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Synapse deterioration underlying severe memory loss in early
Alzheimer’s disease (AD) is thought to be caused by soluble
amyloid beta (A�) oligomers. Mechanistically, soluble A� oli-
gomers, also referred to as A�-derived diffusible ligands (ADDLs),
act as highly specific pathogenic ligands, binding to sites localized
at particular synapses. This binding triggers oxidative stress, loss of
synaptic spines, and ectopic redistribution of receptors critical to
plasticity and memory. We report here the existence of a protective
mechanism that naturally shields synapses against ADDL-induced
deterioration. Synapse pathology was investigated in mature cul-
tures of hippocampal neurons. Before spine loss, ADDLs caused
major downregulation of plasma membrane insulin receptors (IRs),
via a mechanism sensitive to calcium calmodulin-dependent kinase
II (CaMKII) and casein kinase II (CK2) inhibition. Most significantly,
this loss of surface IRs, and ADDL-induced oxidative stress and
synaptic spine deterioration, could be completely prevented by
insulin. At submaximal insulin doses, protection was potentiated
by rosiglitazone, an insulin-sensitizing drug used to treat type 2
diabetes. The mechanism of insulin protection entailed a marked
reduction in pathogenic ADDL binding. Surprisingly, insulin failed
to block ADDL binding when IR tyrosine kinase activity was
inhibited; in fact, a significant increase in binding was caused by IR
inhibition. The protective role of insulin thus derives from IR
signaling-dependent downregulation of ADDL binding sites rather
than ligand competition. The finding that synapse vulnerability to
ADDLs can be mitigated by insulin suggests that bolstering brain
insulin signaling, which can decline with aging and diabetes, could
have significant potential to slow or deter AD pathogenesis.
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A lzheimer’s disease (AD) is a neurological disorder charac-
terized by profound memory loss and progressively cata-

strophic dementia. Currently there is no effective treatment for
AD, but the pursuit of novel disease-modifying therapeutics is
the object of intense investigation. Significant attention focuses
on strategies that could neutralize the mechanism(s) initiating
memory loss, the major manifestation of early AD (1, 2). Why
memory is specifically targeted in AD has long been a funda-
mental mystery, but it is increasingly evident that the crucial
pathogenic event is the functional and morphological deterio-
ration of specific memory center synapses induced by potent
neurotoxins that accumulate in AD brain (3–9).

Recent evidence shows that the neurotoxins in AD comprise
aggregates of the amyloid-� peptide (A�) (10), a molecule
generated by proteolytic cleavage of the amyloid precursor
protein. While monomeric A� is not neurotoxic, the peptide
exhibits a marked toxic gain-of-function upon self-association.
Fibrillar forms of A� found in amyloid plaques were until
recently considered responsible for neuronal damage in AD, but
the discovery that small A� oligomers, also known as A�-derived
diffusible ligands (ADDLs), are potent central nervous system
(CNS) neurotoxins (11), has led to a new view of AD patho-

genesis (3). Unlike the insoluble fibrils, ADDLs are diffusible
molecules that attach with specificity to particular synapses,
acting as pathogenic ligands (1, 12). The attack on synapses
inhibits long-term potentiation (LTP) (11, 13, 14), a classic
paradigm for memory-related synaptic mechanisms. ADDL
binding further induces AD-like pathology including neuronal
tau hyperphosphorylation (15), oxidative stress (16), and syn-
apse deterioration and loss (17–21). The pathological relevance
of ADDLs has been substantiated by their disease-specific
accumulation in human brain and CSF (1, 22) and by the
accumulation of structurally equivalent oligomers in transgenic
mouse AD models (23). By explaining why AD targets memory
and accounting for major features of neuropathology, the ligand-
based attack on specific synapses by ADDLs provides a poten-
tially unifying mechanism for AD pathogenesis.

Predictably, therapeutic drugs and antibodies targeting ADDLs have
shown promise in preclinical studies and early clinical trials (24, 25).
Nonetheless, because no effective approach to AD therapeutics is yet
available, the need to identify novel drug targets remains. We have
hypothesized that cellular mechanisms exist that physiologically protect
synapses against ADDL toxicity. Such active synaptic protection mech-
anisms could contribute to preserved cognitive function in normal
individuals, while impaired mechanisms might serve as drug targets for
individuals at early stages of AD or presenting mild cognitive impair-
ment. Recent reports are consistent with the possibility that one such
protective mechanism could be provided by CNS insulin signaling.
Insulin plays a key role in plasticity mechanisms in the CNS (26, 27) and
it recently has been shown that insulin and the insulin-sensitizing drug
rosiglitazone improve cognitive performance in mouse models of AD
andinpatientswithearlyAD(28–30).Conversely, insulin-resistant type
2 diabetes patients show significantly increased risk for developing AD
(31). Moreover, experimental induction of diabetes in mouse models of
AD results in premature cognitive failure and degeneration of synapse
structure (32, 33).

To test the hypothesis that insulin signaling provides a physio-
logical defense mechanism against ADDLs’ synaptotoxicity, we
have used highly differentiated hippocampal nerve cell cultures, a
preferred model for studies of synapse cell biology (34, 35) and
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mechanisms of ADDL pathogenicity (12, 18). Results show that
insulin blocks ADDL binding to synapses, thereby preventing the
ensuing neurotoxicity. Decreased binding is the result of down-
regulation of ADDL binding sites through a mechanism requiring
insulin receptor (IR) tyrosine kinase activity. This downregulation
is the converse of ADDL-induced IR downregulation, which we
have recently described as a mechanism underlying CNS insulin
resistance in AD (9). Thus, physiological insulin and pathological
ADDLs negatively regulate the abundance of each other’s binding
sites, creating a competitive balance between synapse survival and
degeneration. Because insulin signaling in the brain is known to
decline with age (36), the outcome of this balance represents a
unique risk factor for AD well suited for therapeutic intervention.
By restoring the balance to favor synapse survival, new drugs
designed to specifically enhance CNS insulin signaling would pro-
vide a new and potentially significant class of AD therapeutics.

Results
ADDLs Induce Loss of IRs from Neuronal Surfaces. We recently
reported that ADDLs cause a major loss of IRs from neuronal
dendrites (9), in harmony with the impact of ADDLs on other
essential plasticity-related neuronal molecules such as N-methyl-
D-aspartate (NMDA) receptors (18, 20). We have now extended
those observations using both immunocytochemistry and sur-
face biotinylation. Immunocytochemical analysis showed that
ADDLs induced elimination of dendritic IRs (Fig. 1 A–E) and
a parallel increase in immunoreactivity in the cell body, indicat-
ing IR redistribution (Fig. 1 A and B). Remarkably, neurons
attacked by ADDLs (green puncta) showed virtual absence of
dendritic IRs and intense somatic labeling whereas neurons
devoid of ADDLs exhibited abundant dendritic IR labeling (red
puncta) (Fig. 1F). Control experiments showed that a peptide
corresponding to a scrambled A� sequence and subjected to
exactly the same procedure as used for preparation of ADDLs
had no effect on insulin receptor levels (Fig. 1E) and was not
detected by oligomer-specific antibodies (data not shown). Sur-
face biotinylation results showed that surface-exposed IR levels
were decreased by 22% and 68%, respectively, after 30 min or 3 h
of exposure to 100 nM ADDLs (Fig. 1G). We did not detect any
changes in intracellular IR levels in ADDL-treated neurons, in
line with our previous results showing no changes in total IR
levels measured by Western blots in total homogenates from
ADDL-treated neurons (9). Importantly, surface levels of the
membrane protein Na�/K�-ATPase, used as a control, were not
affected by ADDLs [supporting information (SI) Fig. S1]. Sur-
face biotinylation results also indicated that ADDLs had no
measurable impact on overall surface protein levels (Fig. S1).
These results are consistent with the notion that ADDLs have a
selective impact in accelerating the endocytosis of particular
surface proteins, such as IRs.

Casein Kinase 2 (CK2) and Ca2�/Calmodulin-Dependent Kinase II
(CaMKII) Mediate ADDL-Induced Loss of IRs and NMDA subtype
glutamate receptors (NMDARs). IRs play key roles in important
neurological processes including learning and memory (26, 27)
and tau phosphorylation (37, 38). Thus, ADDL-induced loss of
IRs might represent an important early mechanism underlying
memory impairment and other pathological features of AD. As
noted above, A� oligomers also cause internalization of
NMDARs. Physiologically, activity-dependent internalization of
NMDARs is mediated by CK2 and CaMKII (39). We therefore
tested the hypothesis that ADDL-induced internalization of
NMDARs and IRs might share common mechanisms involving
CK2 and CaMKII. Consistent with this hypothesis, we found that
DMAT, a CK2 inhibitor, completely blocked ADDL-induced
loss of both IRs and NMDARs from the dendrites of hippocam-
pal neurons and that KN93, a CaMKII inhibitor, afforded partial
protection against ADDL-induced loss of both receptors (Fig. 2

and Fig. S2). Neither DMAT nor KN93 alone had any statisti-
cally significant effect on dendritic IR and NMDAR levels (Fig.
2E). These results indicate that CK2 and CaMKII mediate
ADDL-induced loss of synaptic receptors germane to plasticity.

Insulin Blocks ADDL-Induced Loss of IRs. Recent studies have shown
that intranasal administration of insulin improves memory in
both nondemented humans and in AD patients (30, 40). More-
over, insulin ameliorates A�-induced inhibition of LTP in hip-
pocampal slices (41, 42). We therefore asked whether insulin
might protect surface IRs in neurons exposed to ADDLs.
Significantly, we found that 100 nM insulin partially prevented
and 1 �M insulin completely blocked ADDL-induced loss of
dendritic IRs in hippocampal cultures (Fig. 3 A–E) and IR
accumulation in the cell body (Fig. 3 A–D).

Rosiglitazone Potentiates the Neuroprotective Action of Insulin. Ros-
iglitazone, a peroxysome proliferator-activating receptor
(PPAR)-� agonist, is an insulin-sensitizing drug that stimulates
IR protein kinase activity. It is used for treating insulin-resistant
type II diabetes and is currently in clinical trials for AD (28, 43).
We next investigated whether rosiglitazone might potentiate the
ability of submaximal insulin doses to protect against ADDL-
induced IR loss. In ADDL-treated cultures, neurons exhibiting
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Fig. 1. ADDLs induce the removal of IRs from dendritic plasma membranes.
Cultured hippocampal neurons were exposed to 100 nM ADDLs at 37 °C for 3 h
followed by immunolabeling with anti-IR� (yellow). Nuclear staining (DAPI) is
shown in blue. A and B show representative images from vehicle- and ADDL-
treated cultures, respectively. C and D show high-magnification images of
dendrites contained in the dotted rectangles indicated in A and B, respec-
tively. (E) Quantification of IR immunofluorescence levels (see SI Methods) for
cultures treated with vehicle (V), ADDLs (A), or scrambled A� peptide (Scr). (F)
A representative image showing double labeling for ADDL binding (NU4
oligomer antibody; green) and IR� (red). (G) Surface abundance of IRs in
hippocampal neurons exposed to vehicle or 100 nM ADDLs for 0.5 or 3 h,
assessed by surface biotinylation (see SI Methods). Asterisk indicates statisti-
cally significant (*, P � 0.0002) decrease compared to vehicle-treated cultures.
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the characteristic punctate pattern of synaptic ADDL binding
showed very low dendritic IR levels (Fig. 3 F–H). In contrast,
neurons that were pretreated with 100 nM insulin � 10 �M
rosiglitazone showed markedly reduced ADDL binding and
abundant IRs in dendrites (Fig. 3 I–K). Quantitative analysis
showed that dendritic IR levels in cells exposed to ADDLs in the
presence of 100 nM insulin � 10 �M rosiglitazone were similar
to the levels found in control cultures and in cultures treated with
ADDLs in the presence of 1 �M insulin (Fig. 3E). In the absence
of exogenous insulin, rosiglitazone conferred partial protection
against ADDL-induced loss of IRs (Fig. 3E). We note, however,
that the effects of rosiglitazone and insulin were synergistic
rather than additive, indicating potentiation of insulin protection
by rosiglitazone.

Insulin Prevents ADDL-Binding to Neurons and Protects Against ADDL-
Induced Oxidative Stress. Double-labeling for IRs and ADDL
binding (detected by oligomer-selective NU4 antibody) (44)
revealed that neurons treated with insulin � rosiglitazone
showed markedly reduced ADDL binding (Fig. 3 J and K). This
result suggested an insulin-dependent regulation of ADDL-
binding sites. We next pretreated hippocampal neurons with
either 100 nM or 1 �M insulin for 30 min and then added 100
nM ADDLs for an additional 30 min. Low (100 nM) insulin
caused a noticeable reduction and high (1 �M) insulin caused
a major (�70%) blockade of ADDL binding to neurons
(Fig. 4 A–E).

We recently showed that ADDLs induce oxidative stress in
hippocampal neurons (16), thus establishing a connection be-
tween the neuronal impact of ADDLs and a major AD neuro-
pathology. As might be predicted from the blockade of ADDL
binding, we found that insulin effectively inhibited ADDL-
induced neuronal oxidative stress (Fig. 4 F–I).

Insulin Prevents ADDL-Induced Synapse Loss. To allow direct com-
parison of ADDL-induced changes in dendritic spine density

relative to changes in IR levels, spines were labeled with
phalloidin in tandem with the IR antibody. IRs were eliminated
while the number of spines was unaffected in hippocampal
neurons exposed to ADDLs for 3 h (Fig. S3). This indicates that
loss of insulin receptors precedes and is not a consequence of
overall collapse and retraction of synaptic spines. We also note
that after a 3-h exposure to ADDLs, a time at which insulin
receptors are largely removed from the surface, there is no loss
of EphB2 receptors (18). Interestingly, after a 24-h exposure to
ADDLs a pronounced loss of spines was detected (Fig. 5),
confirming our previous results (18). Remarkably, insulin com-
pletely protected against ADDL-induced spine degeneration
(Fig. 5). Double labeling using phalloidin and the NU4 anti-
ADDLs antibody revealed a marked reduction in spine density
in isolated dendrites attacked by ADDLs (Fig. 5E) compared to
vehicle-treated neurons (Fig. 5D). In insulin-treated neurons, a
marked reduction of ADDL binding was observed along with the
presence of abundant, healthy spines (Fig. 5F).

Protection by Insulin Requires IR Activity. Previous work from our
group has shown that ADDLs colocalize with PSD-95 and
synaptic spines labeled with CaMKII (12). We recently suggested
that ADDLs interact with a receptor complex that includes IRs
(9). This raised the possibility that blockade of neuronal ADDL
binding by insulin could be the result of direct competition
between ADDLs and insulin for a common binding site on
neuronal surfaces, as also recently suggested (41). Surprisingly,
however, inhibition of IR protein tyrosine kinase (PTK) activity
by AG1024 completely abolished the ability of insulin to block
ADDL binding (Fig. 5). In fact, AG1024 caused significant
increases in neuronal ADDL binding both when AG1024 was
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Fig. 2. CK2 and CaMKII mediate ADDL-induced loss of insulin and NMDA
receptors. (A–D) Representative high magnification images of IR� labeling in
dendrites from hippocampal neurons treated for 3 h with vehicle (A), 100 nM
ADDLs (B), 100 nM ADDLs � 5 �M KN93 (C), or 100 nM ADDLs � 10 �M DMAT
(D). (E) Quantification of IR (black bars) and NMDAR (white bars) immunoflu-
orescence. Bars correspond to integrated immunofluorescence intensities (see
SI Methods) from 3 experiments using independent cultures (30 images
analyzed per experimental condition per culture). Asterisks indicate statisti-
cally significant (*, P � 0.05; **, P � 0.001) increases compared to ADDL-
treated cultures.
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Fig. 3. Insulin prevents ADDL-induced pathological trafficking of IRs. (A–D)
Representative IR immunofluorescence images from hippocampal neurons
treated with vehicle (A), 100 nM ADDLs (B), 100 nM ADDLs � 100 nM insulin
(C), and 100 nM ADDLs � 1 �M insulin (D). (E) Integrated IR immunofluores-
cence from 6 experiments using independent cultures (30 images analyzed per
experimental condition per culture). Asterisk indicates statistically significant
(*, P � 0.005) increase compared to ADDL-treated cultures. (F–K) Neurons
treated for 3 h with 100 nM ADDLs alone (F–H) or with 100 nM ADDLs � 100
nM insulin � 10 �M rosiglitazone (I–K) followed by double labeling for IR (red)
and ADDLs (green). (H and K) Merged images of IR and ADDL immunolabeling.
Note the inverse correlation between ADDL binding and dendritic IR� immu-
noreactivities on dendritic process.
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added alone and in the presence of exogenous insulin. These
results suggest that inhibition of ADDL binding by insulin
involves an IR signaling-dependent downregulation of ADDL
binding sites, consistent with known effects of neuronal IRs on
synaptic receptor trafficking (45, 46).

Discussion
We have identified a unique molecular mechanism that protects
CNS neurons against ADDLs, soluble neurotoxins putatively
responsible for the synaptic deterioration underlying Alzhei-
mer’s memory failure. ADDLs are known to initiate deteriora-
tion by acting as highly specific pathogenic ligands. We have
found that ADDL binding to particular synaptic sites and the
resulting neuronal oxidative stress, IR downregulation, and
synapse loss are markedly decreased by the presence of insulin.
Interestingly, neuroprotection by insulin requires IR activity.
Thus the mechanism of protection does not involve simple
competition between ADDLs and insulin for a common binding
site on the neuronal surface, but rather is a signaling-dependent
downregulation of ADDL binding sites. The insulin-sensitizing
drug rosiglitazone, a PPAR� agonist, potentiated the ability of
insulin to protect synapses against ADDLs. Results strongly

support the hypothesis that insulin signaling plays a role in
defending CNS neurons against AD and provide a disease-
specific basis for treatments based on stimulating CNS insulin
pathways.

Although the brain once was considered insulin insensitive, it
is now known that CNS insulin signaling is important for many
aspects of neuronal function, including plasticity and memory
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Fig. 4. Insulin blocks neuronal ADDL binding and ADDL-induced oxidative
stress. (A–D) Representative images from hippocampal neurons treated with
vehicle (A), 100 nM ADDLs (B), 100 nM ADDLs � 100 nM insulin (C), and 100 nM
ADDLs � 1 �M insulin (D). ADDL binding was detected using NU4 antibody. (E)
Integrated ADDL immunofluorescence intensities from 6 experiments using
independent cultures (25 images analyzed per experimental condition per
culture). Asterisk indicates statistically significant (*, P � 0.01) decrease com-
pared to ADDL-treated cultures. (F–H) Representative DHE fluorescence im-
ages in hippocampal cultures treated with vehicle (F), 1 �M ADDLs (G), or 1 �M
insulin � 1 �M ADDLs (H). (I) Integrated DHE fluorescence. Asterisk indicates
statistically significant (*, P � 0.007) differences relative to ADDL-treated
cultures.
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Fig. 5. Insulin blocks ADDL-induced synapse loss. (A–C) Representative
images from hippocampal neurons treated with vehicle (A), 100 nM ADDLs (B),
or 100 nM ADDLs � 1 �M insulin (C) for 24 h. Spines were labeled using
phalloidin (green). (D–F) Double-labeling high-magnification images of den-
drites from neurons treated with vehicle (D), ADDLs (E), or ADDLs � insulin (F).
Spines were labeled by phalloidin (green) and ADDLs were detected using the
NU4 antibody (red). (G) Quantification of spine number per unit dendrite
length. Asterisk indicates statistically significant difference (*, P � 0.001)
relative to vehicle-treated neurons.
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Fig. 6. Protection by insulin requires IR tyrosine kinase activity. (A–C) Rep-
resentative images from hippocampal neurons treated with 100 nM ADDLs
(A), 100 nM ADDLs � 1 �M insulin (B), or 100 nM ADDLs � 1 �M insulin � 5 �M
AG1024 (C). ADDL binding was detected using the NU4 anti-ADDL antibody.
(D) Integrated ADDL immunofluorescence from 3 experiments using indepen-
dent neuronal cultures (25 images analyzed per experimental condition per
culture). Pound sign indicates statistically significant (#, P � 0.001) difference
relative to ADDL-treated cultures. Asterisk indicates statistically significant
(*, P � 0.007) differences relative to cultures treated with ADDLs � insulin.
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formation (26, 27, 47). Recently, human subjects have been
found to respond to CNS insulin signaling stimulation with
enhanced verbal memory performance (40). When given to
subjects with early AD, intranasal insulin also improves perfor-
mance (30) but only at higher doses, suggesting involvement of
additional mechanisms other than stimulation of plasticity.
Results here support the hypothesis that the beneficial effect of
insulin in AD derives at least in part from an acute decrease in
ADDL synaptotoxicity. In harmony with this possibility, it
recently was shown that insulin ameliorates A� oligomer-
induced inhibition of LTP (41, 42), a standard paradigm for
plasticity and memory mechanisms. Long-term CNS insulin
stimulation potentially could increase cognitive benefits to AD
patients further by reducing ADDL-induced neuronal deterio-
ration. Insulin, besides decreasing ADDL binding, ADDL-
induced spine degeneration, oxidative stress, and insulin recep-
tor loss (as shown here), also protects against accumulation of
hyperphosphorylated tau (48), a pathological hallmark of AD
that is induced by ADDLs (15).

The marked decrease in ADDL binding caused by insulin
ostensibly could be a simple competitive interaction at the cell
surface, which would be consistent with coimmunoprecipitation
data (9, 41). However, this mechanism is not supported by the
current experiments using AG1024, an inhibitor of IR PTK. When
receptor activity is blocked, insulin no longer prevents ADDL
binding. Furthermore, we note that addition of rosiglitazone mark-
edly enhanced the ability of submaximal insulin to block ADDL
binding (Fig. 3 E–J). These findings indicate that the mechanism of
protection involves insulin signaling-dependent downregulation of
ADDL binding sites from the neuronal surface. Future identifica-
tion of proteins lost from the membrane in response to insulin could
provide insight into the nature of the ADDL binding sites, which
have yet to be determined.

It is intriguing that insulin and ADDLs have reciprocal effects
on their neuronal binding sites. Insulin signaling downregulates
ADDL binding, while ADDLs downregulate IRs. Given that
insulin protects neurons against AD-causing neurotoxins, it
follows that dysfunctional CNS insulin signaling would be an AD
risk factor. In fact, brain insulin signaling declines with age (36),
the primary risk factor for AD. An elevated risk for AD also
exists in type 2 diabetes patients, who manifest deficient CNS
insulin signaling. This deficiency is likely a consequence of
decreased insulin uptake into the brain following sustained
peripheral hyperinsulinemia (31). Experimentally induced dia-
betes moreover causes AD mice models to exhibit accelerated
cognitive failure (32, 33). Significantly, the marked loss of IRs
from synaptic plasma membranes seen in response to ADDLs (9)
has been confirmed in neuropathology studies showing that IRs
are lost from dendrites in AD brain (49).

Recent clinical trials indicate that insulin-sensitizing drugs
such as rosiglitazone improve cognition and memory in both AD
and type 2 diabetes patients (28, 43, 50, 51). The basis for the
cognitive benefits of rosiglitazone has not been established,
although reductions in inflammation and amyloid plaque burden
have been hypothesized. However, rosiglitazone attenuates def-
icits in learning and memory in AD animal models without
affecting amyloid deposition (29). A plausible mechanism of
protection is provided by the current finding that rosiglitazone

potentiates the ability of insulin to protect synapses against
ADDLs. This effect is particularly salient given the relevance of
synaptotoxic A� oligomers to AD memory impairment (7, 8).
Overall, an appealing strategy to protect synaptic memory
mechanisms would be to increase the inherent synaptic defense
against ADDLs while, in tandem, reducing ADDL abundance.
Improved insulin-signaling sensitizing drugs may serve the first
function, while therapeutic antibodies may serve the latter, as
suggested by promising results from recent clinical trials (25).

Materials and Methods
Materials. Synthetic A�1–42 peptide was from American Peptides (Sunnyvale,
California). Scrambled A�1–42 peptide was from Anaspec (San Jose, California).
Bovine and human insulin, 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP), DMSO,
papain and poly-L-lysine were from Sigma (St. Louis, Missouri). Culture medi-
um/reagents were from Invitrogen (Carlsbad, California). Precast electro-
phoresis gels, Alexa-labeled secondary antibodies, ProLong, Alexa 488-
conjugated phalloidin, and DHE were from Invitrogen. Electrophoresis buffers
were from BioRad (Hercules, California). SuperSignal chemiluminescence re-
agents, Sulfo-NHS-SS-biotin, neutravidin, and the BCA protein assay kit were
from Pierce (Deerfield, Illinois). Streptavidin was from Fluka (Sigma, Buchs,
Switzerland). Antibodies against the � subunit of insulin receptors (IR�),
Na�,K�-ATPase and NR1 subunit of NMDA receptors were from Santa Cruz
Biotechnology (Santa Cruz, California).

ADDL and Scrambled A�1–42 Preparation. These were prepared from A�1–42 or
scrambled A� as previously described (1, 11) and detailed in SI Methods.

Mature Hippocampal Cultures. Primary hippocampal neuronal cultures were
prepared according to established procedures (15, 16) and were used after 21
DIV. Cultures were treated at 37 °C for 3 h with 100 nM ADDLs or an equivalent
volume of F12 vehicle. Insulin (100 nM or 1 �M) or rosiglitazone (10 �M), when
present, were added 30 min before ADDLs. AG1024 (5 �M) was added to
cultures 30 min before insulin.

Surface Biotinylation-Based Western Blot Assay. Surface proteins from neuro-
nal cultures treated with vehicle or ADDLs were biotinylated and analyzed by
Western immunoblotting as detailed in SI Methods.

Immunocytochemistry and Phalloidin Labeling. Cells were fixed and blocked as
previously described (15), incubated with both ADDL-selective NU4 mouse
monoclonal antibody (44; 1 �g/mL) and IR-� rabbit polyclonal antibody (1:500)
overnight at 4 °C and then incubated for 3 h at 23 °C with Alexa-conjugated
secondary antibodies. Spines were labeled with Alexa 488-conjugated phal-
loidin (which binds to spine-localized dense bundles of F-actin) for 20 min at
23 °C, according to manufacturer’s instructions. Coverslips were mounted
with Prolong and imaged on a Nikon Eclipse TE 2000-U microscope.

Oxidative Stress. Formation of reactive oxygen species (ROS) was evaluated in
live neurons using dihydroethidium (DHE) as detailed in SI Methods.

Data Analysis. IR and ADDL binding immunofluorescence intensities were
analyzed using NIH Image J as described in SI Methods.
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