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ABSTRACT Recent studies have indicated an associ-
ation between Alzheimer’s disease (AD) and central
nervous system (CNS) insulin resistance. However, the
cellular mechanisms underlying the link between these
two pathologies have not been elucidated. Here we
show that signal transduction by neuronal insulin recep-
tors (IR) is strikingly sensitive to disruption by soluble
A� oligomers (also known as ADDLs). ADDLs are
known to accumulate in AD brain and have recently
been implicated as primary candidates for initiating
deterioration of synapse function, composition, and
structure. Using mature cultures of hippocampal neu-
rons, a preferred model for studies of synaptic cell
biology, we found that ADDLs caused a rapid and
substantial loss of neuronal surface IRs specifically on
dendrites bound by ADDLs. Removal of dendritic IRs
was associated with increased receptor immunoreactiv-
ity in the cell body, indicating redistribution of the
receptors. The neuronal response to insulin, measured
by evoked IR tyrosine autophosphorylation, was greatly
inhibited by ADDLs. Inhibition also was seen with
added glutamate or potassium-induced depolarization.
The effects on IR function were completely blocked by
NMDA receptor antagonists, tetrodotoxin, and calcium
chelator BAPTA-AM. Downstream from the IR, ADDLs
induced a phosphorylation of Akt at serine473, a modi-
fication associated with neurodegenerative and insulin
resistance diseases. These results identify novel factors
that affect neuronal IR signaling and suggest that
insulin resistance in AD brain is a response to ADDLs,
which disrupt insulin signaling and may cause a brain-
specific form of diabetes as part of an overall patho-
genic impact on CNS synapses.—Zhao, W. Q., De Felice,
F. G., Fernandez, S., Chen, H., Lambert, M. P., Quon,
M. J., Krafft, G. A., Klein, W. L. Amyloid beta oligomers
induce impairment of neuronal insulin receptors.
FASEB J. 22, 246–260 (2008)
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The insulin receptor (IR) is a protein tyrosine
kinase playing a pivotal role in regulation of peripheral

glucose metabolism and energy homeostasis. Impair-
ment of peripheral IR functions is characterized by
reduced ability of insulin to stimulate glucose utiliza-
tion (insulin resistance), a syndrome that is associated
with type II diabetes, hypertension, and obesity (1–3).
Insulin receptors also occur in the brain, where they are
abundantly distributed in synaptic membranes of the
cerebral cortex and hippocampus (4–7). CNS IRs
diverge from their peripheral counterparts both in
structure and function (4, 8). Unlike those from the
periphery, the neuronal IRs do not seem to be involved
in glucose metabolism but rather in more diverse brain
functions, including synaptic activities required for
learning and memory (8–13).

Recently, the intriguing suggestion has been put
forward that CNS insulin signaling can manifest a novel
type of insulin-resistant diabetes that may be linked to
Alzheimer’s disease (14–18). Although attempts to
correlate insulin resistant type 2 diabetes mellitus
(T2DM) and AD have yielded paradoxical results, likely
due to interactions of factors such as cerebrovascular
complications and ApoE genotypes (19, 20), there is a
significant body of evidence indicating that insulin
resistance (21–26), along with impaired brain energy
utilization (15, 27, 28), is present in AD. Major impair-
ments in insulin and insulin-like growth factor (IGF)
gene expression and signaling have been observed in
the brains of AD patients (29, 30). AD-like changes
have been observed in an experimental animal model
of insulin resistance (18 17). Supporting evidence also
comes from AD transgenic mice, in which hyperinsu-
linemia develop at the age of 13 months (31), an age
exhibiting high amounts of A� deposits and cognitive
impairment (32). Administration of rosiglitazone, a
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PPAR� agonist used for treating insulin-resistant type II
diabetes, prevents hyperinsulineamia and rescues mem-
ory deficits in these mice (33).

Decline of IR function can originate with aberrations
in expression or phosphorylation state of the receptor.
For example, in certain familial forms of insulin resis-
tance, defective insulin receptor function is caused by
the severe lesion of IR alleles and substantial decreases
in IR levels (34). Alternatively, suppression of IR enzy-
matic activity has been linked to negative regulatory
factors stimulated by IR signaling as well as other
pathways. Elevated tyrosine phosphatase activity, e.g.,
attenuates net IR tyrosine kinase activity, while phos-
phorylation of certain serine (pSer) and threonine
(pThr) residues within the receptor conformationally
inhibits the capacity for tyrosine phosphorylation
(pTyr). Additionally, IR activity can be inhibited by a
downstream negative feedback pathway, in which pSer
of insulin receptor substrate 1 (IRS1) and Akt Ser473

(pSer473) suppress IR pTyr by inducing IR pSer and
pThr (35–39). Sustained enhancement of these nega-
tive feedback loops are known to be caused by oxidative
stress and proinflammatory factors and to contribute to
development of insulin resistance in peripheral tissues
(39–43). Because AD is a brain disorder putatively
characterized in early stages by synaptic failure (44), IR
impairment in AD may be coupled locally to synaptic
pathology. Recent evidence strongly implicates A� oli-
gomers as the proximal pathogenic trigger. Soluble A�
oligomers (also known as amyloid-beta derived diffus-
ible ligands, or ADDLs) are markedly elevated in the
brain and cerebrospinal fluid (CFS) of postmortem AD
patients (45, 46) and appear to play a critical role in the
synaptic failure and memory deficits of early AD (47–
50). ADDLs induce pathological changes that include
oxidative stress and tau hyperphosphorylation (51–53).
Acting as gain-of-function pathogenic ligands, both
synthetic ADDLs and those derived from AD brain bind
specifically to synaptic spines of primary hippocampal
cultures. Synaptic binding results in structural deterio-
ration and receptor loss (54–56). ADDLs disrupt activ-
ity-dependent synaptic plasticity, including long-term
potentiation (LTP) and reversal of long-term depres-
sion (LTD) (47, 57). A different A� oligomer prepara-
tion, considered naturally secreted oligomers, has been
shown to impair LTP and memory formation in exper-
imental animals (58–60).

The current study addresses whether direct interac-
tions between neurons and ADDLs might give rise to
abnormalities in insulin signaling. Experiments have
characterized IR expression and protein tyrosine kinase
activity in highly differentiated cultures of hippocampal
neurons, whose synapses are known to be targeted by
ADDLs (54, 56). Following short-term exposure to
ADDLs, these neurons exhibited a striking loss of
dendritic IRs and capacity for IR tyrosine autophos-
phorylation. Decreased IR autophosphorylation also
occurred in human IR overexpressed in NIH3T3 cells,
suggesting possible direct association between ADDLs
and IRs. Consistent with decreased receptor function,

ADDLs increased the level of neuronal Akt pSer473

phosphorylation, a downstream negative feedback reg-
ulator of IR and PI3 kinase activities (39, 61). Marked
reductions in dendritic IR levels and insulin-evoked
tyrosine kinase activity caused by synaptotoxic, disease-
associated ADDLs could provide a molecular mecha-
nism to explain the origin of insulin resistance in AD.

MATERIALS AND METHODS

Materials

Synthetic A�1–42 peptide was purchased from American
Peptides (Sunnyvale, CA, USA). 1,1,1,3,3,3,-hexafluoro-2-pro-
panol, DMSO, Papain, poly-L-lysine, glutamate, APV, TTX,
okadaic acid, and protease and phosphatase inhibitor cock-
tails were purchased from Sigma Aldrich (St. Louis, MO,
USA). Phenol red-free Ham’s F12 medium was purchased
from BioSource (Camarillo, CA, USA). Culture medium and
reagents, including DMEM, Neurobasal, Neurobasal A, B-27,
bFGF, fetal bovine serum, L-glutamine, and penicillin/strep-
tomycin, were from Invitrogen (Carlsbad, CA, USA). Insulin
(Humulin, 100 U) was from Eli lily (Indianapolis, IN, USA).
BAPTA-AM, precast electrophoresis gels, Alexa fluorophores-
labeled secondary antibodies, and ProLong Gold antifade
mounting medium were purchased from Invitrogen. Electro-
phoresis buffers were purchased from Bio-Rad (Hercules, CA,
USA). BAC Micro reagent, Protein A- and G-sepharose beads,
SuperSignal chemiluminescent reagents were purchased
from Pierce (Deerfield, IL, USA). Anti-IR�, anti-IR�, anti-
IGF-1R, and antiphospho-tyrosine (PY20) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antiphospho-tyrosine (4G10) antibody was purchased
from Upstate Biotechnology (Charlottesville, VA, USA). An-
tiphospho IR1150/1151, anti-Akt, antiphospho Akt473 anti-
bodies were purchased from Cell Signaling (Danvers, MA,
USA). Antiphospho IR1162/1163 antibody was purchased
from Calbiochem. Anti-ADDL antibody (NU1 and NU2) was
prepared according to previous reports (62).

Preparation of ADDLs

ADDLs were prepared with synthetic A�1–42 according to
the procedure described previously (45). In brief, the peptide
was dissolved in 1,1,1,3,3,3,-hexafluoro-2-propanol to 1 mM
and stored as a dried film at –80°C after evaporation of the
solvent. The dried peptide film was resuspended in DMSO to
a final concentration of 5 mM, vortexed thoroughly, and
sonicated for 10 min. The solution was then diluted with
ice-cooled phenol red-free Ham’s F12 medium to 100 �M and
placed at 4°C overnight to form A� oligomers. The oligomer
solution was centrifuged briefly, and the supernatant was
collected as soluble A� oligomers (ADDLs).

Hippocampal and cortical neuronal cultures

Primary hippocampal and cortical neuronal cultures were
prepared according to established procedures (45). Briefly,
hippocampi and cortices from E18 embryonic Sprague-Daw-
ley Rats were dissected and digested in papain (2 mg/ml) for
30 min. After trituration and settlement, the cell suspension
was plated in 6-well dishes coated with poly-L-lysine at a
density of �1 million cells/well. For immunocytochemistry,
cells were plated onto poly-L-lysine coated coverslips in 24-
well culture plates at a density of 70,000 cells per plate. Cells
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were maintained in Neurobasal supplemented with 2% B27,
0.5 mM L-glutamine, and 1% penicillin/streptomycin. In
certain experiments, hippocampal and cortical cultures were
also prepared from 1-day-old postnatal Wistar rats, according
to a protocol described elsewhere (63), and maintained in
Neurobasal-A complemented with 2% B27, 10 ng/ml b-FGF
and 0.5 mM L-glutamine.

ADDL treatment of neurons and immunocytochemistry

Cultured hippocampal neurons (25 DIV) were treated with
100 nM ADDLs or vehicle at 37°C for 30 min. Cells were fixed
with 3.7% formaldehyde (in PBS buffer) to the media for 5
min followed by the removal of the entire fix:media solution
and replacement with 3.7% formaldehyde for 10 min. Cells
were rinsed 3 times with PBS, pH 7.5, incubated with PBS:
10% normal goat serum (NGS) for 90 min at room temper-
ature, and incubated simultaneously with the ADDL-selective
NU2 antibody (Lambert et al., ref. 62; 1:500 dilution) and
insulin receptor-� (Santa Cruz Biotechnology) antibody (1:500)
overnight at 4°C. Neurons were then rinsed 3 times with PBS
and incubated for 3 h at room temperature with Alexa Fluor555
anti-mouse IgG and Alexa Fluor488 anti-rabbit IgG (1:1000).
After wash, cells on coverslips were mounted with Prolong Gold
mounting media, and were observed with a Nikon Eclipse TE
2000-U fluorescence microscope.

Culture and treatments of NIH3T3 cells overexpressing
human IRs and IGF-1 receptors (IGF-1R)

The human full-length IR cDNA or IGF-1R was stably trans-
fected into NIH3T3 cells (64, 65). Cells with or without
expression of these receptors were cultured in low-glucose (1
g/L glucose) DMEM medium supplement with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Cells
were cultured to �80% confluence and serum deprived
overnight before using for experimental treatments. To stim-
ulate Tyr phosphorylation of IR and IGF-1R, cells were
stimulated with 100 nM insulin, for various lengths of time in
the absence or presence of ADDLs. Reactions were termi-
nated by removing the medium, rapid washing cells with
precooled PBS and freezing cells on dry ice before prepara-
tions of cell lysates.

ADDL and pharmacological treatment of cells
for measurement IR pTyr

To increase insulin sensitivity of neuronal IRs, which were
constantly exposing to insulin in B27, neurons were changed
to Neurobasal medium without B27 supplement for 3–4 h
before treatments. In certain experiments, neurons were
placed and subsequently treated in physiological Kreb-Ring-
er’s buffer (KRB) containing 20 mM HEPES, 125 mM NaCl,
5 mM KCl, 1 mM Na2HPO4, 1 mM MgSO4, 1 mM CaCl2, and
5.5 mM Glucose. ADDLs were added to cells to final concen-
trations of 50–500 nM with or without the presence of 100 nM
insulin. To depolarize neurons, the physiological KRB was
replaced with a high-K� KRB containing 20 mM HEPES, 75
mM NaCl, 55 mM KCl, 1 mM Na2HPO4, 1 mM MgSO4, 1 mM
CaCl2, and 5.5 mM glucose. The depolarization was per-
formed following treatment with ADDLs and insulin, and was
allowed for 10 min before termination of the reaction.
Alternatively, cells were stimulated with 100 �M glutamate in
nondepolarizing KRB for 10 min after treatment with ADDLs
and insulin. For inhibitor treatment, neurons were preincu-
bated for 15–30 min with 50 �M APV, 20 �M memantine, 50
�M BAPTA-AM, or 20 nM TTX before ADDL and insulin
treatment. On termination of reactions, the culture media

were removed, cells were rapidly rinsed with precooled KRB
or 1� PBS, pH 7.4, and cell lysates were prepared with a lysis
buffer containing 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.8
M EDTA, 0.5 M EGTA, 1% Triton X-100, 0.5% Nonidet P-40,
and 1% protease cocktails and collected with a cell scrubber.
After lysing in microtubes on ice for 30–60 min with vortex in
every 10–15 min, the lysates were spin at 1500 g for 5 min, and
the supernatants were collected and stored at –80°C before
use. Protein concentrations were measured using the BAC
Micro reagent.

Detection of IR and IGF-1R phosphorylation
with immunoprecipitation

IR or IGF-1R was immunoprecipitated with an anti-IR� or an
anti-IGF-1R antibody in a volume of 300 �l mixture contain-
ing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 1% protease inhibitor cocktail, and 1 mg/ml
cellular proteins. The mixture was incubated at 4°C overnight
with constant rotating followed by incubation with a mixture
of UltraLink protein A and G sepharose beads for 2 h at 4°C.
After two washes with ice-cooled precipitation buffer, and one
with ice-cooled 1� PBS pH 7.4, the precipitated IR was
released from the sepharose beads with reducing SDS-sample
buffer boiled for 4–5 min, and resolved on 4–20% precast
PAGE. After transfer onto a nitrocellulose membrane and
blocked with 5% dry milk, the membrane was incubated with
combination of two antiphosphotyrosine antibodies (4G10
and Py20) in 1� PBS containing 0.05% Tween-20 (PBS-T) at
4°C overnight. The membrane was washed with PBS-T and
incubated with a secondary antibody conjugated with HRP at
room temperature for 1 h. The IR phosphorylation signals
were detected with SuperSignal chemiluminescent reagents.
The total amount of precipitated IR from the identical
samples was measured with the anti-IR� and used for normal-
ization of the phosphorylation extents.

Phosphorylation detection with Western blotting
and immunocytochemistry

Phosphorylation extents of IR, and Akt were also determined
on Western blots using specific antibodies against the phos-
phorylated form of each molecule at specific sites. For
normalization, a set of duplicated samples transferred to a
separate membrane (or on the same membrane that was
stripped with a stripping buffer after blotting with the first
primary antibody) were incubated with an antiregular IR (or
Akt) antibody to detect the total amount of the protein. The
ratio of phospho-protein over the regular protein was used to
assess the extent of phosphorylation. For immunocytochem-
ical detection of phosphorylated IR and Akt, cells cultured on
coverslips and treated with ADDLs and/or insulin were
incubated with antipTyr IR or anti-Akt pSer473 at 4°C over-
night, followed by incubations with secondary antibodies
conjugated with Alexa fluorophores. Cells were then washed
and mounted on a glass slide with ProLong Gold antifade
mounting medium; the image was acquired with a laser
scanning confocal microscope.

Coimmunoprecipitation

To detect interaction between ADDLs and insulin receptor,
neurons were treated with 500 nM biotin-labeled ADDLs
(bADDLs) at 37°C for 30 min. After terminating the reaction,
neurons were washed with PBS and lysed in cell lysis buffer
described in previous sections. Insulin receptors were immu-
noprecipitated from the cell lysates with an anti-IR� antibody
(Santa Cruz Biotechnology). The coprecipitated bADDLs
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were detected on Western blots with streptavidin conjugated
with IRDye800 (Rockland Immunochemicals, Inc. Gilberts-
ville, PA, USA). Alternatively, the cell lysates were precipitated
with 6E10 antibody, and the precipitated bADDLs were
detected on Western blots with IRDye800 conjugated strepta-
vidin. The fluorescent signals for bADDLs were acquired and
analyzed using a LiCor-Odyssey imager (LI-COR Biotechnol-
ogy, Lincoln, NE, USA). Coimmunoprecipitation was also
performed using an ADDL antibody (NU-1). The precipi-
tated complexes were then blotted with an IR or an IGF-1R
antibody on Western blots.

Data analyses

For IR� levels and ADDL binding 40 to 50 images were
collected for 5 independent batches of cultures. The acquired
immunocytochemical images for IR and ADDL binding were
quantified by histogram analysis of the fluorescence intensity
at each pixel across the images using Image J (66). Appropri-
ate threshold was applied to both control and ADDL-treated
cells. Cell bodies were digitally removed from the images so
that ADDL binding or IR� immunostainings on dendritic
processes was quantified. Alternatively immunostainings only
from cell body compartment were analyzed for assessment of
ADDL-induced IR� accumulation. Data from all experiments
was then subjected to statistical analysis.

For Western blotting assays, data for each experiment were
collected from at least three independent repeats. IR and Akt
signals were acquired by densitometric scan. The mean
density of each immunoreactive band was measured using
Image J. Ratios of the phosphorylated form over the nonphos-
phorylated form, or the total amount of each protein were
calculated, and converted to percent the control (Basal level
phosphorylation) samples. The insulin induced phosphoryla-
tion was obtained after subtracting values of the basal level

(normally 100%). Values from different treatment were then
analyzed with one-way or two-way ANOVA using GraphPad
Prism software (San Diego, CA, USA).

RESULTS

ADDL binding and insulin receptor levels: For ADDLs
to impair insulin receptors, ADDL binding sites, and
insulin receptors should occur on the same neurons.
We investigated this possibility using cultures of mature
hippocampal neurons, which have been shown to de-
velop clusters of ADDL binding sites specifically at
synapses (53, 54). ADDLs were added to cultures at 100
nM and incubated for 30 min to allow for complete
binding. ADDL binding sites exhibited the same punc-
tate distribution previously seen (Fig. 1). Insulin recep-
tors, identified using antibodies against the outward-
directed alpha subunit, also distributed in a punctate
manner. ADDL binding occurred on neurons that
expressed insulin receptors, although not on all of
them (�40% of neurons had insulin receptors but no
ADDL binding). Most significantly, however, the sub-
cellular distribution of insulin receptors was strikingly
different on neurons with and without bound ADDLs
(Fig. 1A–C). Neurons with ADDL binding showed vir-
tual absence of insulin receptor immunoreactivity on
their dendrites. Reciprocally, dendrites with abundant
insulin receptors showed no ADDL binding. By image
analysis, dendrites with ADDL binding had �70% less
insulin receptor immunoreactivity than the ADDL-free
cells (Fig. 1B).

Figure 1. Effects of ADDL on neuronal insulin
receptor levels. Cultured hippocampal neurons (24
DIV) were treated with 100 nM ADDLs at 37°C for 30
min, following by double staining with IR� immuno-
reactivities and ADDL bindings. A) A representative
image revealing ADDL bindings detected by the
NU2 ADDL antibody. B) The same image showing
IR� immunostaining. C) Merged images from A and
B. Dapi labeling (blue) indicates the nucleus. D)
Image J Quantification of ADDL binding and IR�
immunofluorescence data collected from 50 images
of 5 independent batches of cultures. Cell bodies
were digitally removed from the images, and only
hot spots labeling the neuronal processes were ana-
lyzed. *P � 0.01.
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ADDL-induced neuronal IR redistribution

Differential distribution of ADDL binding sites and
insulin receptors strongly suggests ADDLs cause den-
dritic insulin receptors to down-regulate. However, an
alternative possibility is that ADDLs attached only to
dendrites that did not express insulin receptors. This
alternative is not the case, as we observed control
cultures (not exposed to ADDLs) expressed insulin
receptors in 100% of their dendrites (40 neurons
selected by phase and then assessed for insulin receptor
signal; a typical branched neuron expressing insulin
receptors is shown in Fig. 2F). This clearly indicates
that ADDLs did not target dendrites lacking insulin
receptors but rather caused dendritic insulin receptor
down-regulation. Significantly, ADDL-bound neurons
that lacked dendritic insulin receptors exhibited high
levels of receptors within their cell bodies (Fig. 2A). In
fact, in ADDL-positive neurons, insulin receptor immu-
noreactivity in cell bodies was elevated �3-fold com-
pared to levels in ADDL-free cells (Fig. 2B). The
possibility thus exists that ADDLs triggered a major
redistribution of insulin receptors without causing re-
duction in total receptor level, a possibility supported
by Western blot data presented below. Consistent with

the concept of redistribution, it recently has been
reported that ADDLs trigger down-regulation of sur-
face NMDA and EphB2 receptors, which, like insulin
receptors, are synaptic proteins implicated in memory
mechanisms (56).

Inhibition of neuronal insulin receptor activity
by ADDLs

We next investigated whether ADDLs also caused loss
of neuronal insulin receptor function. Our experi-
ments focused on the impact of ADDLs on insulin-
induced receptor protein tyrosine kinase activity, mea-
sured by receptor autophosphorylation. Hippocampal
and cortical neuronal cultures were incubated with or
without ADDLs (50 nM total A�) for 60 min. In the
absence of ADDLs, stimulation of cells with insulin for
5 min caused a large increase in IR autophosphoryla-
tion (Fig. 3). After 60 min, IR autophosphorylation was
still robust but not as large. When ADDLs were present,
the level of autophosphorylation due to insulin was
greatly reduced (	80%) in both hippocampal and
cortical cultures (Fig. 3), demonstrating that CNS neu-
rons exposed to ADDLs develop major deficiencies in
their response to insulin.

Figure 2. ADDLs induce accumulation of insulin receptors in the cell
body. Hippocampal neurons incubated with vehicle or 100 nM ADDL as
above were double stained with NU2 and anti-IR� antibodies. A–E)
Representative images from ADDL-treated neurons showing reverse-
reciprocal correlation between ADDL binding (green) and dendritic
IR� (red) on dendritic process. Arrowheads point to cell bodies that
accumulate insulin receptors after ADDL treatment. These same cells
showed little IR signals but robust ADDL binding on their dendrites. F)
Representative image of a vehicle-treated cell showing IR� labeling
concentrated on the surface membrane of neurons. G) Quantification of
integrated IR� cell body immunofluorescence collected from 50 images
(ADDL-treated), and 40 images (vehicle-treated) of 5 independent
culture batches. The fluorescence from only cell body compartment was
analyzed. **P � 0.007.
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ADDL-induced inhibition of IR autophosphorylation
is associated with NMDA receptor activity

ADDL-induced synapse pathology and formation of
reactive oxygen species have previously been linked
with NMDA receptor activity (51, 56, 63, 68–70). We,
therefore, examined the effects of glutamate stimula-
tion as well as depolarization on IR function. IR phos-
phorylation was examined using antibodies against
phosphorylated IR Tyr1150/1151 (Fig. 4) or Tyr 1162/
1163 (see below, Fig. 5). These sites play a critical role
in stabilizing IR tyrosine kinase activity. As shown in Fig.
4, insulin stimulated a substantial increase in IR�-
pTyr1150/1151. This increase was reduced 37% by
glutamate and 24% by potassium-induced depolariza-
tion. A one-way ANOVA showed significant treatment
effects (F2,8
11.6, P�0.01, n
3).

We next investigated the combined effects of ADDLs
and glutamate on IR inhibition. A� oligomers are
known to target excitatory synapses (45, 56, 57, 67–70)
and stimulate Ca2� influx, either directly (72) or
indirectly (51). It previously has been reported that
increased Ca2� inhibits IR autophosphorylation in syn-
aptic membranes (7) and adipocytes (73). Since activa-
tion of NMDA receptors by glutamate is known to
promote Ca2� influx, the possibility arises that ADDLs
in tandem with excitation-driven Ca2� influx might be
particularly harmful to IR function. As shown in Fig.
5A, both glutamate and ADDLs inhibited receptor
autophosphorylation at IR�pTyr1162/1163. This inhi-
bition was augmented when they were applied to-
gether. Inhibition was confirmed using immunocyto-
chemistry (Fig. 5D). Basal and insulin-induced activity
was seen in the soma and dendritic processes of the
cultured hippocampal neurons. In the presence of
ADDLs and glutamate, the insulin-induced IRp-
Tyr1162/1163 was similar to control neurons, to which
only vehicle was added (Fig. 5D, the first panel).
Overall, the effects of ADDLs and neuronal activity
combine to cause major reduction in IR phosphoryla-
tion at the activity-stabilizing domain. Most signifi-
cantly, preapplication of the specific NMDA receptor
antagonists APV or memantine preserved receptor
function. This protection was evident whether neurons

were exposed to ADDLs, glutamate, or both together.
The data thus lead to the major conclusion that ADDL
impairment of IR function is mediated by NMDA
receptor activity. Protection against ADDLs afforded by
memantine may likely be relevant to the therapeutic
effect of this drug in AD patients (51, 71, 75).

As shown in Fig. 5B, when ADDL-treated neurons
were depolarized with high K�, near-maximal inhibi-
tion in IR autophosphorylation was observed. Because
high K� can trigger Ca2� influx, we tested the effects of

Figure 3. Inhibition of neuronal IR Tyr phos-
phorylation (pTyr) by ADDLs: Hippocampal
(HC, 1) and cortical neuronal cultures (2)
(14–20 DIV) prepared from postnatal day 1 rats
were “starved” in B27-free Neurobasal basal me-
dium for 3–4 h and treated with 50 nM ADDLs
or vehicle in the presence and absence of insulin
(100 nM). IR was immunoprecipitated with an
IR� antibody and the pTyr detected on Western
blots with antipTyr antibodies (4G10 and Py20).
Lane 0: basal condition; Lane 2–4: treated with
insulin and/or ADDLs.

Figure 4. Effects of glutamate and depolarization on neuronal
IR activity. Hippocampal cultures (18–20 DIV) were “starved”
in Kreb-Ringer’s buffer (KRB) for 3–4 h and treated with 100
nM insulin for 1 h. Cells were either changed to high K� (55
mM) KRB to depolarize neurons, or were stimulated with 100
�M glutamate, each treatment lasting for 10 min. The
amount of phosphorylation of IR at Tyr1150/1151 was deter-
mined by anti-IR-pTyr1150/1151 antibody and then normal-
ized to the total amount of IR immunoreactivity. The normal-
ized ratios were converted to percent control. After
subtracting the basal value, data were analyzed with one-way
ANOVA. Both treatments caused a loss of insulin-induced
pTyr at Tyr1150/1151. *P � 0.05; **P � 0.01, n 
 3.
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the cell permeable, fast Ca2� chelator BAPTA-AM.
Chelation of Ca2� completely prevented the IR inhibi-
tion caused by ADDLs and depolarization. Blockade of
action potentials by TTX also preserved IR function,
suggesting that the effect of KCl and ADDLs may be
mediated by the release of glutamate. The pharmaco-
logical data from several independently repeated ex-
periments are summarized in Fig. 5C. Overall, the
results show the important involvement of NMDA re-
ceptors in ADDL-induced impairment of IR signaling
and suggest that interplay may exist between ADDLs in
AD brain and regulatory factors that normally control
IR activity.

Akt serine473 phosphorylation (Akt-pSer473) is greatly
enhanced by ADDLs

Inhibition of IR autophosphorylation can occur physi-
ologically through negative feedback regulation by Akt
(39). Activation of Akt kinase is triggered by insulin in
a biphasic manner, first by phosphorylation at threo-

nine 308 (pThr308) and then at serine 473 (pSer473).
While pThr308 plays an important role in glucose
transport and cell survival, pSer473 exerts potent inhib-
itory effects on IR activity (39, 76). In nerve cells
pSer473 is known to be increased by activation of NMDA
receptors (43, 77). High levels of Akt-pSer473 have been
detected in diabetes-associated memory deficits in rats
(78), AD (79, 80), and other neurodegenerative dis-
eases (81, 82). Here, we tested whether increased
Akt-pSer473 is associated with ADDL action. First, as
expected, insulin progressively stimulated Akt-pSer473

in hippocampal cultures, with a minor response at 10
min (Fig. 6A), followed by a marked increase by 60 min.
ADDLs in the absence of insulin also stimulated Akt-
pSer473, as much as seen by insulin at 60 min. With
ADDLs present, the levels of Akt-pSer473 were essen-
tially maximal, as further addition of insulin for either
10 or 60 min promoted no significant increase. Confo-
cal immunofluorescence confirmed insulin- and
ADDL-induced increases in Akt-pSer473 in dendritic
processes and soma, with Akt-pSer473 localized mainly

Figure 5. Pharmacological results revealing as-
sociation of the inhibitory effects of ADDLs on
IR pTyr with neuronal activities. A) Effects of
glutamate transmission: Hippocampal neurons
were incubated in KRB for 3–4 h. Neurons
were then simultaneously treated with 150 nM
ADDLs and insulin for 1 h followed by gluta-
mate stimulation for 10 min. To inhibit NMDA

receptor activities, 50 �M APV or 20 �M memantine was incubated with neurons for 30 min prior to ADDL, insulin, and
glutamate treatments. IR�-pTyr was examined using the anti-IR�-pTyr1162/1163 antibody (1:1000), which was normalized
to the total amount of IR� immunoreactivity. B) Effects of depolarization: Neurons were treated with ADDLs and insulin
as described above and depolarized with high K� for 10 min. To block the depolarization and Ca2� signals, neurons were
preincubated with 20 nM TTX, or 50 �M BAPTA-AM in Ca2�-free KRB for 30 min. IR�-pTyr was examined as (A). C)
Summary of pharmacological data: Semiquantification of IR pTyr extents was performed by measuring the densitometry
intensities of IR pTyr under different conditions. The intensities of IR pTyr bands were normalized with those of total IR
corresponding to each sample. The ratio from different treatments was converted to % control (basal). After subtracted
the basal level, data reflecting normalized IR pTyr extents from several independently repeated experiments were pooled
and compared with one-way ANOVA. Glu: glutamate; TTX: tetrodotoxin; Bpt-AM: BAPTA-AM. Memtn: Memantine.
**P � 0.01, n 
 3–14. D) Immunocytochemical staining of IR�-pTyr1162/1163. Hippocampal neurons (DIV 20) were fixed
with 4% formaldehyde following experimental treatments. Cells were incubated with the anti- IR�pTyr1162/1163 antibody
followed by an alexa555-labeled secondary antibody.
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at surface membranes (Fig. 6B). Membrane-localized
Akt has been previously observed in response to recep-
tor tyrosine kinase activation (83, 84). Overall, results
show that ADDLs induced a large increase in Akt
phosphorylation at Ser473, a modification known to be
associated with decreased insulin signaling and insulin
resistance diseases (39, 76).

A� oligomers interact with a receptor complex
that includes IRs

Because of the inhibition of IR autophosphorylation by
ADDLs, we tested whether ADDLs might interact with a
membrane receptor complex that included insulin
receptors. This question was addressed first by coimmu-
noprecipitation experiments using mature hippocam-
pal cultures. We treated hippocampal neurons with
biotin-labeled ADDLs (bADDLs) for 30 min, lysed the
cells with detergent, and then immunoprecipitated IRs
with an IR� antibody. We tested for coprecipitated
bADDLs on Western blots using streptavidin conju-
gated with an infrared fluorescent dye (IRDye800). As
shown in Fig. 7A, streptavidin detected a substantial
amount of bADDLs from bADDL-treated cells, as com-
pared to control (vehicle-treated) cells. bADDL signals
were observed as a set of distinct bands (Fig. 7A) that
were identical to those obtained when lysates were
immunoprecipitated using the anti-A� antibody 6E10
(Fig. 7B). Streptavidin also detected bands around 55
kDa and 28–30 kDa from control samples, which we
interpret as a non-specific with the primary antibody,
but no other bands were evident. These results suggest
that the synaptic protein complex to which ADDLs bind
(51, 56) includes insulin receptors.

A� oligomers inhibit insulin receptor activity
in NIH3T3 cells expressing high levels
of human insulin receptors

We next investigated receptor impairment by ADDLs
using NIH3T3 cells stably transfected with full-length

human IR or IGF-1R. The IR response was less sensitive
than that found in neuronal cultures, as 100 nM ADDLs
for 30 min did not affect insulin-stimulated autophos-
phorylation (Fig. 8A). However, with longer treat-
ments, this same dose caused significantly reduced IR
activity (P�0.01). When the ADDL concentration was
increased (from 100 to 500 nM), inhibition was evident

Figure 6. Effects of ADDLs on Akt-Ser473 phosphorylation. A) Cultured
hippocampal neurons were B27 “starved” in KRB for 3 h and treated
with ADDL (150 nM), insulin (100 nM), or both for different lengths
of time. The extent of Akt-pSer473 phosphorylation was measured on
Western blots with anti-Akt-pSer473 (1:1000) and normalized with non-
phosphorylated Akt (rAkt) (1:1000) antibody. B) The distribution of

Akt-pSer473/rAkt under basal and insulin-stimulated conditions in the absence and presence of ADDLs was measured with
fluorescent immunocytochemistry acquired with a confocal microscope.

bADDLs

Figure 7. Coimmunoprecipitation of biotin-labeled ADDLs by
IR antibody and 6E10: Hippocampal neurons were incubated
with 500 nM biotin-ADDLs (bADDLs) at 37°C for 30 min.
After removing the reaction medium, cells were rinsed with
PBS twice and lysed in ice with cell lysis buffer. Cell lysates
were subjected to immunoprecipitation by the IR� and 6E10
antibodies, respectively. The precipitated complex was re-
solved on SDS-PAGE and blotted on Western blots with
streptavidin conjugated with IRDye800. The fluorescent sig-
nals for bADDLs were acquired with a LI-COR Odyssey
imager.
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by 10 min (P�0.01). In addition to total IR pTyr, we
also examined the effects of ADDLs on pTyr at residues
Tyr1150/1151 or Tyr1162/1163 within the IR active loop,
again finding that, as before, ADDLs caused phosphor-
ylation at these sites to be reduced (Fig. 8B).

To test the possibility that ADDLs might interact
directly with human IRs expressed in the non-neuronal
3T3 cells, cultures were treated with vehicle or ADDLs
in the absence or presence of insulin. In the first
experiment, cell lysates were subjected to immunopre-
cipitation by an ADDL antibody (NU-1). The precipi-
tated complex was blotted with IR� antibody on West-
ern blots to detect coprecipitated IR. As shown in Fig.
8C, NU-1 pulled down a substantial amount of IR from
ADDL-treated cells that were stimulated by insulin. In
noninsulin treated cells, the amount of IR pulled down
by NU-1 was not different from vehicle-treated cell.
These results suggest that interaction of ADDLs with
insulin receptors in 3T3 cells may be triggered by
activation of the receptor. In contrast, this insulin-

induced binding phenomenon is not seen in cells
overexpressing IGF-1R, in which no differences in the
amount of IGF-1R pulled down by NU-1 were observed
(Fig. 8D). ADDL binding thus is selective to a complex
that contains IRs. We note that IR and IGF-1R bands
were detected in the vehicle-treated cells subjected to
coimmunoprecipitation, most likely due to non-specific
attachment of highly abundant IR or IGF-1R from the
cells to either NU-1 or to protein A/G beads during
immunoprecipitation. In a second approach, we tested
the possibility of direct ADDL binding to human IR
using ligand blots. ADDLs showed binding to isolated
IRs, but, consistent with the immunoprecipitation re-
sults, they bound only to IRs from cells that had been
insulin-stimulated (Fig. 8E1). Controls showed these
insulin-stimulated receptors were autophosphorylated
(Fig. 8E2) and that equal levels of IRs were present in
the control and insulin-stimulated preparations (Fig.
8E3). Finally, we tested the specificity of ADDLs for IRs
compared to IGF-1 Rs in assays of receptor function. In

Figure 8. Effects of ADDLs on hu-
man insulin receptor: IR overex-
pressing cells were serum “starved”
overnight and treated with 100 nM
or 500 nM ADDLs for different
times. Insulin (100 nM) was added
to cells either pre- or post-ADDL
treatments. A) Dose response and
treatment time effects of ADDLs on
IR pTyr. The pTyr immunoreactiv-
ity was normalized with the total
amount of IR�. B) Inhibitory effects
on ADDLs on specific IR pTyr resi-
dues. Cells were treated with differ-
ent concentrations of ADDLs for
6 h. IR pTyr at specific sites was
assessed using antibodies against
IRpTyr1150/1151 (1:1000) and IR-
Tyr1162/1163 (1:1000), respectively.
The pTyr immunoreactivity was nor-
malized with the total amount of
IR�. C–D) Coimmunoprecipitation
of IR or IGF-1R with ADDLs. ADDL-

treated cells were subjected to precipitation by NU-1 antibody. The precipitated complex was resolved on SDS-PAGE and
detected with an IR antibody (C) or an IGF-1R antibody (D). E) Ligand blot assay showing ADDL-IR biding. IR
overexpressing cells with and without insulin stimulation were lysed and immunoprecipitated by an IR� antibody. The
precipitated IRs were resolved by SDS-PAGE and transferred to a nitrocellulose membrane. E1) The blot was incubated with
ADDLs (100 nM), followed by blotting with NU-1 antibody. E2) INS-induced IR pTyr. The bound ADDLs and antibody were
then stripped from the membrane, and the membrane blotted with a 4G10 antibody to visualize IRpTyr. E3) Total amount
of precipitated IR�. The membrane was stripped again and the total amount of IR was detected by an anti-IR� antibody.
IP: immunoprecipitation; IB: immunoblotting; proIR: proinsulin receptor; LG: low glucose. F) ADDLs inhibited IR pTyr,
but not IGF-1R pTyr measured by immunoprecipitation. *P � 0.05; **P � 0.01; n 
 3. IR�Tyr: tyrosine phosphorylated IR�;
rIR: regular IR; INS: insulin.

254 Vol. 22 January 2008 ZHAO ET AL.The FASEB Journal
 Vol.22,  No.1 , pp:246-260, May, 2017The FASEB Journal. 128.54.6.240 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/


contrast to the marked inhibition of IRs, the autophos-
phorylation of IGF-1 Rs was unaffected by ADDLs (Fig.
8F), showing a specificity consistent with the pull-down
experiments.

DISCUSSION

Our results show that A� oligomers (ADDLs) cause
rapid and significant disruption of signaling by brain
cell insulin receptors. After 30 min exposure of cul-
tured hippocampal neurons to ADDLs, somatic IRs
showed marked increases while dendritic IRs were
nearly eliminated. Functional responses to insulin stim-
ulation, measured by IR autophosphorylation, were
significantly impaired. An increase in Akt-Ser473 phos-
phorylation, which has been linked to insulin resistance
diseases, was also triggered by ADDL treatment. De-
creased responses to insulin also were elicited by gluta-
mate, and all decreases in response were blocked by
memantine and by BAPTA, implicating excessive activ-
ity of NMDA-type glutamate receptors in the observed
insulin resistance. Results suggest that the buildup of
ADDLs known to occur in AD brain (45) leads to
impairment of CNS insulin signaling, providing a
pathophysiological mechanism to support the emerg-
ing concept that AD dementia involves CNS insulin
resistance (15, 16, 18, 30, 31, 33).

Loss of dendritic hippocampal insulin receptors
caused by ADDLs

Insulin receptors were found to be robustly expressed
in mature cultures of hippocampal neurons, providing
a CNS model well-suited for investigating cellular mech-
anisms of insulin resistance potentially germane to AD.
Cultured hippocampal neurons have been widely used
to investigate synapse cell biology (85), including
pathological responses to ADDLs. ADDLs bind with
specificity to particular excitatory synapses, inducing
deterioration of synaptic structure, composition, and
function (54, 56) while also stimulating oxidative stress
and AD-type tau hyperphosphorylation (51, 53). Insu-
lin receptors were found to occur in the dendritic
arbors of all neurons. Their punctate dendritic distri-
bution was consistent with synaptic occurrence of IRs
reported for brain tissue (7) and is in harmony with
ability of insulin to rapidly affect mechanisms of synap-
tic plasticity (10–12).

In the current experiments, hippocampal neurons
responded to low-dose ADDLs with a striking loss of IRs
from dendrites. Removal of receptors was essentially
complete after only 30 min. By image analysis, insulin
receptors were decreased 70% on dendrites with bound
ADDLs compared to ADDL-free dendrites. In control
cultures never exposed to ADDLs, robust IR immuno-
reactivity occurred on dendrites of all neurons (40 out
of 40 inspected); thus, it is impossible for ADDLs to
target only neurons whose dendrites lacked insulin
receptors. Significantly, neurons affected by ADDLs

showed elevated IR levels in their cell bodies, suggest-
ing a rapid redistribution of IR receptors rather than
net receptor loss in a short-term ADDL treatment. This
conclusion is supported by Western blots, which
showed no ADDL-induced changes in total IR levels
(see examples in Fig. 5A–C). The redistribution of IRs
is consistent with reports in which other proteins
important for synaptic plasticity, including NMDA re-
ceptor subunits and EphB2 receptor tyrosine kinase,
also show surface loss caused by soluble forms of A�
(56, 69). Although the removal of NMDA receptors
triggered by A� reportedly is mediated by �7 nicotinic
receptors (69), the ADDL-induced loss of dendritic IRs
was not prevented by the nicotinic antagonist �-bunga-
rotoxin (data not shown). Different mechanisms thus
may underlie the two responses. Dendritic IRs may be
especially vulnerable to ADDL attack, as the effects are
more rapid and occur at lower ADDL doses than
reported for NMDA and EphB2 receptors (56). The
relationship of surface protein removal to loss of key
internal postsynaptic proteins such as PSD95 reported
in APP transgenic mice (67) is not yet known. It has
been noted that ADDLs cause the actin-binding protein
drebrin to be removed from spines and accumulate in
the cell bodies (56), suggesting loss of synaptic surface
membrane proteins might derive from trafficking def-
icits associated with cytoskeleton abnormalities.

Structure of pathogenic oligomers

AD-affected brain tissue shows greatly elevated levels of
Abeta oligomers compared to non-AD control brains
(45). While the relevance of oligomers to AD has
become widely appreciated (49, 50), important aspects
of oligomer structure and pathogenic activity remain
unresolved. In the current study, dendritic IR loss
correlated with the presence of tightly bound ADDLs,
known be gain-of-function ligands that attack particular
synapses (54, 56). Ligand activity previously was deter-
mined by centrifugal ultrafiltration experiments with
specific molecular weight cut-off filters to include oli-
gomers smaller than 100 kDa but no smaller than 50
kDa. This size is consistent with the oligomeric 12 mers
(54 kDa) found in AD brain (45), which, like the
synthetic species, act as pathogenic synaptic ligands
(51, 54). However, smaller oligomers, produced meta-
bolically rather than chemically, exhibit extremely po-
tent neurological impact (58–60). At low-nanomolar
doses, these small oligomers, particularly trimers, in-
hibit LTP and memory tasks in animal models (58–60).
It may be the case that the small, metabolically pro-
duced oligomers assume conformations distinct from
those formed by synthetic A�. Whether the metabolic
oligomers are recognized by the conformation-sensitive
antibodies used to test synaptic binding by brain-de-
rived ADDLs has not been reported. In general, the
physical nature of A� oligomers is difficult to deter-
mine. Most biophysical analyses require high concen-
trations of peptides that lead to aggregation and struc-
tural reorganization, possibly accounting for very large
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species observed in some experiments (86). On the
other hand, oligomers determined to be 50–100 kDa by
ultrafiltration or HPLC yield mainly tetramers, trimers,
and monomers by SDS-PAGE unless manipulated by
crosslinking agents (87) or exposed to biological fac-
tors (88). The uncertainties with respect to physical
structure make determination of potency dependent
on assumptions regarding the active species. In the
current experiments, disruption of insulin receptor
signaling was significant at ADDLs doses of 50 and 100
nM, normalized to the total amount of A� monomer. If
normalized to the amount of 12 mer, the pathogenic
doses would be, at most, 4 and 8 nM.

Decreased receptor responsiveness to insulin

IR responses to insulin were significantly lowered by
ADDL treatment, consistent with removal of IRs from
dendritic membranes. The possibility that ADDLs
might directly affect IR function is consistent with
previous results that kinase activity of semipurified IRs
is inhibited by A�1–40 (89). However, the inhibitory
dose of A�1–40 in these experiments was 50 �M, at
least 1000-fold greater than used with ADDLs. Whether
ADDLs directly interact with IRs is not yet clear. Be-
cause, neurons lacking ADDL binding also express
insulin receptor (see Fig. 1), the insulin receptor per se
does not constitute a high-affinity ADDL binding site.
However, coimmunoprecipitation of ADDLs with IRs
suggests the presence of ADDLs and IR in a complex.
Preliminary experiments have shown ADDL binding
can be blocked by preincubation of neurons with high
doses (1�M) of insulin (data not shown), consistent
with possible involvement of IRs as coreceptors. A
speculation is that ADDL binding involves a heterolo-
gous receptor complex that contains IR and other
coreceptors. The specific combination of the complex
is not present in all neurons. Some support for direct
IR-ADDL interaction comes from transfected 3T3 cells,
used because they provided a cell model with very high
levels of human IR. These receptors, which responded
to ADDLs with decreased autophosphorylation, were
found to coimmunoprecipitate with ADDLs and bind
ADDLs in ligand blot assays. The interactions appeared
to depend on IR tyrosine phosphorylation, as they were
markedly increased by prior stimulation of cells with
low doses of insulin. ADDL interactions with the IRs of
3T3 cells were relatively specific, as ADDL treatments
did not result in binding to IGF-1 receptors nor affect
IGF-1 receptor activity.

While the nature of ADDL binding and how it
triggers loss of insulin receptors and other synaptic
proteins (51, 54, 56, 69, 90, 110) remain to be eluci-
dated, current evidence indicates a mechanism with a
high degree of specificity (45, 47, 62). In hippocampal
cultures, ADDLs bind only to a neuronal subpopula-
tion, while in cerebellar cultures, there is virtually no
binding (45). In synaptosomes, ADDLs bind to cortical
but not cerebellar preparations (56). Within neurons,
the pattern of ADDL binding is strikingly punctate.

These puncta have been identified as spines of excita-
tory synapses (54, 56). Because binding sites are trypsin-
sensitive (47), specificity of binding presumably de-
pends on locally differentiated domains that combine
particular proteins and perhaps lipids. Immunoprecipi-
tation data (Fig. 7) indicate these domains could in-
clude insulin receptors, and insulin has been found to
block ADDL binding (De Felice, unpublished). How-
ever, other components must be required for high-
affinity binding, as ADDLs do not attach to all cells with
insulin receptors (Fig. 1). Some of these components
appear to be near or include NMDA-receptors. ADDL
binding sites fractionate with postsynaptic densities
(56), and an antibody against the NR1 extracellular
domain completely blocks ADDL-induced ROS forma-
tion and significantly reduces ADDL binding (51).
Whatever the molecular combination required for spe-
cific binding proves to be, the consequences for synap-
tic pathology are complex but likely integrated, as
insulin, AMPA, NMDA and other synaptic receptors
show important regulatory interaction (111–116).

We also found that glutamate and depolarization
reduced the responsiveness of IRs to insulin, likely
involving Ca2� influx and activation of Ca2�-dependent
kinases. These effects are in accordance with existing IR
regulatory mechanism, and suggest a possible physio-
logical regulatory feedback between neuronal activity
and IR signaling. The inhibition was more severe, when
ADDL-treated neurons were stimulated with glutamate
and depolarization, and was completely prevented by
NMDA blockers memantine and APV. This finding
clearly suggests a role of NMDA receptor in mediating
the observed IR inhibition. NMDA receptor (NR1)
dependence has also been reported in ADDL-induced
ROS production (51). Association of ADDLs with
NMDA receptor activity strongly suggests a mechanism
dependent on elevated intracellular Ca2�, perturbation
of which has been implicated in the molecular pathol-
ogy of Alzheimer’s disease (51, 72, 91, 92). We found
that chelation of Ca2� with BAPTA-AM completely
prevented IR inhibition caused by ADDL treatments.
The basis for Ca2�- dependent insulin resistance may
involve pSer/pThr of the receptor by protein kinase C
or cAMP-dependent kinase, a known intramolecular
negative regulatory factor for IR activity (2, 74, 93–98).
Protein kinase C in brain cells shows activation and
membrane translocation triggered by A� (99, 100) and
ADDLs (101).

Activation of a possible negative feedback loop:
ADDL-induced phosphorylation of Akt at Ser473

ADDLs also were found to affect Akt, a critical signaling
molecule of the IR pathway downstream of insulin
receptor substrate (IRS) and PI3 kinase. During normal
insulin signaling, Akt is first activated by phosphoryla-
tion at threonine308, which stimulates glucose transport
and cell survival events (102–106). With prolonged
activation, Akt becomes phosphorylated at serine473,
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which is a key event in a negative feedback loop that
inhibits IR signaling. Akt responds to ADDLs with
increased phosphorylation of Ser473. Stimulation of
Akt-pSer473 occurs at low levels of ADDLs and happens
whether or not insulin is present, suggesting possible
involvement of a pathway independent of IRs. Consis-
tent with the action of ADDLs, stimulation of Akt-
pSer473 in neurons is associated with NMDA receptor
activation (43, 77). Persistent elevation of Akt-pSer473

in brain appears undesirable as abnormally enhanced
Akt Ser473 phosphorylation is associated with memory
deficits (78) and is evident in AD brain (79, 80),
Huntington’s disease striatal cells (81), and brains of
Niemann-Pick type C (NPC) disease animal model
(80). Two targets negatively regulated by Akt-pSer473

are IRs and PI3K, which become threonine phosphor-
ylated (39, 107, 108). Significantly, high levels of Akt-
pSer473 are associated with inflammation and periph-
eral insulin resistance diseases (2, 107, 108), suggesting
the possibility that elevated Akt-pSer473 induced by A�
oligomers could contribute to insulin resistance in
AD-affected brain.

Pathological outcome of ADDL-induced brain
insulin resistance

Our results show that ADDLs compromise insulin sig-
naling in cultured brain cells. It is likely that ADDLs
accumulating in AD brain would exert similar effects.
The specific consequences of ADDL-induced brain
insulin resistance with respect to cognitive function are
difficult to predict given that knowledge of precise roles
of CNS IRs is at present limited. Various reports have
indicated memory-enhancing effects of insulin, learn-
ing-associated changes in IR pathways, and impair-
ments of memory and LTP in diabetic animals (10–14).
Although specific deletion of the brain insulin receptor
reportedly causes no obvious learning and memory
impairment (109), the absence of phenotype can be
difficult to interpret. The receptor-deficient mice do
show tau hyperphosphorylation, a major aspect of AD
neuropathology (109), possibly involving dysfunction
of GSK3� and downstream molecules such as mTOR
and p70 S6 kinase.

Early-stage AD is notably a disease of memory dys-
function for which damage to synaptic plasticity may be
of greatest consequence. The specificity of early AD for
memory loss plausibly derives from the attack on par-
ticular synapses by ADDLs, acting as gain-of-function
pathogenic ligands that destroy synaptic plasticity (55).
Molecular-level findings presented here show that syn-
aptic pathology induced by ADDLs includes impair-
ment of insulin receptor signaling and suggest that
insulin resistance in AD brain is a response to ADDLs,
which disrupt insulin signaling and may cause a brain-
specific form of diabetes. Damage to this pathway along
with other plasticity-associated receptors seems likely to
play an important role in the synaptic failure consid-
ered to be the mechanistic basis for the memory
dysfunction of AD.

The authors wish to thank Ms. Pauline T. Velasco for help
with ADDL preparations; Mr. Rong Liu for help with protein
assays; and Ms. Kirsten Viola for help with neuronal cultures.
This work was supported partially by the Blanchette Rockefeller
Neurosciences Institute Intramural research budget, National
Institutes of Health-National Institute on Aging grants RO1-
AG18877, and the NIH Intramural Research Program; F.G.F. is
a Human Frontier Science Program (HFSP) Fellow and is
supported by a grant from Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnologico (CNPq/Brazil).

REFERENCES

1. Olefsky, J. M., and Nolan, J. J. (1995) Insulin resistance and
non-insulin-dependent diabetes mellitus: cellular and molecu-
lar mechanisms. Am. J. Clin. Nutr. 61, 980S–986S

2. Pessin, J. E., and Saltiel, A. R. (2000) Signaling pathways in
insulin action: molecular targets of insulin resistance. J. Clin.
Invest. 106, 165–169

3. Biddinger, S. B., and Kahn, C. R. (2006) From mice to men:
insights into the insulin resistance syndromes. Annu. Rev.
Physiol. 68, 128–158

4. Heidenreich, K. A., Zahniser, N. R., Berhanu, P., Brandenburg,
D., and Olefsky, J. M. (1983) Structural differences between
insulin receptors in the brain and peripheral target tissues.
J. Biol. Chem. 258, 8527–8530

5. Matsumoto, H., and Rhoads, D. E. (1990) Specific binding of
insulin to membranes from dendrodendritic synaptosomes of
rat olfactory bulb. J. Neurochem. 54, 347–350

6. Heidenreich, K. A., Gilmore, P. R., Brandenburg, D., Hatada,
E. (1988) Peptide mapping on Northern blot analyses of
insulin receptors in brain and adipocytes. Mol. Cell. Endocrinol.
56, 255–261

7. Zhao, W., Chen, H., Xu, H., Moore, E., Meiri, N., Quon, M. J.,
and Alkon, D. L. (1999) Brain insulin receptors and spatial
memory. Correlated changes in gene expression, tyrosine
phosphorylation, and signaling molecules in the hippocampus
of water maze trained rats. J. Biol. Chem. 274, 34893–34902

8. Lowe, W. Jr, and LeRoith, D. (1986) Insulin receptors from
guinea pig liver and brain: structural and functional studies.
Endocrinology 118, 1669–1677

9. Hendricks, S. A., Agardh, C. D., Taylor, S. I., and Roth, J.
(1984) Unique features of the insulin receptor in rat brain
J. Neurochem. 43, 1302–1309

10. Wan, Q., Xiong, Z. G., Man, H. Y., Ackerley, C. A., Braunton, J.,
Lu, W. Y., Becker, L. E., MacDonald, J. F., and Wang, Y. T.
(1997) Recruitment of functional GABA (A) receptors to
postsynaptic domains by insulin. Nature 388, 686–690

11. Mielke, J. G., and Wang, Y. T. (2005) Insulin exerts neuropro-
tection by counteracting the decrease in cell-surface GABA
receptors following oxygen-glucose deprivation in cultured
cortical neurons. J. Neurochem. 92, 103–113

12. Biessels, G. J., Kamal, A., Ramakers, G. M., Urban, I. J., Spruijt,
B. M., Erkelens, D. W., and Gispen, W. H. (1996) Place
learning and hippocampal synaptic plasticity in streptozotocin-
induced diabetic rats. Diabetes 45, 1259–1266

13. Zhao, W. Q., and Alkon, D. L. (2001) Role of insulin and
insulin receptor in learning and memory. Mol. Cell. Endocrinol.
177, 125–134

14. Park, C. R. (2001) Cognitive effects of insulin in the central
nervous system. Neurosci. Biobehav. Rev. 25, 311–323

15. Hoyer, S. (2000) Brain glucose and energy metabolism abnor-
malities in sporadic Alzheimer disease. Causes and conse-
quences: an update. Exp. Gerontol. 35, 1363–1372

16. Craft. S., and Watson. G.S. (2004) Insulin and neurodegenera-
tive disease: shared and specific mechanisms. Lancet. Neurol. 3,
169–178

17. Haan, M. N. (2006) Therapy Insight: type 2 diabetes mellitus
and the risk of late-onset Alzheimer’s disease. Nat. Clin. Pract.
Neurol. 2, 159–166

18. De la Monte, S. M., Tong, M., Lester-Coll, N., Plater Jr., M., and
Wands, J. R. (2006) Therapeutic rescue of neurodegeneration
in experimental type 3 diabetes: relevance to Alzheimer’s
disease. J. Alzheimers Dis. 10, 89–109

257ABETA OLIGOMERS AND CNS INSULIN RESISTANCE
 Vol.22,  No.1 , pp:246-260, May, 2017The FASEB Journal. 128.54.6.240 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/


19. Gambassi, G., and Bernabei, R. (1998) Insulin, diabetes melli-
tus, Alzheimer’s disease, and apolipoprotein E. Neurology 51,
925–926

20. Messier, C. (2003) Diabetes, Alzheimer’s disease and apoli-
poprotein genotype. Exp. Gerontol. 38, 941–946

21. Luchsinger, J. A., Tang, M. X., Shea, S., and Mayeux, R. (2004)
Hyperinsulinemia and risk of Alzheimer disease. Neurology 63,
1187–1192

22. Craft, S. (2006) Insulin resistance syndrome and Alzheimer
disease: pathophysiologic mechanisms and therapeutic impli-
cations. Alzheimer Dis. Assoc. Disord. 20, 298–301

23. Craft, S., Dagogo-Jack. S. E., Wiethop, B. V., Murphy, C.,
Nevins, R. T., Fleischman, S., Rice, V., Newcomer, J. W., and
Cryer, P. E. (1993) Effects of hyperglycemia on memory and
hormone levels in dementia of the Alzheimer type: a longitu-
dinal study. Behav. Neurosci. 107, 926–940

24. Assini, A., Cammarata, S., Vitali, A., Colucci, M., Giliberto, L.,
Borghi, R., Inglese, M. L., Volpe, S., Ratto, S., Dagna-Bricarelli,
F., Baldo, C., Argusti, A., Odetti, P., Piccini, A., and Tabaton,
M. (2004) Plasma levels of amyloid beta-protein 42 are in-
creased in women with mild cognitive impairment. Neurology
63, 828–831

25. Launer, L. J. (2005) Diabetes and brain aging: epidemiologic
evidence. Curr. Diab. Rep. 5, 59–63

26. Odetti, P., Piccini, A., Giliberto, L., Borghi, R., Natale, A.,
Monacelli, F., Marchese, M., Assini, A., Colucci, M., Camma-
rata, S., and Tabaton, M. (2005) Plasma levels of insulin and
amyloid beta 42 are correlated in patients with amenestic Mild
Cognitive Impairment. J. Alzheimers Dis. 8, 243–245

27. Watson, G. S., and Craft, S. (2004) Modulation of memory by
insulin and glucose: neuropsychological observations in Alz-
heimer’s disease. Eur. J. Pharmacol. 490, 97–113

28. Meneilly, G. S., and Hill, A. (1993) Alterations in glucose
metabolism in patients with Alzheimer’s disease. J. Am. Geriatr.
Soc. 41, 710–714

29. Steen, E., Terry, B. M., Rivera, E. J., Cannon, J. L., Neely, T. R.,
Tavares, R., Xu, X. J., Wands, J. R., and de la Monte, S. M.
(2005) Impaired insulin and insulin-like growth factor expres-
sion and signaling mechanisms in Alzheimer’s disease–is this
type 3 diabetes? J. Alzheimers Dis. 7, 63–80

30. Frolich, L., Blum-Degen, D., Riederer, P., and Hoyer, S. (1999)
A disturbance in the neuronal insulin receptor signal transduc-
tion in sporadic Alzheimer’s disease. Ann. N. Y. Acad. Sci. 893,
290–293

31. Pedersen, W. A., and Flynn, E. R. (2004) Insulin resistance
contributes to aberrant stress responses in the Tg2576 mouse
model of Alzheimer’s disease. Neurobiol. Dis. 17, 500–506

32. Ashe, K. H. (2001) Learning and memory in transgenic mice
modeling Alzheimer’s disease. Learn. Mem. 8, 301–308

33. Pedersen, W. A., McMillan, P. J., Kulstad, J. J., Leverenz, J. B.,
Craft, S., and Haynatzki, G.R., (2006) Rosiglitazone attenuates
learning and memory deficits in Tg2576 Alzheimer mice. Exp.
Neurol. 199, 265–273

34. Froguel, P., Velho, G., Passa, P., and Cohen, D. (1993) Genetic
determinants of type 2 diabetes mellitus: lessons learned from
family studies. Diabete. Metab. 19, 1–10

35. Aguirre, V., Werner, E. D., Giraud, J., Lee, Y. H., Shoelson,
S. E., and White, M. F. (2002) Phosphorylation of SER307 in
IRS-1 blocks interactions with the insulin receptor and inhibits
insulin action. J. Biol. Chem. 277, 1531–1537

36. Qiao, L. Y., Goldberg, J. L., Russell, J. C., and Sun, X. J. (1999)
Identification of enhanced serine kinase activity in insulin
resistance. J. Biol. Chem. 274, 10625–10632

37. Ravichandran, L. V., Esposito, D. L., Chen, J., and Quon, M. J.
(2001) Protein kinase C-zeta phosphorylates insulin receptor
substrate-1 and impairs its ability to activate phosphatidylino-
sitol 3-kinase in response to insulin. J. Biol. Chem. 276, 3543–
3549

38. Lee, Y. H., and White, M. F. (2004) Insulin receptor substrate
proteins and diabetes. Arch. Pharm. Res. 27, 361–70

39. Tian, R. (2005) Another role for the celebrity: Akt and insulin
resistance. Circ. Res. 96, 139–140

40. Hotamisligil, G. S. (2003) Inflammatory pathways and insulin
action. Int. J. Obes. Relat. Metab. Disord. 27, S53–55

41. Rui, L., Aguirre, V., Kim, J. K., Shulman, G. I., Lee, A.,
Corbould, A., Dunaif, A., and White, M. F. (2001) Insulin/
IGF-1 and TNF-alpha stimulate phosphorylation of IRS-1 at

inhibitory Ser307 via distinct pathways. J. Clin. Invest. 107,
181–189

42. Bloch-Damti, A., Potashnik, R., Gual, P., Le Marchand-Brustel,
Y., Tanti, J. F., Rudich, A., and Bashan, N. (2006) Differential
effects of IRS1 phosphorylated on Ser307 or Ser632 in the
induction of insulin resistance by oxidative stress. Diabetologia
49, 2463–2473

43. Grimble, R. F. (2002) Inflammatory status and insulin resis-
tance. Curr. Opin. Clin. Nutr. Metab. Care. 5, 551–559

44. Selkoe, D. J. (2002) Alzheimer’s disease is a synaptic failure.
Science 298, 789–791

45. Gong, Y., Chang, L., Viola, K. L., Lacor, P. N., Lambert, M. P.,
Finch, C. E., Krafft, G. A., and Klein, W. L. (2003) Alzheimer’s
disease-affected brain: presence of oligomeric A beta ligands
(ADDLs) suggests a molecular basis for reversible memory loss.
Proc. Natl. Acad. Sci. U. S. A. 100, 10417–10422

46. Georganopoulou, D. G., Chang, L., Nam, J. M., Thaxton, C. S.,
Mufson, E. J., Klein, W. L., and Mirkin, C. A. (2005) Nanopar-
ticle-based detection in cerebral spinal fluid of a soluble
pathogenic biomarker for Alzheimer’s disease. Proc. Natl. Acad.
Sci. U. S. A. 102, 2273–2276

47. Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C.,
Freed, R., Liosatos, M., Morgan, T. E., Rozovsky, I., Trommer,
B., Viola, K. L., Wals, P., Zhang, C., Finch, C. E., Krafft, G. A.,
and Klein, W. L. (1998) Diffusible, nonfibrillar ligands derived
from Abeta1–42 are potent central nervous system neurotox-
ins. Proc. Natl. Acad. Sci. U. S. A. 95, 6448–6453

48. Klein, W. L., Krafft, G. A., and Finch, C. E. (2001) Targeting
small Abeta oligomers: the solution to an Alzheimer’s disease
conundrum? Trends. Neurosci. 24, 219–224

49. Klein, W. L. (2006) Synaptic targeting by A� oligomers
(ADDLs) as a basis for memory loss in early Alzheimer’s
disease. Alzheimers Demen. 2, 43–55

50. Walsh, D. M., and Selkoe, D. J. (2004) Deciphering the
molecular basis of memory failure in Alzheimer’s disease.
Neuron 44, 181–193

51. De Felice, F. G., Velasco, P. T., Lambert, M. P., Viola, K.,
Fernandez, S. J., Ferreira, S. T., and Klein, W. L. (2007) Abeta
oligomers induce neuronal oxidative stress through an N-
methyl-D-aspartate receptor-dependent mechanism that is
blocked by the Alzheimer drug memantine. J. Biol. Chem. 282,
11590–11601

52. Oddo, S., Caccamo, A., Tran, L., Lambert, M. P., Glabe, C. G.,
Klein, W. L., and LaFerla, F. M. (2006) Temporal profile of
amyloid-beta (Abeta) oligomerization in an in vivo model of
Alzheimer disease. A link between Abeta and tau pathology.
J. Biol. Chem. 281, 1599–1604

53. De Felice, F. G., Wu, D., Lambert, M. P., Fernandez, S. J.,
Velasco, P. T., Lacor, P. N., Bigio, E. H., Jerecic, J., Acton, P. J.,
Shughrue, P. J., Chen-Dodson, E., Kinney, G. G., and Klein,
W. L. (2007) Alzheimer’s disease-type neuronal tau hyperphos-
phorylation induced by Abeta oligomers. Neurobiol. Aging
[Epub ahead of print]

54. Lacor, P. N., Buniel, M. C., Chang, L., Fernandez, S. J., Gong,
Y., Viola, K. L., Lambert, M. P., Velasco, P. T., Bigio, E. H.,
Finch, C. E., Krafft, G. A., and Klein, W. L. (2004) Synaptic
targeting by Alzheimer’s-related amyloid beta oligomers.
J. Neurosci. 24, 10191–10200

55. Klein, W.L., Lacor, P.N., De Felice, F.G., and Ferreira, S.T.
(2007) Molecules that disrupt memory circuits in Alzhei-
mer’s disease: the attack on synapses by Abeta oligomers
(ADDLs). In Memories: Molecules and Circuits (Bontempi, B.,
Silva, A., Christen, Y., eds., Fondation IPSEN,), Springer-
Verlag: Paris, France

56. Lacor, P. N., Buniel, M., Furlow, P., Sanz-Clemente, A.,
Velasco, P., Wood, M., Viola, K., and Klein, W. L. (2007) Abeta
Oligomer-induced aberrations in synapse compostition, shape
and density provide a molecular basis for loss of connectivity in
Alzheimer’s disease. J. Neurosci. (Early online publication)

57. Wang, H. W., Pasternak, J. F., Kuo, H., Ristic, H., Lambert,
M. P., Chromy, B., Viola, K. L., Klein, W. L., Stine, W. B., Krafft,
G. A., and Trommer, B. L. (2002) Soluble oligomers of beta
amyloid (1–42) inhibit long-term potentiation but not long-
term depression in rat dentate gyrus. Brain. Res. 924, 133–140

58. Walsh, D. M., Klyubin, I., Fadeeva, J. V., Cullen, W. K., Anwyl,
R., Wolfe, M. S., Rowan, M. J., and Selkoe, D. J. (2002)
Naturally secreted oligomers of amyloid beta protein potently

258 Vol. 22 January 2008 ZHAO ET AL.The FASEB Journal
 Vol.22,  No.1 , pp:246-260, May, 2017The FASEB Journal. 128.54.6.240 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/


inhibit hippocampal long-term potentiation in vivo. Nature
416, 535–539

59. Townsend, M., Shankar, G. M., Mehta, T., Walsh, D. M., and
Selkoe, D. J. (2006) Effects of secreted oligomers of amyloid
beta-protein on hippocampal synaptic plasticity: a potent role
for trimers. J. Physiol. 572, 477–492

60. Cleary, J. P., Walsh, D. M., Hofmeister, J. J., Shankar, G. M.,
Kuskowski, M. A., Selkoe, D. J., and Ashe, K. H. (2005) Natural
oligomers of the amyloid-beta protein specifically disrupt cog-
nitive function. Nat. Neurosci. 8, 79–84

61. Morisco, C., Condorelli, G., Trimarco, V., Bellis, A., Marrone,
C., Condorelli, G., Sadoshima, J., and Trimarco, B. (2005) Akt
mediates the cross-talk between beta-adrenergic and insulin
receptors in neonatal cardiomyocytes. Circ. Res. 96, 180–188

62. Lambert, M. P., Velasco, P. T., Chang, L., Viola, K. L.,
Fernandez, S., Lacor, P. N., Khuon, D., Gong, Y., Bigio, E. H.,
Shaw, P., De Felice, F. G., Krafft, G. A., and Klein, W. L. (2007)
Monoclonal antibodies that target pathological assemblies of
Abeta. J. Neurochem. 100, 23–35

63. Zhao, W. Q., Waisman, D. M., and Grimaldi, M. (2004) Specific
localization of the annexin II heterotetramer in brain lipid raft
fractions and its changes in spatial learning. J. Neurochem. 90,
609–620

64. Quon, M. J., Cama, A., and Taylor, S. I. (1992) Postbinding
characterization of five naturally occurring mutations in the
human insulin receptor gene: impaired insulin-stimulated
c-jun expression and thymidine incorporation despite normal
receptor autophosphorylation. Biochemistry 31, 9947–9954

65. Kato, H., Faria, T. N., Stannard, B., Roberts, C. T., Jr., and
LeRoith, D. (1993) Role of tyrosine kinase activity in signal
transduction by the insulin-like growth factor-I (IGF-I) recep-
tor. Characterization of kinase-deficient IGF-I receptors and
the action of an IGF-I-mimetic antibody (alpha IR-3). J. Biol.
Chem. 268, 2655–2661

66. Abramoff, M. D., Magelhaes, P. J., and Ram, S. J. (2004) Image
processing with Image. J. Biophotonics Int. 11, 36–42

67. Almeida, C. G., Tampellini. D., Takahashi, R. H., Greengard,
P., Lin, M. T., Snyder, E. M., and Gouras, G. K. (2005)
Beta-amyloid accumulation in APP mutant neurons reduces
PSD-95 and GluR1 in synapses. Neurobiol. Dis. 20, 187–198

68. Shemer, I., Holmgren, C., Min, R., Fulop, L., Zilberter, M.,
Sousa, K. M., Farkas, T., Hartig, W., Penke, B., Burnashev, N.,
Tanila, H., Zilberter, Y., and Harkany, T. (2006) Non-fibrillar
beta-amyloid abates spike-timing-dependent synaptic potentia-
tion at excitatory synapses in layer 2/3 of the neocortex by
targeting postsynaptic AMPA receptors. Eur. J. Neurosci. 23,
2035–2047

69. Snyder, E. M., Nong, Y., Almeida, C. G., Paul, S., Moran, T.,
Choi, E. Y., Nairn, A. C., Salter, M. W., Lombroso, P. J., Gouras,
G. K., and Greengard, P. (2005) Regulation of NMDA receptor
trafficking by amyloid-beta. Nat. Neurosci. 8, 1051–8105

70. Takahashi, R. H., Almeida, C. G., Kearney, P. F., Yu, F., Lin,
M. T., Milner, T. A., and Gouras, G. K. (2004) Oligomerization
of Alzheimer’s b-amyloid within processes and synapses of
cultured neurons and brain. J. Neurosci. 24, 3592–3599

71. Chen, H. S., Pellegrini, J. W., Aggarwal, S. K., Lei, S. Z.,
Warach, S., Jensen, F. E., and Lipton, S. A. (1992) Open-
channel block of N-methyl-D-aspartate (NMDA) responses by
memantine: therapeutic advantage against NMDA receptor-
mediated neurotoxicity. J. Neurosci. 12, 4427–4436

72. Demuro, A., Mina, E., Kayed, R., Milton, S. C., Parker, I., and
Glabe, C. G. (2005) Calcium dysregulation and membrane
disruption as a ubiquitous neurotoxic mechanism of soluble
amyloid oligomers. J. Biol. Chem. 280, 17294–17300

73. Draznin, B., Lewis, D., Houlder, N., Sherman, N., Adamo, M.,
Garvey, W. T., LeRoith, D., and Sussman, K. (1989) Mechanism
of insulin resistance induced by sustained levels of cytosolic
free calcium in rat adipocytes. Endocrinology 125, 2341–2349

74. Bossenmaier, B., Mosthaf, L., Mischak, H., Ullrich, A., and
Haring, H. U. (1997) Protein kinase C isoforms beta 1 and beta
2 inhibit the tyrosine kinase activity of the insulin receptor.
Diabetologia 40, 863–866

75. Lipton, S. A. (2006) Paradigm shift in neuroprotection by
NMDA receptor blockade: memantine and beyond. Nat. Rev.
Drug. Discov. 5, 160–170

76. Morisco, C., Condorelli, G., Trimarco, V., Bellis, A., Marrone,
C., Condorelli, G., Sadoshima, J., and Trimarco, B. (2005) Akt

mediates the cross-talk between beta-adrenergic and insulin
receptors in neonatal cardiomyocytes. Circ. Res. 96, 180–188

77. Perkinton, M. S., Ip, J. K., Wood, G. L., Crossthwaite, A. J., and
Williams, R. J. (2002) Phosphatidylinositol 3-kinase is a central
mediator of NMDA receptor signalling to MAP kinase (Erk1/
2), Akt/PKB and CREB in striatal neurones. J. Neurochem. 80,
239–254

78. Dou, J. T., Chen, M., Dufour, F., Alkon, D. L., and Zhao, W. Q.
(2005) Insulin receptor signaling in long-term memory con-
solidation following spatial learning. Learn. Mem. 12, 646–655

79. Griffin, R. J., Moloney, A., Kelliher, M., Johnston, J. A., Ravid,
R., Dockery, P., O’Connor, R., and O’Neill, C. (2005) Activa-
tion of Akt/PKB, increased phosphorylation of Akt substrates
and loss and altered distribution of Akt and PTEN are features
of Alzheimer’s disease pathology. J. Neurochem. 93, 105–117

80. Rickle, A., Bogdanovic, N., Volkman, I., Winblad, B., Ravid, R.,
and Cowburn, R. F. (2004) Akt activity in Alzheimer’s disease
and other neurodegenerative disorders. Neuroreport 15, 955–
959

81. Gines. S., Ivanova. E., Seong. I.S., Saura, C. A., and MacDonald,
M. E. (2003) Enhanced Akt signaling is an early pro-survival
response that reflects N-methyl-D-aspartate receptor activation
in Huntington’s disease knock-in striatal cells. J. Biol. Chem.
278, 50514–50522

82. Bi, X., Liu, J., Yao, Y., Baudry, M., and Lynch, G. (2005)
Deregulation of the phosphatidylinositol-3 kinase signaling
cascade is associated with neurodegeneration in Npc1-/-
mouse brain. Am. J. Pathol. 167, 1081–1092

83. Anderson, K. E., Coadwell, J., Stephens, L. R., and Hawkins,
P. T. (1998) Translocation of PDK-1 to the plasma membrane
is important in allowing PDK-1 to activate protein kinase B.
Curr. Biol. 8, 684–691

84. Syed, N. A., Horner, K. N., Misra, V., and Khandelwal, R. L.
(2002) Different cellular localization, translocation, and insu-
lin-induced phosphorylation of PKBalpha in HepG2 cells and
hepatocytes J. Cell. Biochem. 86, 118–127

85. Craig, A. M., Graf, E. R., Linhoff, M. W. (2006) How to build a
central synapse: clues from cell culture. Trends. Neurosci. 29,
8–20

86. Hepler, R. W., Grimm, K. M., Nahas, D. D., Breese, R., Dodson,
E. C., Acton, P., Keller, P. M., Yeager, M., Wang, H., Shughrue,
P., Kinney, G., and Joyce, J. G. (2006) Solution state character-
ization of amyloid beta-derived diffusible ligands. Biochemistry
45, 15157–15167

87. Teplow, D. B. (2006) Preparation of amyloid beta-protein for
structural and functional studies. Methods Enzymol. 413, 20–33

88. Boutaud, O., Montine, T. J., Chang, L., Klein, W. L., and Oates,
J. A. (2007) PGH2-derived levuglandin adducts increase the
neurotoxicity of amyloid beta1–42. J. Neurochem. 96, 917–923

89. Xie, L., Helmerhorst, E., Taddei, K., Plewright, B., Van Bron-
swijk, W., and Martins, R. (2002) Alzheimer’s beta-amyloid
peptides compete for insulin binding to the insulin receptor.
J. Neurosci. 22, RC221

90. Hsieh, H., Boehm, J., Sato, C., Iwatsubo, T., Tomita, T., Sisodia,
S., and Malinow, R. (2006) AMPAR removal underlies Abeta-
induced synaptic depression and dendritic spine loss. Neuron
52, 831–843

91. Mattson, M. P. (2002) Oxidative stress, perturbed calcium
homeostasis, and immune dysfunction in Alzheimer’s disease.
J. Neurovirol. 8, 539–550

92. Mattson, M. P. (2004) Pathways towards and away from Alzhei-
mer’s disease. Nature 430, 631–639

93. Stevens, G. R. (1998) Signaling proteins in Alzheimer’s Dis-
ease: The possible roles of focal adhesion kinase, paxillin, and
protein kinase C. Ph.D. thesis, pp. 101–112, Northwestern
University

94. Kellerer, M,. Seffer, E., Mushack, J., Oermair-Kusser, B., and
Haring, H. U. (1990) TPA inhibits insulin stimulated PIP
hydrolysis in fact cell membranes: evidence for modulation of
insulin dependent phospholipase C by protein kinase C.
Biochem. Biophys. Res. Commun. 172, 446–454

95. Haring, H. U., Tippmer, S., Kellerer, M., Mosthaf, L., Kroder,
G., Bossenmaier, B., and Berti, L. (1996) Modulation of insulin
receptor signaling. Potential mechanisms of a cross talk be-
tween bradykinin and the insulin receptor. Diabetes Suppl. 1,
S115–S119

259ABETA OLIGOMERS AND CNS INSULIN RESISTANCE
 Vol.22,  No.1 , pp:246-260, May, 2017The FASEB Journal. 128.54.6.240 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/


96. Bossenmaier, B., Mosthaf, L., Mischak, H., Ullrich, A., and
Haring, H. U. (1997) Protein kinase C isoforms beta 1 and beta
2 inhibit the tyrosine kinase activity of the insulin receptor.
Diabetologia 40, 863–866

97. Considine, R. V., Nyce, M. R., Allen, L. E., Morales, L. M.,
Triester, S., Serrano, J., Colberg, J., Lanza-Jacoby, S., and Caro,
J. F. (1995) Protein kinase C is increased in the liver of humans
and rats with non-insulin-dependent diabetes mellitus: an
alteration not due to hyperglycemia. J. Clin. Invest. 95, 2938–
2944

98. Avignon, A., Yamada, K., Zhou, X., Spencer, B., Cardona, O.,
Saba-Siddique, S., Galloway, L., Standaert, M. L., and Farese,
R. V. (1996) Chronic activation of protein kinase C in soleus
muscles and other tissues of insulin-resistant type II diabetic
Goto-Kakizaki (GK), obese/aged, and obese/Zucker rats. A
mechanism for inhibiting glycogen synthesis. Diabetes 45,
1396–1404

99. Nakai. M., Tanimukai, S., Yagi, K., Saito, N., Taniguchi, T.,
Terashima, A., Kawamata, T., Yamamoto, H., Fukunaga, K.,
Miyamoto, E., and Tanaka, C. (2001) Amyloid beta protein
activates PKC-delta and induces translocation of myristoylated
alanine-rich C kinase substrate (MARCKS) in microglia. Neu-
rochem. Int. 38, 593–600

100. Tanimukai, S., Hasegawa, H., Nakai, M., Yagi, K., Hirai, M.,
Saito, N., Taniguchi, T., Terashima, A., Yasuda, M., Kawamata,
T., and Tanaka, C. (2002) Nanomolar amyloid beta protein
activates a specific PKC isoform mediating phosphorylation of
MARCKS in Neuro2A cells. Neuroreport 13, 549–553

101. Stevens, G. R. (1998) Signaling proteins in Alzheimer’s Dis-
ease: the possible roles of focal adhesion kinase, paxillin, and
protein kinase C. Ph.D. thesis, pp 101–112, Northwestern
University

102. Matsui, T., Nagoshi, T., and Rosenzweig, A. (2003) Akt and PI
3-kinase signaling in cardiomyocyte hypertrophy and survival.
Cell Cycle 2, 220–223

103. Taniguchi, C. M., Emanuelli, B., and Kahn, C. R. (2006)
Critical nodes in signalling pathways: insights into insulin
action. Nat. Rev. Mol. Cell Biol. 7, 85–96

104. Morisco, C., Condorelli, G., Trimarco, V., Bellis, A., Mar-
rone, C., Condorelli, G., Sadoshima, J., and Trimarco, B.
(2005) Akt mediates the cross-talk between beta-adrenergic
and insulin receptors in neonatal cardiomyocytes. Circ. Res.
96, 180 –188

105. Hajduch, E., Litherland, G. J., and Hundal, H. S. (2001)
Protein kinase B (PKB/Akt)—a key regulator of glucose trans-
port? FEBS Lett. 492, 199–203

106. Kim, D., and Chung, J. (2002) Akt: versatile mediator of cell
survival and beyond. J. Biochem. Mol. Biol. 35, 106–115

107. Le Roith, D., and Zick, Y. (2001) Recent advances in our
understanding of insulin action and insulin resistance. Diabetes
Care 24, 588–597

108. Lee, Y. H., and White, M. F. (2004) Insulin receptor substrate
proteins and diabetes. Arch. Pharm. Res. 27, 361–70

109. Schubert, M., Gautam, D., Surjo, D., Ueki, K., Baudler, S.,
Schubert, D., Kondo, T., Alber, J., Galldiks, N., Kustermann, E.,
Arndt, S., Jacobs, A. H., Krone, W., Kahn, C. R., and Bruning,
J. C. (2004) Role for neuronal insulin resistance in neurode-
generative diseases. Proc. Natl. Acad. Sci. U. S. A. 101, 3100–
3105

110. Kelly, B. L., Vassar, R., and Ferreira, A. (2005) Beta-amyloid-
induced dynamin 1 depletion in hippocampal neurons. A
potential mechanism for early cognitive decline in Alzheimer
disease. J. Biol. Chem. 280, 31746–31753

111. Collingridge, G. L., Isaac, J. T., and Wang, Y. T. (2004)
Receptor trafficking and synaptic plasticity. Nat. Rev. Neurosci.
5, 952–962

112. Malinow, R., Malenka, R.C. (2002) AMPA receptor trafficking
and synaptic. plasticity. Annu. Rev. Neurosci. 25, 103–126

113. Chowdhury, S., Shepherd, J. D., Okuno, H., Lyford, G., Petra-
lia, R. S., Plath, N., Kuhl, D., Huganir, R. L., and Worley, P. F.
(2006) Arc/Arg3.1 interacts with the endocytic machinery to
regulate AMPA receptor trafficking. Neuron 52, 445–459

114. Lin, J. W., Ju, W., Foster, K., Lee, S. H., Ahmadian, G.,
Wyszynski, M., Wang, Y. T., and Sheng, M. (2000) Distinct
molecular mechanisms and divergent endocytotic pathways of
AMPA receptor internalization. Nat. Neurosci. 3, 1282–1290

115. Zhou, Q., Xiao, M., and Nicoll, R. A. (2001) Contribution of
cytoskeleton to the internalization of AMPA receptors. Proc.
Natl. Acad. Sci. U. S. A. 98, 1261–1266

116. Wan, Q., Xiong, Z. G., Man, H. Y., Ackerley, C. A., Braunton,
J., Lu, W. Y., Becker, L. E., MacDonald, J. F., and Wang, Y. T.
(1997) Recruitment of functional GABA(A) receptors to
postsynaptic domains by insulin. Nature 388, 686–690

Received for publication February 10, 2007.
Accepted for publication June 27, 2007.

260 Vol. 22 January 2008 ZHAO ET AL.The FASEB Journal
 Vol.22,  No.1 , pp:246-260, May, 2017The FASEB Journal. 128.54.6.240 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/


 10.1096/fj.06-7703comAccess the most recent version at doi:
2008 22: 246-260 originally published online August 24, 2007FASEB J 

  
Wei-Qin Zhao, Fernanda G. De Felice, Sara Fernandez, et al. 
  
receptors
Amyloid beta oligomers induce impairment of neuronal insulin

  
References

  
 http://www.fasebj.org/content/22/1/246.full.html#ref-list-1

This article cites 111 articles, 33 of which can be accessed free at:

Subscriptions

  
http://www.faseb.org/The-FASEB-Journal/Librarian-s-Resources.aspx

 is online at The FASEB JournalInformation about subscribing to 

Permissions

  
http://www.fasebj.org/site/misc/copyright.xhtml
Submit copyright permission requests at:

Email Alerts

  
http://www.fasebj.org/cgi/alerts
Receive free email alerts when new an article cites this article - sign up at

 Vol.22,  No.1 , pp:246-260, May, 2017The FASEB Journal. 128.54.6.240 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/lookup/doi/10.1096/fj.06-7703com
http://www.fasebj.org/content/22/1/246.full.html#ref-list-1
http://www.faseb.org/The-FASEB-Journal/Librarian-s-Resources.aspx
http://www.fasebj.org/site/misc/copyright.xhtml
http://www.fasebj.org/cgi/alerts
http://www.fasebj.org/cgi/adclick/?ad=50450&adclick=true&url=http%3A%2F%2Fwww.avantilipids.com
http://www.fasebj.org/

