activity. Here, we found that
APPL1 is involved in the synaptic NMDAR-dependent neuro-
protective effect. Tat-APPL1CT peptide or APPL1 knockdown
blocked the synaptic NMDAR-dependent activation of Akt and,
in turn, blocked the synaptic NMDAR-dependent neuroprotec-
tive effect (Fig. 11). As mentioned previously, synaptic and extra-
synaptic NMDARs have dichotomous roles in prosurvival and
prodeath signaling. As for the Akt pathway, our result and other

report (Papadia et al., 2008) indicated that
synaptic NMDAR activity promotes sus-
tained activation of Akt, leading to the
phosphorylation and inhibition of the
proapoptotic activity of FOXO, while ac-
tivation of extrasynaptic NMDARs did
not sustainably activate Akt, which, in
turn, did not inhibit FOXO. However, the
mechanism underlying this dichotomous
signaling remains unclear. Our data indi-
cate that APPL1 associates with NMDARs
through PSD95, a scaffold protein highly
accumulating in postsynaptic but not in
extrasynaptic sites. So it is possible that
APPL1 preferentially tethers the PI3K/Akt
cascade to the NMDA receptor in synaptic
but not in extrasynaptic sites, so that only
the synaptic NMDARs can efficiently and
sustainably activate the Akt pathway.

In summary, we reveal a novel function
of adaptor protein APPL1 in mediating a
neuroprotective effect through coupling
synaptic NMDARs and the PI3K/Akt kinase
cascade. Investigating the regulation of this
pathway under physiological or pathophys-
iological conditions should be informative
and may lead to potential intervention strat-
egies for the treatment of acute trauma and
neurodegenerative diseases.
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neurons, suggesting that Tat-APPL1CT blocked the neuroprotective effect of Bic and 4-AP. *p � 0.05 by Bonferroni’s test after significant one-way ANOVA (F(4,10) � 28.78; n � 3; p � 0.05);
300 –500 cells for each group in one independent experiment. C, Neurons at DIV 6 were infected by APPL1 RNAi or control RNAi lentivirus. Five days after infection, neurons were subjected to trophic
deprivation for another 3 d, with or without the addition of Bic and 4-AP. The proportion of apoptotic neurons was analyzed by Hoechst staining. Neurons expressing GFP fluorescence indicate virus
expression. D, Quantification data of C. APPL1 RNAi blocked the neuroprotective effect of Bic and 4-AP, while control RNAi did not (*p � 0.05; ns, no significant difference; two-tailed t test; n � 3;
300 –500 cells for each group in one independent experiment). Error bars indicate SEM.
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Figure 11. Schematic illustration of the involvement of APPL1 in synaptic NMDA receptor-dependent neuroprotection. Left,
Synaptic NMDAR activity induces the recruitment of APPL1/PI3K/Akt to the NMDAR complex. APPL1 binds to the NMDAR complex
through the PDZ interaction with PSD95. The formation of this complex facilitates the signaling from NMDARs to the Akt pathway.
Local Ca 2� influx via NMDARs activates calmodulin. Calmodulin directly binds to and activates PI3K (Joyal et al., 1997) or indirectly
activates PI3K through the Ras pathway (Sutton and Chandler, 2002). PI3K then phosphorylates and activates Akt, and phospho-
Akt phosphorylates and regulates many intracellular substrates implicated in neuroprotection. Right, Treatment with Tat-APPL1CT

peptide that blocks the APPL1–PSD95 interaction (1) or knockdown of APPL1 (2) dissociates PI3K and Akt from the NMDAR
complex. Under this circumstance, synaptic NMDAR activity does not activate the PI3K/Akt cascade or the downstream prosurvival
pathway.
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