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While a potential causal factor in Alzheimer’s disease (AD), brain insulin resistance has not been demonstrated directly in that disorder. We provide such a demonstration here by showing that the hippocampal formation (HF) and, to a lesser degree, the cerebellar cortex in AD cases without diabetes exhibit markedly reduced
responses to insulin signaling in the IR→IRS-1→PI3K signaling pathway with greatly reduced responses to
IGF-1 in the IGF-1R→IRS-2→PI3K signaling pathway. Reduced insulin responses were maximal at the level of
IRS-1 and were consistently associated with basal elevations in IRS-1 phosphorylated at serine 616 (IRS-1 pS616)
and IRS-1 pS636/639. In the HF, these candidate biomarkers of brain insulin resistance increased commonly
and progressively from normal cases to mild cognitively impaired cases to AD cases regardless of diabetes or
APOE ε4 status. Levels of IRS-1 pS616 and IRS-1 pS636/639 and their activated kinases correlated positively with
those of oligomeric Aβ plaques and were negatively associated with episodic and working memory, even after
adjusting for Aβ plaques, neurofibrillary tangles, and APOE ε4. Brain insulin resistance thus appears to be an
early and common feature of AD, a phenomenon accompanied by IGF-1 resistance and closely associated with
IRS-1 dysfunction potentially triggered by Aβ oligomers and yet promoting cognitive decline independent of
classic AD pathology.
Introduction
Alzheimer’s disease (AD) shares many age-related pathophysiological features of type 2 diabetes (T2D). These include the
defining features of T2D, insulin resistance and disrupted glucose metabolism in non-neural tissues (1, 2), as well as peripheral
oxidative and inflammatory stress, amyloid aggregation, neural
atrophy and/or degeneration, and cognitive decline (3, 4). Such a
large set of shared features suggests shared etiologies, a view supported by epidemiologic studies showing that AD risk is increased
50%–100% by diabetes (5–8), including T2D (9), which accounts
for 90% of all diabetic cases (10).
Of the shared features of AD and T2D, the one most likely to be
an etiological factor in AD is insulin resistance, defined broadly
here as reduced cellular responsiveness to insulin, in keeping with
Goldstein’s description (1). This factor is not only associated with,
but can cause, many shared features of the 2 disorders (3, 4, 11–13).
Moreover, peripheral insulin resistance without T2D is a risk factor
for AD (8, 14) within 3 years of diagnosis (14); is a common feature
of AD cases (15); and is associated with reduced basal (16) and insulin-induced (17, 18) activation of cerebral IRs, higher cerebral neuAuthorship note: Konrad Talbot and Hoau-Yan Wang contributed equally to
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ritic plaque loads (16, 19), lower hippocampal volume and cognitive
performance (20), and lower cerebrocortical glucose metabolism
correlated with reduced memory recall (11). As detailed in many
reviews (11, 21–25), peripheral insulin resistance could promote AD
onset by reducing brain insulin uptake and by raising brain levels of
Aβ, τ phosphorylation, oxidative stress, proinflammatory cytokines,
advanced glycation end products, dyslipidemia, and apoptosis.
An increasing number of investigators, however, propose that
insulin resistance in AD is not limited to peripheral tissues. In particular, they propose that in AD, with or without comorbid T2D,
the brain itself becomes insulin resistant and that this promotes
or even triggers key pathophysiological events in the disorder (4,
12, 26–35). This is consistent with observed alterations in levels
of many insulin signaling molecules in the forebrain of AD cases
(27–29, 33, 35–37) and with memory improvements in such cases
and those at high risk for AD after selective elevation of forebrain
insulin via intranasal administration of the hormone (38, 39).
While insulin activates several signaling pathways (40), the logical starting point for studies on brain insulin resistance has been
the signaling pathway commonly disrupted under conditions
causing peripheral insulin resistance, including T2D and obesity.
As diagrammed in Supplemental Figure 1 (supplemental material available online with this article; doi:10.1172/JCI59903DS1),
the upstream portion of that pathway uses the following activation sequence: IR→IRS-1/2→PI3K→Akt (the last of which is also
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referred to as PKB) (41–44). A well-established, albeit not exclusive
(45), cause of insulin resistance in T2D is chronic upregulation of a
normally adaptive feedback/feed-forward mechanism that attenuates insulin signaling via phosphorylation of IRS-1 at S312, S616,
and/or S636 (equivalent to S307, S612, and S632, respectively, in
rodents) (42, 43, 46, 47), although S312 phosphorylation can also
promote such signaling (48). Phosphorylation at 1 or more of these
sites results from feedback inhibition exerted mainly by ERK2, glycogen synthase kinase–3 (GSK-3), mammalian target of rapamycin/
S6K1 (mTOR/S6K1), and PKCζ/λ and from feed-forward inhibition exerted by Iκβ kinase β (IKKβ) and JNK1/2 (42, 47, 49–51).
The insulin signaling pathway and regulating kinases described
above have been the subject of many postmortem brain studies
in AD (27–29, 33, 35–37, 52–55). A number of the findings at
upstream levels of the pathway are consistent with insulin resistance as defined above, notably decreased basal activation of IRs
(28); reduced insulin binding of the IR, even early in the disorder
(27); increased serine phosphorylation (pS) of IRS-1 (29, 33, 37);
and reduced cytosolic and/or membranous levels of PI3K (33, 35)
and PI3K-dependent kinase 1 (PDK1) (35).
Yet, to our knowledge, the work to date has not established brain
insulin resistance in AD nor its potential intracellular causes or
cognitive consequences, for several reasons. First, only basal states
of insulin signaling molecules have been tested, not their insulininduced states. Second, discordant findings are reported in AD
brains on levels of IR and IRS-1 (27, 28, 33, 35) and on basal activation states of Akt and GSK-3β (28, 35, 36). Third, evidence of reduced
insulin signaling at the level of IR and IRS-1/2 (27–29, 33) remains to
be reconciled with evidence of increased downstream signaling at the
level of Akt, GSK-3, and mTOR (36, 52–55). Fourth, while some causal possibilities have been supported in small data sets (33, 35–37),
their replicability has not been tested. Finally, only limited cognitive
information has been available on the cases investigated.
Using ex vivo stimulation, Western blotting, and quantitative
immunohistochemistry (qIHC), we tested the hypothesis that brain
insulin resistance occurs in AD even without T2D by evaluating
both basal and insulin-stimulated levels of signaling and regulating
kinases upstream and downstream in the IR→IRS-1/2→PI3K→
Akt pathway in case cohorts from the University of Pennsylvania
(UPenn) and the Religious Orders Study (ROS), the latter of which
was extensively tested for cognitive abilities. For comparison purposes, we evaluated the same tissue samples for signaling responses
to IGF-1, which has been reported to activate similar signaling cascades via the IR and its own receptor, IGF-1R (56–59). There is also
some evidence for IGF-1R resistance in AD (27, 28, 33).
We tested insulin and IGF-1 responsiveness in 2 brain areas,
which at death are at different stages in AD pathology. One was
the cerebellar cortex, which develops limited pathology only late
in AD (60–62). The other was the hippocampal formation (HF;
consisting of hippocampus fields CA1–CA3, the dentate gyrus,
and the subiculum), which develops marked pathology starting
early in the disorder (61, 63). Both these brain areas express the IR
and IGF-1R (64, 65), as well as insulin-sensitive GLUT4 (66–70).
We then focused on the HF to study the causes and consequences
of brain insulin resistance, since it is more directly involved in AD
pathogenesis (61, 63) and cognitive decline (71, 72).
Results
To simplify description of the results, all noted differences between
diagnostic groups were significant unless otherwise indicated (see

figures and tables for P values). Differences reported across diagnostic groups were significant in both sexes. All IR, IGF-1R, and
IRS-1 phosphorylation sites are numbered according to the human
sequences. IR amino acid numbers are those for the isoform found
in the brain (IR-A; see Discussion). Demographic, autopsy, neuropathological features, and cognitive data on all subjects are summarized in Supplemental Table 1.
Total basal levels of insulin and IGF-1 signaling molecules in the cerebellar cortex and HF are normal in AD. In contrast to some earlier
reports (28, 35) on the HF and/or frontal cortex in AD, Western
blotting and qIHC showed that total non-phosphospecific levels of
signaling molecules in the IR/IGF-1R→IRS→PI3K pathway (IRβ,
IGF-1Rβ, IRS-1, IRS-2, Akt1, GSK-3β, mTOR, and ERK2) were
normal in the cerebellar cortex and HF of AD cases compared with
normal controls (referred to herein as N cases) matched in sex, age,
and low postmortem interval (PMI; 6–12 hours). There was, however, a trend toward elevated IRS-1 in the HF (P = 0.06).
If insulin signaling is impaired in AD, then it would be evident
only in the activation states of its signaling molecules, especially
in response to applied insulin. We tested such responses using an
ex vivo stimulation protocol with which we previously showed that
nicotinic, neuregulin-1, and NMDA signaling is intact in human
postmortem tissue obtained 6–11 hours after death on average
(73, 74). Such findings are not surprising, since neurons in thick
brain sections from postmortem N and AD cases with PMIs up to
8 hours can be kept alive in culture media at least 3 weeks without
significant loss in numbers, morphology, or measures of viability
(75). To validate the ex vivo protocol for insulin signaling studies
on postmortem tissue, we tested it first on normal brain tissue.
Insulin signaling mechanisms are intact in low-PMI brain tissue. Ex vivo
tests on human HF slices from 5 N cases with PMIs of 5–19 hours
demonstrated that 0.1–100 nM insulin evoked clear, reliable, dosedependent activation of the insulin signaling pathway under study.
Increasing doses caused increasing tyrosine phosphorylation (pY) of
the IR kinase regulatory domain (Y1150, Y1151), IRβ binding (i.e.,
recruitment) of IRS-1, and activation of such downstream molecules
as Akt1 pS473 and ERK2 pT185/pY187 (Figure 1A). The functional
integrity of the postmortem tissue was further indicated by its strong
responsiveness to glutamate-induced glucose uptake (see below).
Since responses at 10 nM approached those at 100 nM, we limited further testing to the 1-nM dose, close to physiological levels
of brain insulin (76, 77), and the 10-nM dose, commonly used in
studies on insulin signaling in peripheral tissues (58, 59). Tests on
rat HF showed that the magnitude of insulin signaling responses
did not diminish significantly with PMIs as long as 16 hours (Figure
1, B–D). In human HF from cases with mean PMIs of 6 hours, the
magnitude of the same insulin signaling responses was as large as in
the rat HF (compare Figure 1, C and D, and Figure 2, A and E).
Near-physiological doses of brain insulin and IGF-1 selectively activate
their cognate receptors. When tested in adult mammalian brains, levels of extracellular IGF-1 range 1.12–2.38 ng/ml (0.14–0.31 nM)
(78). Corresponding extracellular data are not available for insulin,
but the upper limit can be estimated from total insulin levels in the
mammalian brain, commonly ranging 0.2–8 ng/g wet weight (76,
77). Given that the density of brain tissue (1.05 g/cc) is about that
of water (1.05 g/ml), extracellular brain insulin would normally
be no higher than 0.19–7.6 ng/ml (0.033–1.31 nM). Thus, a 1-nM
dose of insulin or IGF-1 is probably close to, or somewhat above,
physiological levels of those hormones in the brain. A 10-nM dose
is supraphysiological for both hormones.
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Figure 1
Ex vivo stimulation is a valid method for studying insulin signaling in postmortem HF. (A) Representative dose-response tests in 1 of 5 N adult
humans at 0–100 nM insulin in immunoblots of phosphorylated or bound antigens from immunoprecipitates of the indicated antigens. (B) Sample
blots on the rat HF, showing that PMIs up to 16 hours (n = 4 per PMI) had no substantial effect on basal levels of IRβ or signaling evoked by
1 or 10 nM insulin. Effects of insulin on IGF-1 signaling were also tested on the same samples (Supplemental Figure 2). (C) PMI effects on IRβ
pY and IGF-1Rβ pY relative to total receptor levels (mean ± SEM). 1 nM insulin activated IRβ (P = 0.0015), but not IGF-1Rβ (see blots). 10 nM
insulin induced greater activation of IRβ (P = 0.0063) as well as IGF-1Rβ (P = 0.0009). (D) PMI effects on IRS-1 bound to IRβ and IGF-1Rβ
relative to total receptor levels (mean ± SEM). 1 nM insulin induced IRβ binding (P = 0.0002), but not IGF-1Rβ binding (see blots), of IRS-1.
10 nM insulin induced greater IRβ binding (P = 0.0009) as well as IGF-1Rβ binding (P = 0.0007) of IRS-1. kDa values correspond to the molecular
weight marker closest to the bands shown. *P < 0.005.

Consistent with the view that 1 nM insulin or IGF-1 exert
physiological effects, ex vivo tests at that dose revealed selective
signaling effects of these hormones. In rat HF, 1 nM insulin activated IRβ and induced IRβ binding to IRS-1, but did not activate
IGF-1Rβ or induce IGF-1Rβ binding to IRS-1 (Figure 1, C and D,
and Supplemental Figure 2). This finding was replicated in HF and
cerebellar cortex of N cases, where it was also found that 1 nM IGF-1
did not activate IRβ or induce IRβ binding to IRS-1 (Figure 2,
C and G, Figure 3D, Figure 4D, and Supplemental Figure 3). In
1318

contrast, 10 nM doses of insulin or IGF-1 activated each other’s
receptors, though not maximally (Figure 2). The same results were
found in AD cases (see below) and applied to all activation sites
studied in the IR, namely Y1150/1151 in its kinase domain and
Y960 in its IRS-1 binding domain (79, 80), and in the IGF-1R,
namely Y1135/1136 and Y1131 in its kinase domain (81).
Near-physiological doses of brain insulin and IGF-1 signal via different IRS
isoforms. This was demonstrated in ex vivo tests on cerebellar cortex
and HF of N cases. At the 1-nM doses shown to selectively activate
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Figure 2
At near-physiological doses (1 nM), insulin and IGF-1 activate different IRS signaling pathways. This was demonstrated with ex vivo stimulation of
HF and cerebellar cortex samples from 8 N humans with low PMIs. Data from the HF are shown. The effect of 0, 1, and 10 nM insulin and IGF-1
is shown on IRβ and IGF-1Rβ activation (A–D), IRS-1 and IRS-2 binding of IRβ and IGF-1Rβ (E–H), IRS-1 and IRS-2 activation (I–L), and PI3K
p85α binding to IRS-1 and IRS-2 (M–P). 1 nM insulin activated IRβ, but not IGF-1Rβ, and bound IRS-1, but not IRS-2, to its receptor. In contrast,
1 nM IGF-1 activated IGF-1Rβ, but not IRβ, and bound IRS-2, but not IRS-1, to its receptor. Values (mean ± SEM) are ratios of phosphorylated
or bound molecules to total levels of those molecules or of the molecules to which they were bound. #P < 0.01, *P < 0.001 vs. baseline (0 nM).
Sample Western blots on which these graphs were based are shown in Figures 3 and 4.

their cognate receptors, insulin stimulated IRβ binding to IRS-1,
not IRS-2, whereas IGF-1 stimulated IGF-1Rβ binding to IRS-2,
not IRS-1 (Figure 2, E–H, Figure 3, and Figure 4). As that result predicted, 1 nM insulin activated IRS-1, not IRS-2, whereas 1 nM IGF-1
activated IRS-2, not IRS-1 (Figure 2, I–L, Figure 3, and Figure 4).
Thus, as expected, 1 nM insulin induced IRS-1, not IRS-2, binding to PI3K p85α, whereas 1 nM IGF-1 induced IRS-2, not IRS-1,
binding to PI3K p85α (Figure 2, M–P, Figure 3, and Figure 4).
These dichotomous responses to 1 nM insulin and IGF-1 (seen to
a lesser degree at 10 nM doses) were also found in AD cases of both
brain areas studied (Figures 3 and 4). At near-physiological doses,
then, these insulin and IGF-1 signaling pathways did not converge
upstream of PI3K. Our tests of resistance to insulin and IGF-1 thus
focused on results with 1-nM doses of these hormones.
Insulin resistance associated with IRS-1 dysfunction occurs in the cerebellar cortex and more markedly in the HF of AD cases. Ex vivo responses
to 1 and 10 nM insulin were tested in 8 pairs of N and AD cases
from the set of cases characterized in Supplemental Table 1. Mem-

bers of each pair were well matched for age (N, 85.5 ± 7.9 years; AD,
84.2 ± 5.3 years; mean ± SD), sex (6 female, 2 male in both groups),
and PMI (N, 6.02 ± 2.6 hours; AD, 5.92 ± 2.7). None of the N or AD
cases had a history of diabetes. The same cases were studied for
comparison of the cerebellar cortex and HF. For testing insulin
resistance, the antigen panel was extended to IRS-1 pY941 (IRS-1
pY939 in rodents), which is critical for activating the regulatory subunit (p85) of PI3K (47).
Testing IRβ pY1150/1151 distinct from the homologous sequence
in IGF-1Rβ pY1135/1136 was accomplished by first immunoprecipitating each receptor with an antibody to nonhomologous regions
of the 2 receptors and then immunoblotting with an antibody
to the shared phosphospecific region (see Methods). The phosphorylation levels of all molecules were expressed as ratios of
phosphorylated to total antigen levels and were thus independent
of neuronal numbers in the samples studied.
In the cerebellar cortex and HF of both the AD and N cases,
insulin induced activation of IRβ (pY1150/1151 and pY960) and IRS-1
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Figure 3
Ex vivo stimulation revealed IRS-1–associated insulin resistance and IRS-2–associated IGF-1 resistance in the cerebellar cortex of AD cases.
(A–C) Western blots from a representative matched pair of N and AD cases showed decreased signaling responses in the AD case to 1 and
10 nM insulin without affecting IRS-2 (specifically, reductions in IRβ activation; IRS-1 binding of IRβ, IRS-1 activation [pY] and suppression [pS];
and PI3K p85α binding of IRS-1). (D–F) Western blots from a representative matched pair of N and AD cases showed decreased signaling
responses in the AD case to 1 and 10 nM IGF-1 without affecting IRS-1 (specifically, reductions in IGF-1Rβ activation; IRS-2 binding of IGF-1Rβ,
IRS-2 activation and suppression; and PI3K p85α binding of IRS-2). See Figure 5 and Tables 1–4 for quantification.

(total pY and pY612) as well as IRβ binding of IRS-1 and IRS-1
binding of PI3K p85α (Figures 3 and 4 and Supplemental Tables 2
and 3). In AD cases, however, the percent increase in these insulin
responses above baseline levels was less than in N cases at all levels
of the insulin signaling pathway studied (Figure 5 and Tables 1
and 2). Except for activation of IRβ pY960 in the cerebellar cortex,
the reduced responsiveness to 1 nM insulin in both structures was
modest at the level of the IR, but moderate to strong with respect
to IRS-1 and its interactions with PI3K p85α (Figure 5 and Tables 1
and 2). While there were marked reductions in IRS-1 activation
and binding of IRβ and PI3K p85α in response to 1 nM insulin in
1320

AD, there were no such reductions in IRS-2 responses to that dose
of insulin (Tables 1 and 2).
Insulin resistance in AD cases was more advanced in the HF than
in the cerebellar cortex. While cerebellar responses to 1 nM insulin were significantly lower at all levels of the signaling pathway
tested, such responses to 10 nM insulin were reduced to a lesser
degree and were often insignificant (Figure 5 and Table 1). Insulin
resistance in cerebellar cortex was thus ameliorated at the 10-nM
dose. However, that was not the case in the HF, where significant
insulin resistance was seen at both 1 and 10 nM insulin (Table 2).
At the 1-nM dose, moreover, the HF displayed greater reductions
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Figure 4
Ex vivo stimulation revealed IRS-1–associated insulin resistance and IRS-2–associated IGF-1 resistance in HF of AD cases. (A–C) Western
blots from a representative matched pair of N and AD cases showed decreased signaling responses in the AD case to 1 and 10 nM insulin without affecting IRS-2 (specifically, reductions in IRβ activation; IRS-1 binding of IRβ, IRS-1 activation [pY] and suppression [pS]; and PI3K p85α
binding of IRS-1). (D–F) Western blots from a representative matched pair of N and AD cases showed decreased signaling responses in the AD
case to 1 and 10 nM IGF-1 without affecting IRS-1 (specifically, reductions in IGF-1Rβ activation; IRS-2 binding of IGF-1Rβ, IRS-2 activation
and suppression; and PI3K p85α binding of IRS-2). See Figure 5 and Tables 1–4 for quantification.

in responsiveness below the IR, as seen in insulin-induced IRS-1 pY
(90% reduced in the HF vs. 42% in cerebellar cortex), IRS-1 pY612
(86% vs. 54%), IRS-1 pS616 (90% vs. 68%), and IRS-1 binding to PI3K
p85α (96% vs. 76%) (compare Tables 1 and 2).
The more pronounced insulin resistance below IR seen in the HF
compared with the cerebellar cortex was associated with increased
basal levels of IRS-1 pY and IRS-1 pS. Total basal IRS-1 pY and
IRS-1 pY612 in the AD cases were normal in the cerebellar cortex
(Table 1), but were highly elevated in the HF, along with elevated
basal levels of IRS-1 bound to PI3K p85α (Table 2). These conditions are known to attenuate IRS-1 signaling (82, 83). Total basal
IRS-1 pS in AD was also normal in the cerebellar cortex (Table 1),

but highly elevated in the HF (Table 2), another condition known
to attenuate insulin signaling (42, 43, 46, 47).
IGF-1 resistance associated with IRS-2 dysfunction is severe in both the
cerebellar cortex and the HF of AD cases. In the same samples that
showed insulin resistance in AD, IGF-1 resistance was discovered
in the IGF-1R→IRS-2→PI3K pathway. Responses to 1 and 10 nM
IGF-1 were reduced at all tested levels of that pathway (Figures 3–5)
and were nearly always greater in the HF than the cerebellar cortex (Tables 3 and 4). In other respects, however, IGF-1 resistance
clearly differed from insulin resistance. First, stimulus-induced
receptor activation, as shown by IGF-1Rβ pY1135/1136 and IGF-1Rβ
pY1131 levels, was strongly reduced and was not significantly ame-
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Figure 5
Direct demonstration of insulin and IGF-1 resistance in the cerebellar cortex (A–L) and HF (M–X) of AD cases without diabetes. Both structures
showed reduced responsiveness to near-physiological doses (1 nM) of insulin and IGF-1, as seen in receptor activation (A, B, G, H, M, N, S,
and T); IRS-1 bound to IRβ and IRS-2 bound to IGF-1Rβ (C, I, O, and U); IRS-1 or IRS-2 activation (pY) or suppression (pS) (D, E, J, K, P,
Q, V, and W); and PI3K p85α bound to IRS-1 or IRS-2 (F, L, R, and X). Values (mean ± SEM) for N and AD cases denote percent increase in
signaling responses above baseline (0 nM) in the same diagnostic group. Percentages were calculated from response strengths expressed as
ratios of the phosphorylated or bound molecule to the total level of the same molecule or of the molecule to which it was bound (Supplemental
Tables 2–5). Unlike the HF, insulin resistance to 1 nM insulin in the cerebellar cortex was overcome at most levels of the signaling pathway by
10 nM insulin. Unlike insulin resistance, IGF-1 resistance was profound even at the receptor level. †P < 0.05, #P < 0.01, *P < 0.001 vs. N. See
Tables 1–4 for quantification.
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Table 1
Difference in cerebellar cortex signaling responses to insulin stimulation between AD cases and matched controls
Signaling molecule
or interaction

Signaling
effectA

Basal
levelB

Percent difference in response to insulinC
1 nm
10 nm

+
+

–2 ± 1 (0.74052)
20 ± 3 (0.26034)

–26 ± 4 (0.01033)
–58 ± 15 (0.00753)

–13 ± 6 (0.28444)
–38 ± 12 (0.19612)

+
+
–
+/–D
–
–

9 ± 1 (0.62443)
7 ± 1 (0.74321)
17 ± 5 (0.12290)
8 ± 1 (0.65022)
43 ± 9 (0.00323)
71 ± 3 (<0.00001)

–42 ± 10 (0.03911)
–54 ± 10 (0.00452)
–67 ± 4 (<0.00001)
–26 ± 13 (0.23974)
–68 ± 12 (0.00023)
–86 ± 5 (<0.00001)

–31 ± 13 (0.10854)
–23 ± 12 (0.06322)
–54 ± 4 (<0.00001)
–16 ± 6 (0.37883)
–56 ± 10 (<0.00001)
–77 ± 7 (<0.00001)

+
+/–E

–9 ± 1 (0.31452)
34 ± 6 (0.01554)

–24 ± 9 (0.04601)
–76 ± 7 (<0.00001)

–24 ± 9 (0.04581)
–51 ± 5 (0.000143)

+
–

11 ± 3 (0.41354)
58 ± 4 (0.00102)

–22 ± 7 (0.28484)
–42 ± 17 (0.19944)

–70 ± 7 (0.00215)
–77 ± 10 (0.00553)

+
+/–E

10 ± 4 (0.35799)
–2 ± 2 (0.87813)

12 ± 4 (0.43798)
19 ± 7 (0.55330)

14 ± 5 (0.12184)
–75 ± 6 (0.00223)

IRβ
IRβ pY1150/1151
IRβ pY960
IRS-1
Total IRS-1 pY
IRS-1 pY612
Total IRS-1 pS
IRS-1 pS312
IRS-1 pS616
IRS-1 pS636/639
IRS-1 interactions
IRS-1 bound to IRβ
PI3K p85α bound to IRS-1
IRS-2
IRS-2 pY
IRS-2 pS
IRS-2 interactions
IRS-2 bound to IRβ
PI3K p85α bound to IRS-2

Values (mean ± SEM; P in parentheses) denote percentages relative to the normal level, based on ratios shown in Supplemental Table 2. AActivation (facilitation; +) or inhibition (suppression; –) of insulin signal transduction. BPercent difference in the mean level of a phosphorylated or bound molecule relative to total
levels of that molecule or of the molecule to which it was bound. CRelative to basal level. DAlthough a number of studies have deduced that phosphorylation of
IRS-1 at S312 (S307 in rodents) suppresses insulin signaling (42, 47), recent work on mice lacking S307 indicates that it may actually facilitate such signaling
(48). EThe regulatory p85 subunit of PI3K binds and activates the p110 catalytic subunit of PI3K, but p85 monomers can also sequester IRS-1 pY (and probably IRS-2 pY) in cytosolic complexes and thereby prevent IRS-1 (and probably IRS-2) stimulation of PI3K activity (see Discussion and refs. 82, 83).

liorated at 10 nM IGF-1, even in the cerebellar cortex (Tables 3
and 4). Second, while the AD cases showed marked reductions in
1 nM IGF-1–induced activation of IRS-2 and of IRS-2 binding to
IGF-1Rβ and PI3K p85α, they showed no such corresponding effects
of IGF-1 on IRS-1 (Tables 3 and 4). The increase in total basal levels
of IRS-2 in both brain areas studied was thus probably associated
with resistance to IGF-1, not insulin. Since we lacked clues to the
proximal causes of brain IGF-1 resistance, we did not pursue that
phenomenon further. Instead, we next focused on the many clues to
the potential proximal causes of brain insulin resistance.
IRS-1 pS616 and IRS-1 pS636/639 are candidate biomarkers of brain insulin
resistance. While total basal levels of IRS-1 pS were normal in the
cerebellar cortex, basal levels of IRS-1 pS616 and IRS-1 pS636 were
elevated there and in the HF of AD cases, unlike IRS-1 pS312 levels.
These elevations, which were also seen in cases of mild cognitive
impairment (MCI; see below), were among the few basal abnormalities in insulin signaling molecules consistently associated with
insulin resistance (compare Tables 1 and 2). Consequently, IRS-1
pS616 and IRS-1 pS636 are candidate biomarkers of brain insulin
resistance, especially since their elevation is a feature of insulin
resistance in peripheral tissues (43, 46, 47). The cause of such
elevations was suggested by further study of the HF, where basal
elevations in IRS-1 pS616 and IRS-1 pS636/639 in AD were accompanied by basal elevations in activated forms of kinases directly
or indirectly phosphorylating IRS-1 at S616 and/or S636. These
activated kinases were Akt1 (pS473), mTOR (pS2448), and ERK2
(pT185/pY187), basal levels of which were elevated above normal

levels in AD cases by 193%, 107%, and 179%, respectively (Table 2
and Supplemental Table 3B). Such activation was not triggered by
increased downstream insulin signaling via non–IRS-1 pathways,
because 1 and 10 nM insulin in AD induced markedly less activation of these kinases and of both GSK-3β pY216 and GSK-3β pS9
(activated and suppressed forms, respectively; Table 2).
Candidate biomarkers IRS-1 pS616 and IRS-1 pS636/639 and their activated kinases are commonly and markedly elevated in HF neurons of
AD cases without diabetes. To test the generality and cellular locus
of IRS-1 pS elevations in AD and to identify their likely causes
and consequences, we studied the relatively large UPenn and ROS
cohorts described above. We began with our discovery cohort from
UPenn, a set of 24 N and 24 AD cases without a history of diabetes matched pairwise for sex, age within 5 years, and PMI within
5 hours (Supplemental Table 1).
qIHC was chosen for this phase of our study, since it allows selective quantification of neuronal (as opposed to glial) proteins in
a precisely defined anatomical field and simultaneous processing
of many cases. We focused on hippocampal field CA1, given its
relatively high levels of IRs (64) and IRS-1 (84); its vulnerability to
AD pathology (61, 63, 85, 86); and its large size, encompassing as
many as 3,200 neuronal profiles per 6-μm section. The findings
necessarily reflect chronic antigen levels, given that the PMIs were
on the order of hours, not minutes.
To study IRS-1 pS species in the context of other changes that
may occur in the IR→PI3K signaling pathway of AD cases, a large
set of insulin signaling and regulating molecules was quantified
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Table 2
Difference in hippocampal formation signaling responses to insulin stimulation between AD cases and matched controls
Signaling molecule
or interaction

Signaling
effectA

Basal
levelB

Percent difference in response to insulinC
1 nm
10 nm

+
+

–5 ± 2 (0.10031)
–6 ± 3 (0.14113)

–29 ± 2 (0.01118)
–34 ± 3 (0.00313)

–14 ± 1 (0.04137)
–21 ± 1 (0.00384)

+

–15 ± 6 (0.14369)

–22 ± 10 (0.13085)

–42 ± 6 (0.00340)

+
+
–
+/–E
–
–

147 ± 34 (0.00064)D
126 ± 11 (0.00091)D
100 ± 13 (0.00026)
73 ± 4 (0.00050)
104 ± 10 (0.00001)
51 ± 5 (0.01102)

–90 ± 14 (0.000473)
–86 ± 4 (<0.00001)
–97 ± 6 (0.00057)
7 ± 1 (0.60747)
–90 ± 8 (0.00001)
6 ± 1 (0.9837)

–91 ± 12 (0.00015)
–88 ± 4 (0.00010)
–89 ± 4 (0.00014)
–6 ± 1 (0.60443)
–85 ± 7 (0.00001)
12 ± 1 (0.0505)

+
+
+/–F

–5 ± 2 (0.43973)
–15 ± 6 (0.56314)
164 ± 18 (0.00080)D

–25 ± 2 (0.00978)
–12 ± 5 (0.69323)
–96 ± 11 (0.00006)

–15 ± 1 (0.01216)
–56 ± 9 (0.01085)
–89 ± 12 (<0.00001)

+
–

95 ± 11 (0.00013)
115 ± 16 (0.00139)

–41 ± 17 (0.15562)
–48 ± 16 (0.07730)

–90 ± 9 (<0.00001)
–78 ± 8 (<0.00001)

+
+/–F

3 ± 1 (0.73374)
84 ± 6 (<0.00001)

–8 ± 2 (0.23419)
–39 ± 14 (0.22139)

–6 ± 1 (0.51197)
–84 ± 6 (<0.00001)

+

193 ± 26 (0.00001)

–89 ± 13 (0.00092)

–88 ± 10 (0.00035)

+
–

–31 ± 4 (0.00782)
4 ± 2 (0.25830)

–76 ± 25 (0.04303)
–83 ± 18 (0.00321)

–77 ± 17 (0.00381)
–59 ± 11 (0.01414)

+

107 ± 18 (0.00081)

–74 ± 13 (0.00465)

–76 ± 13 (0.00463)

+

179 ± 13 (0.00033)

–90 ± 11 (0.00147)

–90 ± 19 (0.00244)

IRβ
IRβ pY1150/1151
IRβ pY960
IGF-1Rβ
IGF-1Rβ pY1135/1136
IRS-1
Total IRS-1 pY
IRS-1 pY612
Total IRS-1 pS
IRS-1 pS312
IRS-1 pS616
IRS-1 pS636/639
IRS-1 interactions
IRS-1 bound to IRβ
IRS-1 bound to IGF-1Rβ
PI3K p85α bound to IRS-1
IRS-2
IRS-2 pY
IRS-2 pS
IRS-2 interactions
IRS-2 bound to IRβ
PI3K p85α bound to IRS-2
Akt1
Akt1 pS473
GSK-3β
GSK-3β pY216
GSK-3β pS9
mTOR
mTOR pS2448
ERK2
ERK2 pT185/pY187

Values (mean ± SEM; P in parentheses) denote percent relative to the normal level, based on ratios shown in Supplemental Table 3. AActivation (facilitation; +) or inhibition (suppression; –) of insulin signal transduction. BPercent difference in the mean level of a phosphorylated or bound molecule relative to
total levels of that molecule or of the molecule to which it was bound. CRelative to basal level. DThese basal elevations do not necessarily indicate elevated
IRS activation, because they may simply indicate an increase in IRS-1 pY (and probably IRS-2 pY) chronically bound to p85 in the cytosolic complexes
(see Discussion). EAlthough a number of studies have deduced that phosphorylation of IRS-1 at S312 (S307 in rodents) suppresses insulin signaling (42,
47), recent work on mice lacking S307 indicates that it may actually facilitate such signaling (48). FThe regulatory p85 subunit of PI3K binds and activates
the p110 catalytic subunit of PI3K, but p85 monomers can also sequester IRS-1 pY (and probably IRS-2 pY) in cytosolic complexes and thereby prevent
IRS-1 (and probably IRS-2) stimulation of PI3K activity.

in CA1 using the antibodies and IHC conditions shown in Supplemental Table 6. Since antibodies to IRβ pY1150/1151 also recognize
IGF-1Rβ pY1135/1136, we refer to the antigen as IR/IGF-1Rβ pY hereafter. In the gray matter of CA1, all signaling molecules tested were
restricted to pyramidal neurons, except for activated mTOR in a
small set of glial cells in AD cases. We measured cytoplasmic differences between N and AD cases, since the cytoplasm was the site
at which the molecules tested were most consistently detected in
AD. Measures of cytoplasmic antigen levels are detailed in Table 5
and Supplemental Methods.
The heat map in Figure 6 summarizes the relative cytoplasmic
levels of neuronal insulin signaling and regulating molecules in
1324

the CA1 of the UPenn cohort. Since the data are based on qIHC,
they capture only basal levels of the molecules tested. Total levels
of the signaling molecules were variably altered in AD. Levels of
IRβ, PTEN, and Akt1 were unaffected. IRS-1 itself was increased,
and GSK-3β was decreased. Activation states of these and related
molecules, however, were abnormal in a large percentage of the AD
cases. Levels of IR/IGF-1Rβ pY and IRβ pY960 were reduced 13%
and 21%, respectively, in contrast to normal levels of basal IR pY in
Western blots on the HF as a whole (Table 2). Activated forms of
IRS-1 were higher in AD (IRS-1 pY612, 162%; IRS-1 pY941, 73%), but
its suppressed forms were much higher in the same cases (IRS-1
pS616, 1,564%; IRS-1 pS636/639; 259%). IRS-1 pS312 was also elevated
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Table 3
Difference in cerebellar cortex signaling responses to IGF-1 stimulation between AD cases and matched controls
Signaling molecule
or interaction

Signaling
effectA

Basal
levelB

Percent difference in response to IGF-1C
1 nm
10 nm

+
+

5 ± 1 (0.72098)
9 ± 1 (0.50077)

–52 ± 6 (0.00514)
–73 ± 4 (0.00016)

–54 ± 10 (0.02939)
–47 ± 7 (0.00020)

+
+

3 ± 1 (0.74941)
9 ± 2 (0.39241)

–6 ± 1 (0.68220)
–2 ± 1 (0.57407)

–20 ± 2 (0.03327)
–8 ± 2 (0.47167)

+
+/–D

11 ± 1 (0.60944)
19 ± 4 (0.13070)

10 ± 1 (0.77737)
10 ± 2 (0.28751)

8 ± 1 (0.78131)
5 ± 1 (0.38644)

+
–

21 ± 2 (0.19324)
70 ± 9 (0.0032)

–79 ± 3 (<0.00001)
–82 ± 6 (<0.00001)

–53 ± 8 (0.00029)
–68 ± 5 (<0.00001)

+
+/–D

38 ± 6 (0.19132)
8 ± 1 (0.48043)

–69 ± 6 (0.00032)
–57 ± 11 (0.00022)

–52 ± 9 (0.00069)
–42 ± 10 (0.00337)

IGF-1Rβ
IGF-1Rβ pY1135/1136
IGF-1Rβ pY1131
IRS-1
Total IRS-1 pY
Total IRS-1 pS
IRS-1 interactions
IRS-1 bound to IGF-1Rβ
PI3K p85α bound to IRS-1
IRS-2
Total IRS-2 pY
Total IRS-2 pS
IRS-2 interactions
IRS-2 bound to IGF-1Rβ
PI3K p85α bound to IRS-2

Values (mean ± SEM; P in parentheses) denote percentages relative to the normal level, based on ratios shown in Supplemental Table 4. AActivation
(facilitation; +) or inhibition (suppression; –) of insulin signal transduction. BPercent difference in the mean level of a phosphorylated or bound molecule
relative to total levels of that molecule or of the molecule to which it was bound. CRelative to basal level. Human sequence numbers are used. DThe regulatory p85 subunit of PI3K binds and activates the p110 catalytic subunit of PI3K, but p85 monomers can also sequester IRS-1 pY (and probably IRS-2 pY) in
cytosolic complexes and thereby prevent IRS-1 (and probably IRS-2) stimulation of PI3K activity.

(1,093%), perhaps reflecting a compensatory process, since such
phosphorylation can promote IRS-1 function in mice despite the
conclusion of cell-based studies that IRS-1 pS312 is suppressive
(48). Elevated basal IRS-1 pS and IRS-1 pY may impair insulin’s
ability to further increase those IRS-1 species, helping explain why
insulin’s effect on them was typically blunted in AD.
Activated forms of downstream molecules were also elevated in
AD: Akt1 pS473 (103%), Akt2 pS474 (166%), PKCζ/λ pT410/403 (248%),
mTOR pS2448 (843%), IKKα/β pS176/180 (85%), and JNK1/2 pT183/
pY185 (31%). Suppressed GSK-3α/β pS21/9 was elevated 25%. Reliable IHC reactions were not obtained for GSK-3 α/β pS279/216 (87)
or ERK2 pT185/pY187. These increases were not the result of antigen compression caused by cell atrophy, because the average CA1
neuronal size in AD cases was not different from that of matched
N cases in the UPenn cohort (Supplemental Table 1).
Nitrotyrosine, a marker of inflammatory and oxidative stress associated with insulin resistance in T2D (88), was elevated in AD cases
along with both total and oligomeric Aβ plaque load. No alterations
were found in levels of protein phosphatases (i.e., PP2A, PP2B, and
PTP1B) known to act on the IR, IRS-1, and Akt (89–92).
IRS-1 pS616 and IRS-1 pS636/639 are elevated in HF neurons of MCI and
AD, regardless of APOE ε4 status. All the significant findings made in
our discovery cohort were next tested in CA1 of the ROS cohort,
consisting of 30 N, 29 MCI, and 31 AD cases (Supplemental Table 1).
The 3 diagnostic groups did not differ significantly in age, sex
ratio, PMI, or years of education. A few cases in each group had
a history of T2D, but the results were the same with or without
them. In the AD cases, the mean size of CA1 neurons was 27%
less than normal, which may account for the higher total IRS-1
and GSK-3α/β pS21/9 in the AD cases, but antigen compression is
unlikely to account for the 144%–699% increases in IRS-1 pS616,
IRS-1 pS636/639, IRS-1 pY612, and IRS-1 serine kinases (Table 5).

In addition to replicating the findings in the UPenn cohort
(Table 5), testing the ROS cohort provided information not obtained
in the discovery cohort. First, those cases carrying 1 or 2 copies of
APOE ε4 did not differ significantly from noncarriers in levels of
the tested insulin signaling or regulating molecules. Second, reliable IHC detection of phosphatidylinositol-triphosphate (PIP3),
which was achieved only in the ROS cohort, showed that this was
reduced in AD (Table 5). Third, compared with N cases, MCI cases
showed (a) reduced IR/IGF-1Rβ pY, but not IRβ pY960; (b) elevated
IRS-1 pS616 and IRS-1 pS636/639 without elevated IRS-1 pS312, IRS-1
pY612, or IRS-1 pY941; (c) lower levels of PIP3 and total GSK-3β; and
(d) increased nitrotyrosine (Table 5, Figure 7, Supplemental Figure
5, D–F and J–L, and Supplemental Figure 6, M–O). These findings
were made not only in our MCI group as a whole, but also in its
amnestic (n = 12) and nonamnestic (n = 17) subgroups. Since MCI
cases, especially amnestic cases, have a higher than normal risk of
developing AD (93), our data suggest that brain insulin resistance
may begin at a predementia stage of AD.
Contrary to first impressions (Supplemental Figure 5, M–O,
and Supplemental Figure 6, A–L), MCI cases showed no significant increases in Akt1 pS473, Akt2 pS474, GSK-3α/β pS21/9, IKKα/β
pS176/180, JNK1/2 pT183/pY185, or PKCζ/λ pT410/403 (Table 5). Whether the same is true for activated levels of ERK known to phosphorylate IRS-1 at S616 and S636 (50, 51) could not be determined in
the qIHC studies, because as noted above, we were unable to get
reliable IHC reactions with antibodies specific to activated ERK.
Neuronal IRS-1 pS616 and IRS-1 pS636/639 are negatively correlated with
basal activation of IR/IGF-1Rβ and positively correlated with basal activation of IRS-1 serine kinases and oligomeric Aβ plaque load. Correlational
analyses were run on the 90 ROS cases to assess the relationship
of IRS-1 pS616 and IRS-1 pS636/639 to relevant insulin signaling and
regulating molecules in CA1 (Table 6). Consistent with a role for
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Table 4
Difference in hippocampal formation signaling responses to IGF-1 stimulation between AD cases and matched controls
Signaling molecule
or interaction

Signaling
effectA

Basal
levelB

Percent difference in response to IGF-1C
1 nm
10 nm

+
+

14 ± 3 (0.30320)
24 ± 4 (0.07011)

–90 ± 7 (<0.00001)
–77 ± 9 (0.00019)

–69 ± 7 (<0.00001)
–80 ± 10 (0.00112)

+
+

2 ± 1 (0.94184)
15 ± 7 (0.29355)

2 ± 1 (0.91495)
17 ± 8 (0.20104)

–66 ± 5 (<0.00001)
–69 ± 9 (0.00029)

+
+

92 ± 6 (<0.00001)D
66 ± 7 (<0.00001)

–34 ± 16 (0.08618)
–21 ± 11 (0.34152)

–90 ± 8 (0.00117)
–88 ± 4 (<0.00001)

+
+
+/–E

5 ± 1 (0.97267)
2 ± 1 (0.92747)
94 ± 4 (<0.00001)D

6 ± 1 (0.70993)
10 ± 5 (0.24861)
28 ± 15 (0.28751)

–3 ± 1 (0.80955)
–55 ± 9 (0.00131)
–81 ± 5 (<0.00001)

+
–

99 ± 8 (<0.00001)D
112 ± 3 (<0.00001)

–94 ± 4 (<0.00001)
–93 ± 6 (<0.00001)

–84 ± 6 (<0.00001)
–86 ± 5 (<0.00001)

+
+/–E

23 ± 5 (0.13927)
112 ± 13 (<0.00001)D

–85 ± 6 (<0.00001)
–93 ± 7 (<0.00001)

–73 ± 5 (<0.00001)
–86 ± 6 (<0.00001)

IGF-1Rβ
IGF-1Rβ pY1135/1136
IGF-1Rβ pY1131
IR
IRβ pY1150/1151
IRβ pY960
IRS-1
Total IRS-1 pY
Total IRS-1 pS
IRS-1 interactions
IRS-1 bound to IGF-1Rβ
IRS-1 bound to IRβ
PI3K p85α bound to IRS-1
IRS-2
Total IRS-2 pY
Total IRS-2 pS
IRS-2 interactions
IRS-2 bound to IGF-1Rβ
PI3K p85α bound to IRS-2

Values (mean ± SEM; P in parentheses) denote percentages relative to the normal level, based on ratios shown in Supplemental Table 5. Human
sequence numbers are used. AActivation (facilitation; +) or inhibition (suppression; –) of insulin signal transduction. BPercent difference in the mean level of
a phosphorylated or bound molecule relative to total levels of that molecule or of the molecule to which it was bound. CRelative to basal level. DThese basal
elevations do not necessarily indicate elevated IRS activation, because they may simply indicate an increase in IRS-1 pY (and probably IRS-2 pY) chronically bound to p85 in the cytosolic complexes. EThe regulatory p85 subunit of PI3K binds and activates the p110 catalytic subunit of PI3K, but p85 monomers
can also sequester IRS-1 pY (and probably IRS-2 pY) in cytosolic complexes and thereby prevent IRS-1 (and probably IRS-2) stimulation of PI3K activity.

these IRS pS species in brain insulin resistance, their basal levels were negatively correlated with basal levels of activated IR/
IGF-1Rβ pY, IRβ pY960, and PIP3 (r = –0.26 to –0.35). Consistent
with a role for IRS-1 serine kinases in elevated basal IRS-1 pS616
and IRS-1 pS636/639, basal levels of these IRS-1 species were positively correlated with activated levels of mTOR (r = 0.32–0.38), JNK
(r = 0.0.46–0.65), and PKCζ/λ (r = 0.55–0.65) as well as with levels
of activated Akt1 (r = 0.46–0.56) indirectly phosphorylating IRS-1
via mTOR. Basal levels of these activated IRS-1 serine kinases were
in turn positively and often highly correlated with total and oligomeric Aβ plaque loads (Supplemental Table 7).
Insulin by itself has no effect on HF glucose uptake. Searching for the
physiological consequences of brain insulin resistance, we looked
for evidence that insulin-induced glucose uptake is reduced in
AD. Among the molecules mediating such uptake in peripheral tissues are activated Akt2 (pS474), deactivated AS160 (i.e.,
TBC1D4; pT642), and activated GluT4 (pS488) (94–96). Basal levels
of these markers in CA1 of the UPenn cases were uninformative,
however, being elevated for Akt2 pS474, normal for AS160 pT642,
and reduced for GLUT4 pS488 (Figure 6). More informative were
ex vivo tests on the 8 matched pairs of N and AD cases, which
showed that neither 1 nor 10 nM insulin affected HF levels of
GLUT4 pS488 or AS160 pT642 in either group (Supplemental Figure 7). Since it is still possible for insulin to stimulate glucose
uptake independent of AS160 (95) and perhaps GLUT4 pS488, we
used the ex vivo stimulation paradigm to test the effect of 1 and
10 nM insulin on glucose uptake in HF slices and synaptosomes.
1326

The latter preparations were included to test predominantly
neuronal tissue. Insulin had no effect on basal (i.e., non–depolarization-induced) [3H] glucose uptake in whole or synaptosomal
tissue of either N or AD cases (Figure 8). As a positive control, we
tested the ability of 10 μM glutamate to induce glucose uptake;
1 μM glycine was also added to facilitate NMDAR activation, in
light of reports that NMDA (97, 98) and depolarization (99, 100)
trigger such uptake in neural tissue. This stimulus readily evoked
glucose uptake in both HF preparations, but the magnitude of
the uptake was reduced in AD by 68% in tissue slices and 72% in
synaptosomes (see Figure 8).
Basal activation states of neuronal insulin signaling molecules are closely
related to cognitive ability. Using the available neuropsychological
data on the ROS cohort (Supplemental Table 1), we focused on
the relationship of neuronal insulin signaling and regulating molecules in CA1 to episodic memory, given the close association of
CA1 atrophy in AD to this type of memory (72). Linear regression
analyses revealed that, apart from Akt 2, basal activation states
of insulin signaling and regulating molecules in CA1 were highly
related to episodic memory (Table 7). The relationships were positive for molecular forms driving insulin signaling (IR/IGF-1Rβ pY,
IRβ Y960, and PIP3) and negative for those attenuating such signaling (IRS-1 pS, GSK-3 pS21/9, IKKα/β pS176/180, JNK1/2 pT183/pY185,
mTOR pS2448, and PKCζ/λ pT410/403) or likely to do so (chronic
IRS-1 pY612 and IRS-1 pY941; see Discussion). The same pattern of
relationships was found with respect to working memory and an
index of global cognition.
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N vs. AD

Based on qIHC tests of 30 normal (N), 29 mild cognitive impairment (MCI), and 31 AD cases. The cell density data was normalized to total neuronal density to control for cell loss in AD. Total levels of Akt
and activated ERK were not determined due to unreliable IHC reactions with those antigens. AFor antigens filling neuronal cytoplasm in normal cases, the optical density (OD) of immunoreactivity was measured. For antigens typically concentrated in (or restricted to) cell nuclei in normal cases, the density of neurons (cells/mm2) displaying detectable extra-nuclear (i.e., cytoplasmic) immunoreactivity was measured as described in Supplemental Methods. BComparison variable.

14.76% (0.0850)
–2.92% (0.4964)
–14.43% (0.0074)
10.93% (0.0071)
88.32% (2 × 10–5)
91.79% (0.0026)
73.87% (0.0015)
118.25% (9.5 × 10–6)
57.27% (0.0188)
–35.53% (0.0061)
132.58% (2.3 × 10–5)
74.67% (0.0732)
178.10% (3.81 × 10–7)
–0.70% (0.9934)
25.45% (0.0002)
358.28% (4.8 × 10–7)
113.85% (0.0023)
122.61% (2.4 × 10–5)
55.01% (3.3 × 10–5)
–9.78% (0.2655)
–8.51% (0.0017)
–3.58% (0.7141)
14.70% (0.0012)
29.77% (0.4843)
47.44% (0.4360)
66.40% (0.1435)
192.53% (0.0157)
87.72% (0.0328)
–22.68% (0.0358)
19.10% (0.8035)
2.53% (0.9971)
40.70% (0.5965)
–23.83% (9 × 10–5)
5.64% (0.6289)
74.39% (0.7027)
96.26% (0.3112)
31.27% (0.6098)
53.03% (0.0227)
1354.88 ± 243.3
2062.18 ± 38.4
962.25 ± 36.7
1667.97 ± 180.4
31.11 ± 2.2
25.45 ± 2.5
14.64 ± 1.2
28.22 ± 2.0
27.16 ± 2.5
47.9 ± 31.5
26.7 ± 14.1
16.96 ± 13.2
23.36 ± 1.7
1539.75 ± 332.9
1422.78 ± 191.3
39.0 ± 27.0
16.83 ± 13.7
43.92 ± 23.5
112.86 ± 35.1
1180.66 ± 248.2
2124.30 ± 39.1
1124.48 ± 37.3
1503.68 ± 190.6
16.52 ± 2.3
13.27 ± 2.4
8.42 ± 1.2
12.93 ± 2.1
17.27 ± 2.5
74.3 ± 31.6
11.48 ± 1.5
9.71 ± 10.3
8.40 ± 1.8
1550.65 ± 202.1
1134.18 ± 237.3
8.51 ± 7.7
7.87 ± 7.9
19.73 ± 17.1
72.81 ± 31.1
1308.73 ± 278.2
2321.84 ± 39.1
1166.22 ± 38.0
1310.99 ± 209.1
12.73 ± 2.3
9.00 ± 2.4
5.06 ± 1.2
4.42 ± 2.1
9.20 ± 2.5
96.1 ± 30.1
9.64 ± 6.8
9.47 ± 7.1
5.97 ± 1.8
2035.81 ± 518.3
1073.67 ± 199.5
4.88 ± 6.4
4.01 ± 5.3
15.03 ± 10.7
47.58 ± 27.6
Cell OD
Cell OD
Cell OD
Cell OD
Cells/mm2
Cells/mm2
Cells/mm2
Cells/mm2
Cells/mm2
Cells/mm2
Cells/mm2
Cells/mm2
Cells/mm2
Cell OD
Cell OD
Cells/mm2
Cells/mm2
Cells/mm2
Cells/mm2
IRβ
IR/IGF-1Rβ pY
IRβ pY960
IRS-1
IRS-1 pY612
IRS-1 pY941
IRS-1 pS312
IRS-1 pS616
IRS-1 pS636/639
PIP3
Akt1 pS473
Akt2 pS474
PKCζ/λ pT410/403
GSK-3β
GSK-3α/β pS21/9
mTOR pS2448
IKKα/β pS176/180
JNK1/2 pT183/pY185
NitrotyrosineB

Change (P)
MCI vs. AD
N vs.MCI
AD
Value (mean ± SD)
MCI
N
Molecule
MeasureA
		

Table 5
CA1 neuronal levels of insulin signaling and regulating molecules in ROS cases

3.53% (0.8477)
–11.18% (9 × 10–5)
–17.49% (6 × 10–4)
27.23% (5 × 10–5)
144.38% (2.3 × 10–6)
182.78% (2 × 10–5)
189.33% (3.6 × 10–6)
538.46% (2.8 × 10–10)
195.22% (2.3 × 10–5)
–50.16% (2.6 × 10–6)
176.97% (4.5 × 10–6)
79.09% (0.0618)
291.30% (6.7 × 10–9)
–24.37% (5 × 10–5)
32.52% (1 × 10–5)
699.18% (1 × 10–11)
319.70% (4.2 × 10–5)
192.22% (6.3 × 10–7)
137.20% (8.5 × 10–10)
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The density of neurons with detectable cytoplasmic levels of IRS-1 pS616 showed the strongest
association with cognitive ability (Table 7 and
Figure 9). Its correlations with episodic memory,
working memory, and global cognition were –0.66,
–0.52, and –0.63, respectively. In a linear regression
model, IRS-1 pS616 levels in CA1 adjusted for age,
sex, and education together accounted for 47% of
the variance in episodic memory scores (parameter
estimate, –0.137; Table 7 and Figure 9A). Inclusion
of neurofibrillary tangle (NFT) densities and Aβ
plaque load in the model did not notably diminish
the association of IRS-1 pS616 levels with episodic
memory scores, which remained highly significant
(parameter estimate, –0.14). This suggests that
the contribution of IRS-1 pS616 levels in CA1 to
cognitive dysfunction in AD is independent of Aβ
plaques and NFTs.
Discussion
Using an ex vivo stimulation protocol with nearphysiological doses of insulin or IGF-1, we here provide the first direct demonstration to our knowledge that the brain in AD is insulin and IGF-1
resistant and further show that this occurred in
the absence of diabetes and did not affect basal
neuronal glucose uptake. The ex vivo experiments
also led to identification of 2 candidate biomarkers of brain insulin resistance shared by insulinresistant liver and muscle in obesity and/or T2D
(43, 46, 47), namely, elevated levels of IRS-1 pS616
and IRS-1 pS636/639. In the absence of diabetes and
regardless of APOE ε4 status, these candidate biomarkers proved a significant feature of HF field
CA1 in MCI, a more prominent and very common feature of that field in AD, and a major correlate of impaired cognition. By measuring basal
activation of molecules regulating levels of IRS-1
pS616 and IRS-1 pS636/639, we discovered evidence
that they reflect convergent effects of chronically
active IRS-1 serine kinases. Our discussion focuses
on the relevance of these and other findings of this
study to mechanisms and consequences of brain
insulin resistance in AD after addressing the contrasting nature of insulin and IGF-1 resistance in
that disorder.
Association of insulin resistance with IRS-1 versus association of IGF-1 resistance with IRS-2. It is commonly
stated that insulin and IGF-1 both signal via IRS-1
and IRS-2 (56, 57, 59), a view supported mainly by
studies on cells genetically engineered to express
or not express IR or IGF-1R (57, 59, 101). To our
knowledge, this has not been confirmed in wildtype cells or tissue exposed to insulin or IGF-1 at
doses selectively activating their cognate receptors
(<10 nM). We are not aware of any prior studies testing brain insulin or IGF signaling using
near-physiological doses of these hormones. In
the cerebellar cortex and HF of adult humans, we
discovered that 1 nM insulin and IGF-1 selectively
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Figure 6
CA1 pyramidal cells in AD display marked elevation in cytosolic levels of IRS-1 pS species and their activated kinases. The heat map summarizes relative basal levels of select insulin signaling molecules (A), activation states of those and related molecules (B), activation states of
IRS-1 serine kinases (C), protein phosphatases that regulate insulin signaling (D), and neuropathological parameters (E). Data are shown for the
24 N and 24 matched AD cases in the UPenn cohort. Each row displays mean qIHC data on the respective analyte; each cell shows mean cellular levels of an analyte in a given case relative to all 48 cases studied. See Table 5 for measures used to quantify each analyte. P values denote
differences between N and AD cases. Note that AD cases typically showed high levels of IRS-1 pS species and of activated IRS-1 pS kinases
(GSK-3, IKK, JNK, mTOR, and PKCζ/λ). All amino acid sequence numbers are for the human proteins. tAβ, total Aβ; oAβ, oligomeric Aβ.

activating their cognate receptors signal via different IRS isoforms:
insulin via IRS-1 and IGF-1 via IRS-2. Even at 10-nM doses, insulin
signaled predominantly via IRS-1, and IGF-1 via IRS-2, in these
brain areas. This dichotomy may reflect the fact that the brain,
unlike many peripheral tissues, expresses only the shorter form of
the IR known as IR-A, as opposed to full-length IR-B (102–104).
Indeed, embryonic mouse fibroblasts expressing only the IR-A isoform respond to 10 nM insulin with a strong, sustained activation
of IRS-1 and only a weaker, transient activation of IRS-2 (59).
As expected, then, the brain areas we studied in AD showed insulin resistance that was associated with dysfunctional IRS-1 as well
as IGF-1 resistance that was associated with dysfunctional IRS-2.
In response to 1 nM insulin, there was less IRβ bound to IRS-1, less
1328

IRS-1 activation, and less IRS-1 bound to PI3K p85α. In response
to 1 nM IGF-1, however, there was less IGF-1Rβ bound to IRS-2,
less IRS-2 activation, and less IRS-2 bound to PI3K p85α. Except
for insulin responses in the cerebellar cortex, neither type of resistance was ameliorated by 10-nM doses.
IGF-1 resistance differed conspicuously from insulin resistance
in AD by its more advanced state in the cerebellar cortex and its
magnitude at the receptor level there and in the HF. These differences imply different causes of IGF-1 and insulin resistance. While
elevated basal levels of IRS-2 pS may be a factor, we did not pursue
that possibility, given the absence of antibodies specific for serine
sites on IRS-2 known to affect its functions. Judging from known
and likely brain functions of IGF-1, IGF-1 resistance may impair
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Figure 7
Key insulin signaling molecules seen
immunohistochemically in CA1 neurons of
N, MCI, and AD cases of the ROS cohort.
See Table 5 for numeric data on the antigens. IR/IGF-1Rβ pY (A–C) was reduced
in MCI. Total neuronal IRS-1 (D–F) was
not reduced in MCI or AD. IRS-1 pS was
normally confined to cell nuclei (e.g., arrow
in G) with few exceptions, but the density
of neurons with detectable cytoplasmic
IRS-1 pS616 (G–I) or IRS-1 pS636/639 (J–L)
increased markedly from N to MCI to AD.
What appears to be high background levels of IRS-1 pS616 in I was actually elevated
antigen in the neuropil. (M–O) Akt1 pS473
was barely detectable in N cases, but the
density of neurons with detectable cytoplasmic levels of the activated molecule
rose markedly from N or MCI to AD. See
Supplemental Figures 5 and 6 for other
insulin signaling molecules studied in the
ROS cohort. Scale bar: 70 μm.

neurogenesis, neuron viability, glucose uptake, and cognition (105,
106). Brain IGF-1 resistance in AD may nevertheless be adaptive,
because deficient IGF-1 signaling (via IRS-2) delays Aβ accumulation and toxicity in animal models of AD (107, 108).
Brain insulin resistance at the level of IR. In our AD cases, the cerebellar cortex and, to a greater degree, the HF showed reduced responses
to 1 nM insulin at all levels of the signaling pathway investigated
(Figure 5 and Figure 10A). Relatively modest, albeit significant resistance occurred at the level of IR, with activation reduced 26%–29%
in the kinase domain (Y1146, Y1150, and Y1151; equivalent to
Y1158, Y1162, and Y1163 in IR-B) and 34%–58% at the IRS-1 docking site (Y960; equivalent to Y972 in IR-B). The reduction in the
kinase domain implies downregulation of all insulin signaling
pathways, not just the IR→IRS-1→PI3K→Akt pathway studied.
The proximal cause does not appear to be reduced levels of IR or
elevated levels of the IR phosphatase PTP1B (92), both of which
were normal in our AD cases. In Western blots and qIHC in our 2
cohorts, there was no indication of the large reductions in total IR
and IGF-1R reported in the HF of AD cases by Steen et al. (28).

Elevated Aβ oligomers in the brain, potentially due in part to
insulin resistance in peripheral tissues (25), offer a plausible explanation for the reductions we observed in insulin-induced IR activation in AD. Where measured, brain levels of Aβ oligomers are
greatly elevated in this disorder (109–111). Relatively low doses of
Aβ oligomers (100 nM) induce rapid IR translocation from dendrites to cell bodies in cultured hippocampal neurons, probably
reflecting receptor internalization (31). While such translocation
of neuronal IRs has been deduced in the temporal cortex of AD
cases (33), we saw no evidence of that with respect to total IRβ, IRβ
pY960, or IR/IGF-1Rβ pY in the temporal cortex or hippocampus of
AD cases, perhaps due to more effective epitope retrieval methods
yielding enhanced detection of membrane-bound receptors.
However, Aβ oligomers can also inhibit IRs (31) by a mechanism
consistent with our findings. Such oligomers increase cytosolic
free Ca 2+ (112), which is known to inhibit insulin-induced
hippocampal IR pY (113). Aβ oligomers trigger Ca2+ influx, in part
by activating NMDA receptors (114), which elevates Akt1 pS473
(115), an event capable of inhibiting insulin-induced IR pY (116).
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Table 6
Correlation of candidate markers of brain insulin resistance with basal levels of insulin signaling or regulating molecules in CA1 neurons
Molecule

IR/IGF-1Rβ pY
IRβ pY960
IRS-1 pY612
IRS-1 pY941
PIP3
Akt1 pS473
Akt2 pS474
PKCζ/λ pT410/403
GSK-3α/β pS21/9
mTOR pS2448
IKKα/β pS176/180
JNK1/2 pT183/pY185
Total Aβ loadA,B
Oligomeric Aβ loadA,B
NFT densityA
NitrotyrosineA

Candidate biomarker
r

IRS-1 pS616
t (df)

P

r

IRS-1 pS636/639
t (df)

P

–0.324
–0.354
0.653
0.621
–0.180
0.560
0.301
0.551
0.441
0.384
0.205
0.652
0.332
0.540
0.537
0.410

–3.11 (82)
–3.47 (84)
7.81 (82)
7.04 (79)
–1.66 (82)
5.27 (61)
2.54 (65)
5.99 (82)
3.87 (62)
3.86 (86)
1.92 (84)
7.87 (84)
3.26 (86)
5.78 (81)
5.74 (81)
3.80 (72)

0.00257
0.00082
<1 × 10–6
<1 × 10–6
0.10073
2 × 10–6
0.01348
<1 × 10–6
0.00026
0.00022
0.05825
<1 × 10–6
<1 × 10–6
<1 × 10–6
<1 × 10–6
0.00030

–0.202
0.007
0.487
0.568
–0.274
0.462
0.026
0.651
0.580
0.324
0.542
0.459
0.300
0.291
0.384
0.181

–1.87 (82)
0.06 (84)
5.01 (81)
6.29 (83)
2.56 (81)
4.04 (60)
0.21 (64)
7.71 (81)
5.56 (62)
3.13 (86)
5.9 (84)
4.74 (84)
2.89 (85)
2.74 (81)
3.75 (81)
1.55 (71)

0.0651
0.9523
3 × 10–6
<1 × 10–6
0.01233
0.00015
0.83434
<1 × 10–6
<1 × 10–6
0.00205
<1 × 10–6
9 × 10–6
0.00489
0.00756
0.00033
0.12559

Based on combined data from normal, MCI, and AD cases in the ROS cohort. Very similar results were obtained on combined data from normal and
AD cases in the UPenn cohort. See Table 5 for measures used for quantification. Variability in number of cases studied for each antigen, evident in the
degrees of freedom (df), reflect differences in tissue availability, tissue integrity, and/or signal detection problems in some sections. AComparison variable.
BSpecifically, Aβ in plaques using NAB228 for total Aβ and NU-4 for oligomeric Aβ. Similar results for oligomeric Aβ were obtained with NAB61 and NU-1.

We indeed found that basal levels of Akt1 pS473 were positively correlated with oligomeric Aβ plaque load (r = 0.35; P = 0.006) and
negatively correlated with activated IR/IGF-1Rβ pY (r = –0.44;
P = 0.043). Since Akt suppresses GSK-3 and activates mTOR (Figure 10), the above-described sequence of events may also explain
the elevated basal levels of GSK-3α/β pS21/9 and mTOR pS2448 we
found in the HF of AD cases, similar to previous findings in medial
temporal cortex of such cases (36, 54).
Inhibition of IR activation by Aβ oligomers (31) severely impairs
neuronal clearance of these oligomers. Zhao et al. (117) demonstrated that drugs or mutations preventing IR activation block
insulin-induced neuronal internalization of exogenously administered Aβ oligomers (thereby raising their extracellular levels),
including dimers associated with loss of synaptic proteins (111)
and synaptic plasticity (118). IR inhibition can thus greatly elevate
extracellular Aβ oligomers. This downregulation in the internalization of Aβ may explain previously reported reductions in Aβ
pathology seen in insulin-resistant neurons, animal models of AD,
and diabetic humans after treatment with insulin plus antidiabetic agents (119) or the IR-sensitizing agents metformin (120) and
glucagon-like peptide 1 (GLP-1) mimetics (121–125).
Brain insulin resistance at the level of IRS-1 and downstream signaling molecules. Unlike the modest reductions at the level of IR, major reductions in insulin-induced signaling occurred further downstream
in AD. These reductions were marked in the HF, where insulin signaling was reduced 90% for IRS-1 pY, 89% for Akt1 pS473, 76% for
GSK-3β pY216, 83% for GSK-3β pS9, 74% for mTOR pS2448, and
90% for ERK2 pT185/pY187. The size of the reductions indicates
that they were not simply due to IR inhibition, which by itself does
not add to the pathology seen in an AD mouse model (126). The
observed downstream signaling reductions appeared to be products
of bottom-up rather than top-down effects. This dysregulation is
diagrammed in Figure 10B, which indicates the IRS-1 serine sites
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targeted by ERK2, GSK-3, IKK, JNK, mTOR, and PKCζ/λ, basal activation of which was elevated in the HF of AD cases. These kinases
phosphorylate IRS-1 at S312, S616, and/or S636, sites chronically
phosphorylated in insulin-resistant peripheral tissues (42, 43, 47,
127). With the apparent exception of S312 (48), they are sites whose
phosphorylation suppresses IRS-1 activation (42, 46, 51, 128). Their
phosphorylation levels in the HF of AD cases were significantly correlated with basal activation levels of GSK-3, IKK, JNK, mTOR,
and PKCζ/λ (Table 6), but not with basal levels of the IRS-1 serine
phosphatase PP2A (89), which was normal in AD cases.
Levels of IRS-1 serine kinases studied were also significantly correlated with the oligomeric Aβ plaque load in our cases. Aβ oligomers activate several of the noted kinases: ERK2 (129), JNK (37,
125), mTOR (130), and PKCζ (131). Via that effect, Aβ oligomers
elevate hippocampal levels of IRS-1 pS616 and IRS-1 pS636 (37, 125).
The APP/PS1 mouse model of AD, in which Aβ oligomers are elevated by 2 months (132), shows a 97% increase in basal IRS-1 pS616
in the HF by 7.5 months, accompanied by HF insulin resistance as
severe as in our AD cases (H.-Y. Wang et al., unpublished observations). We recently found that such resistance in the HF of AD
cases is significantly reduced at the level of IR and IRS-1 by the
insulin-sensitizing drug liraglutide (133). In this context, our present findings suggest that chronic serine phosphorylation of IRS-1
induced by oligomeric Aβ activation of IRS-1 serine kinases may
be a cause of brain insulin resistance in AD. This would dampen
signal transmission at all subsequent levels of the IRS-1 signaling
pathways, reducing insulin responsiveness of Akt, GSK-3, mTOR,
and ERK2, although the last would be via an interaction of IRS-1
with Grb2, not PI3K (79, 80, 134).
As noted earlier, the insulin signaling pathway commonly disrupted in peripheral insulin resistance and T2D is mediated by
PI3K (41–44). The function of this kinase was also disrupted in
our AD cases, consistent with prior reports (33, 35). Depending on
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Figure 8
Insulin by itself does not affect glucose
uptake in HF slices (A and B) and HF synaptosomes (C and D) of N or AD cases. Data
were derived from the same 8 pairs of cases
in which insulin resistance was demonstrated in AD (Figure 5 and Table 2). Shown are
(A and C) net [3H] glucose uptake in disintegrations per minute (dpm) and (B and D)
percent increase in uptake compared with
unstimulated tissue. Whereas 1 and 10 nM
insulin had no effect on [3H] glucose uptake
in N or AD cases in either tissue preparation,
10 μM glutamate plus 1 μM glycine evoked
clear increases in [3H] glucose uptake in both
tissue slices and synaptosomes, an effect
that was significantly reduced in AD cases.
Values are mean ± SEM. *P < 0.0001 vs. N.

dose and brain area, insulin-induced IRS-1 binding to PI3K p85α
was reduced 51%–96% in AD. A likely reason for this reduction was
the increased amount of IRS-1 chronically bound to PI3K p85α in
AD (164% in the HF). Chronically elevated levels of IRS-1 bound to
PI3K p85α would suppress insulin signaling, because our IHC data
(Talbot et al., unpublished observations) suggest that it reflects
formation of reported sequestration complexes of IRS-1 pY with
PI3K p85α monomers no longer free to bind the catalytic subunit (p110) of PI3K (40, 82, 83). This p85α sequestration would
lower PI3K activity and release IRS-1 pY612 and IRS-1 pY941 from
a known PI3K-mediated inhibitory feedback pathway (135). That
may explain why we found chronically elevated IRS-1 pY 612 and
IRS-1 pY941, yet reduced PIP3, in the HF of AD cases. Elevation of
these IRS-1 pY species was not attributable to altered levels of the
IRS-1 tyrosine phosphatase PP2B (90), which remained normal.
Pathogenesis and pathogenic role of brain insulin resistance in AD. The
tissue we studied sampled 3 stages in the pathogenesis of AD: (a)
the HF of MCI cases, nondemented individuals at high risk for AD
dementia (93); (b) the cerebellar cortex of AD dementia cases, which
develops pathology only at a late stage of the disorder (61) and has
thus been affected for only a limited time at death; and (c) the HF of
AD dementia cases, which develops pathology at an early stage of the
disorder (61, 63). Our data on MCI cases suggest that brain insulin
resistance precedes dementia. Although their insulin responsiveness
was not tested, amnestic and nonamnestic MCI cases alike showed
a subset of basal abnormalities reflecting impaired insulin signaling, specifically, reduced IR/IGF-1Rβ pY, increased IRS-1 pS616 and
IRS-1 pS636/639, and reduced PIP3. Elevated IRS-1 pS616 and IRS-1
pS636/639 appear to precede elevated IRS-1 pS312 and IRS-1 pY612 that
were absent in the HF of MCI cases and the cerebellar cortex of
AD dementia cases, but present in the more insulin-resistant HF
of AD dementia cases. Early elevations in IRS-1 pS616 and IRS-1
pS636/639 might be caused by Aβ oligomer activation of ERK2 (129),
which phosphorylates IRS-1 at S616 and S636 (136). This possibility warrants further study as the proximal cause of brain insulin
resistance. Oligomeric Aβ is elevated in MCI (111), although that
was not reflected in oligomeric Aβ plaque loads of our cases.
While oligomeric Aβ may initially trigger brain insulin resistance, such resistance could reciprocally accelerate development
of AD pathology in many ways. Impaired neuronal insulin signal-

ing reduces insulin-induced antiapoptosis (137, 138), promotes
Aβ1–42–induced oxidative cell death (139), elevates Aβ1–42 secretion (120), blocks clearance of extracellular Aβ oligomers (117) as
described above, and raises neuritic plaque loads (16, 19).
NFTs are unaffected by brain insulin resistance. The GSK hypothesis
of AD, as presented by Hooper et al. (55), asserts that GSK-3 is overactive in this disorder and accounts for its hallmark pathology,
including τ hyperphosphorylation leading to NFT formation. Our
findings are inconsistent with that hypothesis in several ways. As in
other studies (28, 35, 36), our AD cases showed no increase in total
GSK-3, a feature shared by skeletal muscle of insulin-resistant nondiabetic individuals, but not T2D cases (140). Unlike insulin-resistant skeletal muscle in animal models of T2D (127), the HF in AD
displayed normal basal levels of GSK-3β pS9, but the net effect may
be the same as in insulin-resistant skeletal muscle, given the reduced
GSK-3β pY216 levels observed. CA1 in the HF of AD cases did show
elevated basal levels of GSK-3α/β pS21/9 despite lower total GSK-3β,
but that again suggests reduced basal activation of GSK-3. While
1 nM insulin stimulation in AD evoked lower levels of GSK-3β pS9,
as in insulin-resistant skeletal muscle (127), it also evoked lower
levels of GSK-3β pY216. The net effect of insulin on GSK-3β activity in AD is thus unclear. More importantly, contrary to the GSK
hypothesis of AD, levels of suppressed GSK-3 in CA1 were positively,
not negatively, correlated with the density of NFTs detected with an
antibody to hyperphosphorylated τ (Supplemental Table 7).
These findings collectively indicate that brain insulin resistance
is unlikely to affect GSK-3–mediated τ phosphorylation and NFT
formation, consistent with a previous report that treatment of
diabetic humans with insulin plus other antidiabetic medications
does not lower the NFT density in the cerebral cortex or limbic
areas, but does lower the neuritic plaques density in some of those
brain areas (119). Conversely, τ pathology appears unnecessary for
development of brain insulin resistance, because we found such
resistance in the cerebellar cortex, where τ (unlike Aβ) pathology
is virtually absent in AD (60, 141). As described above, we similarly
found brain insulin resistance in APP/PS1 mice, which develop
major Aβ, but not τ, pathology (132).
Brain insulin resistance and neuronal glucose uptake. Neurons in
the brain commonly express 1 or more of 3 glucose transporters:
GLUT3 in all brain regions (68–70), with GLUT4 (66–70) and/or
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Table 7
Linear regression prediction of episodic memory scores by CA1 neuronal insulin signaling and regulatory variables adjusted for age, sex, and
years of education
Analyte

N

Model r 2

Age, sex, and education only
IR/IGF-1Rβ pY
IRβ pY960
IRS-1 pY612
IRS-1 pY941
IRS-1 pS312
IRS-1 pS616
IRS-1 pS636/639
PIP3
Akt1A pS473
Akt2 pS474
PKCζ/λ pT410/403
GSK-3α/β pS21/9
mTOR pS2448
IKKα/β pS176/180
JNK1/2 pT183/pY185
Total Aβ plaque loadB,C
Oligomeric Aβ plaque loadB,C
NFT densityB
NitrotyrosineB

89
85
87
84
81
88
88
88
85
63
67
84
65
89
87
87
89
84
84
68

0.11
0.20
0.18
0.40
0.36
0.34
0.47
0.29
0.32
0.25
0.15
0.36
0.33
0.37
0.25
0.27
0.21
0.26
0.44
0.33

Model F (P)
F4,85 = 3.36 (0.02)
F5,80 = 4.88 (0.0014)
F5,82 = 4.46 (0.0026)
F5,79 = 13.29 (<1 × 10–6)
F5,76 = 10.84 (<1 × 10–6)
F5,83 = 10.70 (<1 × 10–6)
F5,83 = 18.04 (<1 × 10–6)
F5,83 = 8.51 (2 × 10–6)
F5,85 = 9.27 (<1 × 10–6)
F5,58 = 4.92 (0.0018)
F5,62 = 2.68 (0.0398)
F5,79 = 10.94 (<1 × 10–6)
F5,59 = 7.44 (1.8 × 10–5)
F5,84 = 12.33 (<1 × 10–6)
F5,82 = 6.91 (2 × 10–5)
F5,82 = 7.53 (7 × 10–6)
F5,84 = 5.50 (0.0006)
F5,79 = 7.05 (1.7 × 10–5)
F5,79 = 15.38 (<1 × 10–6)
F5,69 = 10.74 (<1 × 10–6)

Parameter estimate
0.0019
0.0017
–0.053
–0.049
–0.086
–0.137
–0.038
0.017
–0.046
–0.022
–0.056
–0.00026
–0.031
–0.043
–0.025
–0.93
–0.98
–0.089
–0.016

Analyte t

Analyte P

3.41
2.73
–6.44
–5.80
–5.38
–7.42
–4.67
4.92
–3.23
–1.48
–5.61
–4.44
–5.93
–3.85
–4.34
–3.28
–4.33
–6.79
–5.03

0.001
0.0078
<1 × 10–6
<1 × 10–6
<1 × 10–6
<1 × 10–6
1.1 × 10–5
4 × 10–6
0.002
0.1441
<1 × 10–6
4 × 10–5
<1 × 10–6
0.0002
4 × 10–5
0.0015
4.3 × 10–5
<1 × 10–6
4 × 10–6

Relationships between the independent variables (analytes) and episodic memory scores were calculated using the combined set of normal, MCI, and AD
cases in the ROS cohort. See Table 5 for measures used for quantification. Differences in number of cases studied for each analyte reflect differences in
tissue availability, tissue integrity, and/or signal detection problems in some sections. ATotal Akt could not be measured reliably in the ROS cases with the
antibodies tested. BComparison variable. CSpecifically Aβ in plaques using NAB228 for total Aβ and NU-4 for oligomeric Aβ. Similar results for oligomeric
Aβ were obtained with NAB61 and NU-1.

GLUT8 (70, 142) in certain areas, including the cerebellar cortex
and HF. Insulin does not induce GLUT3 fusion with neuronal cell
membranes (99), nor GLUT8 translocation to those membranes
(143). While insulin does induce translocation of GLUT4 to
neuronal membranes in the HF (144, 145) and cerebellum (146),
it consistently fails on its own to induce neuronal glucose uptake
at doses of 1–1,000 nM (99, 100, 147–150). Confirming this finding, we showed here that IR activation with 1 and 10 nM insulin
in humans had no effect on AS160-dependent GLUT4 translocation. While this indicates that, unlike peripheral resistance, brain
insulin resistance in the HF does not affect classic glucose uptake,
it may still impair depolarization-induced glucose uptake via a
known AS160-independent pathway (151). It has previously been
shown that plasma membrane depolarization by itself triggers glucose uptake in both peripheral (152) and neural (99, 100) tissues,
which we confirmed using glutamate stimulation. The effects of
insulin and depolarization are additive (99, 152), because the latter
stimulus reduces GLUT4 removal from the cell membrane independent of insulin signaling (152).
Type 3 diabetes or insulin resistance syndrome. A third type of diabetes has been proposed as a neuropathogenic mechanism of AD
(26–28, 32, 120). However, such a form of diabetes is not in agreement with several observations. While the defining clinical feature
of both T1D and T2D is hyperglycemia (153), there is no evidence
that the brain in AD is hyperglycemic. Moreover, the insulin resistance we demonstrated in AD brains occurred in the absence of
T1D or T2D and did not affect glucose uptake in neurons the way
peripheral insulin resistance does in muscle, fat, and liver. The
term diabetes consequently seems inappropriate to describe the
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state of the AD brain. A more accurate term, in our view, is insulinresistant brain state (12), a neural variant of the insulin resistance
syndrome (154) that was previously identified as a feature of several disorders, most notably T2D (1,2), the metabolic syndrome
(155), and AD itself (12, 21, 34, 156). This syndrome in AD has
been reported to be independent of APOE ε4 (156), like the markers of brain insulin resistance we identified in that disorder here.
A precursor to T2D is an insulin-resistant condition called prediabetes (157), incidence of which increases with age. It is estimated that 37% of the US population between 60 and 74 years of
age is prediabetic (158). In that age bracket, when the incidence
of AD begins to rise sharply (159), it is estimated that 67% of the
US populace is either diabetic or prediabetic (158). The one study
testing the prevalence of both conditions in AD found that 81%
of such cases displayed peripheral insulin resistance with or without T2D (15). Another study found that 72% of AD cases met the
criteria for the metabolic syndrome (160). Since insulin resistance
in peripheral tissues could promote insulin resistance in the brain
by reducing brain insulin uptake and by raising brain levels of Aβ
(11, 21–25), the high prevalence of prediabetes in the elderly may
help explain why we found brain insulin resistance to be common
in AD without diabetes.
Cognitive deficits are associated with insulin signaling abnormalities. Insulin plays many neuronal roles affecting synaptic plasticity, including expression and/or trafficking of AMPA, NMDA, and GABAA
receptors; translation of PSD-95; and regulation of synapse density
(161–163). As implied above, insulin resistance at the level of IR in
AD will downregulate signaling not only in the IR→IRS-1→PI3K→
Akt pathway studied here, but also in the IR→Shc→Grb2-SOS→
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Figure 9
The density of CA1 neurons displaying cytoplasmic IRS-1 pS 616 is
inversely associated with episodic memory (A), working memory (B),
and global cognition (C). Linear regression graphs plot data on all
the ROS cases (N, MCI, and AD; n = 88) adjusted for age, sex, and
years of education; the linear regression line (solid) is shown flanked
by 95% confidence intervals (dashed). Episodic memory, working
memory, and global cognition scores are composites of the multiple
measures used to assess those cognitive abilities. Raw scores on
individual tests were converted to z scores (using population estimates of the mean and SD) and averaged to yield the composite
scores (see Supplemental Methods).

restriction; all have excellent safety profiles, readily cross the bloodbrain barrier, and raise insulin-induced IR and IRS-1 activation.
These agents are all neuroprotectants (120, 167, 168) that reduce
extracellular Aβ levels in cultures of insulin-resistant neurons (120,
122) and in AD mouse models (122, 124). In such mice, the GLP-1
mimetic liraglutide decreases oligomeric Aβ, neuritic plaque load,
and microglial activation; elevates neurogenesis; restores LTP; and
improves object recognition and spatial memory (124, 169). The
same GLP-1 mimetic reduces insulin resistance in the HF from AD
cases (133). Such discoveries underscore the therapeutic potential of
future work on brain insulin resistance in MCI and AD.
Methods
Subjects

MAPK signaling pathway. Both pathways are active at postsynaptic
sites in the HF and are engaged in memory consolidation (161).
With cognitive data available in the ROS cohort, we discovered
that basal activation states of many insulin signaling molecules
in CA1 pyramidal cells were highly related to episodic memory.
The relationships were positive for molecules promoting insulin
signaling and negative for those attenuating or reflecting attenuation of such signaling. Of all the molecules tested, IRS-1 pS616
had the strongest and most negative relationship to episodic, as
well as working, memory. Since the relationship of IRS-1 pS616 to
cognitive ability remained highly significant after adjusting not
only for age, sex, and years of education, but also for NFT and Aβ
plaque load (total or oligomeric), it appears to be a major factor in
cognitive decline, one more proximally associated with the molecular causes of that decline than the 2 above-described hallmark
pathologies of AD. Given the ability of oligomeric Aβ to raise levels
of IRS-1 pS616 (37, 125), this species of IRS-1 may in part mediate
the effects of these oligomers on cognition.
Translational implications. Given recent advances in detecting preclinical AD (164), there is a growing demand for safe, effective treatments slowing or preventing early pathogenic events in the disorder.
The present findings suggest one such treatment may be attenuating brain insulin resistance, as opposed to simply compensating for it, since even 10 nM insulin failed to ameliorate HF insulin
resistance. Metformin (120, 165) and 2 GLP-1 mimetics (121, 124,
125, 165, 166) are antidiabetic agents approved by the FDA without

See Supplemental Methods for descriptions of the UPenn and ROS
cohorts and Supplemental Table 1 for cohort demographic, cognitive,
autopsy, and neuropathological data. None of the AD cases in the 2
cohorts was comorbid for other neurological disorders or for psychiatric
conditions. The presence or absence of diabetes was indicated by detailed
medical records available for all cases. Data were not available on peripheral insulin resistance in either cohort.

Diagnoses, cognitive testing, tissue collection, anatomical origin
of samples, and neuropathology assessment
See Supplemental Methods. The number of cases tested in ex vivo experiments and qIHC runs is specified in Results or the figure legends.

Ex vivo stimulation experiments
Validation tests of the ex vivo method in postmortem tissue. Dose-response effects
of 0, 0.1, 1, 10, and 100 nM insulin on IRβ binding to IRS-1, as well as
phosphorylation of IRβ, IRS-1, Akt1, and ERK2, were tested in the HF of
human N subjects (4 female; 1 male) aged 56–99 years with PMIs of 5–19
hours. PMI effects on responses to 0, 1, or 10 nM insulin were tested in
the HF from 2.5-month-old male Sprague-Dawley rats (Taconic Farms)
tested for the integrity of α7 nicotinic and NMDA receptor signaling in
postmortem frontal cortex (74). In compliance with the NIH Guide for the
Care and Use of Laboratory Animals, the animals were sacrificed by quick CO2
asphyxiation. Brains were removed at death (PMI, 0 hours) or left in the
intact body at 4°C for 4, 8, or 16 hours, mimicking human postmortem
conditions. In other animals, the intact body was kept at 25°C for 4 hours
before brain extraction. Upon removal, brains were frozen and stored at
–80°C for 7 days.
Tissue preparation. Fresh-frozen tissue from the cerebellar cortex or HF was
gradually thawed from –80°C to –20°C and cut into 100-μm × 100-μm ×
3-mm slices in a chilled McIlwain tissue chopper. Slices equaling about 20
mg of tissue were suspended in 1 ml ice-cold oxygenated Krebs-Ringer solu-
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Figure 10
Evidence for insulin resistance and its
likely proximal causes in the HF of AD
cases. The summary is consistent with
the more limited data collected on insulin responses in the cerebellar cortex of
these cases. (A) Compared with N cases,
AD cases responded to 1 nM insulin with
lower IR-A pY1150/1151 and IR-A pY960; less
IRS-1 bound to IRβ; lower total IRS-1 pY,
including IRS-1 pY612; less IRS-1 bound to
PI3K p85α; less activation of downstream
molecules, reflected in lesser elevations in
Akt1 pS473, GSK-3β pY216, mTOR pS2448,
and ERK2 pT185/pY187; and less suppression of GSK-3β, reflected in lesser elevation of GSK-3β pS9. GSK-3β pY216 is not
a product of Akt1 activity, but of unknown
mammalian kinases and autophosphorylation (87). The question mark indicates an
expected, but not tested, reduction in insulin-induced binding of the regulatory and
catalytic subunits of PI3K (p85α and p110,
respectively) in AD. (B) Basal activation
states of insulin signaling and regulating
molecules in AD vs. N cases. Consistent
with decreased insulin signaling, reduced
levels of IR/IGF-1Rβ pY, IRβ pY960, and
PIP3 were found with qIHC. The question
mark indicates uncertainty regarding the
phosphorylation state of the IR catalytic
domain, since IHC cannot distinguish this
domain in IR and IGF-1R. The increases
in IRS-1 pS 312, IRS-1 pS 616, and IRS-1
pS636/639 are probably caused by correlated
increases in activated IRS-1 serine kinases
(ERK2, IKK, JNK1/2, mTOR, and PKCζ/λ),
potentially resulting from elevated oligomeric Aβ. See Discussion for details.

tion (K-R) containing 25 mM HEPES (pH 7.4), 118 mM NaCl, 4.8 mM KCl,
1.3 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 10 mM
glucose, 100 μM ascorbate, 50 μg/ml leupeptin, 0.2 mM PMSF, 25 μg/ml
pepstatin A, and 0.01 U/ml soybean trypsin inhibitor and centrifuged
briefly. After 2 additional washes with 1 ml ice-cold K-R, brain slices were
suspended in 1 ml K-R, or 1 ml low-Mg2+ (0.3 mM) K-R (LMKR) in the case
of sections used to test glucose uptake.
Synaptosomes for the glucose uptake experiments were prepared from
postmortem HF slices as described previously (73, 74). Briefly, using
10 strokes of a Teflon/glass homogenizer, the slices were homogenized in
10 volumes of ice-cold homogenization buffer (10 mM HEPES, pH 7.4;
0.32 M sucrose; 0.1 mM EDTA homogenization solution containing
50 μg/ml leupeptin, 0.2 mM PMSF, 25 μg/ml pepstatin A, and 0.01 U/ml
soybean trypsin inhibitor and 2-mercaptomethanol). The homogenates
were cleared by centrifugation (1,000 g for 10 minutes), and the supernatants were centrifuged at 15,000 g at 4°C for 30 minutes to pellet the
synaptosomes (P2 fraction). The synaptosomes were then washed twice at
4°C in 1 ml ice-cold K-R and resuspended in 1 ml LMKR. Protein concentrations were determined by the Bradford method (Bio-Rad) according to
the manufacturer’s instructions.
Ex vivo insulin stimulation. Approximately 20 mg of brain slices were incubated for 30 minutes at 37°C with vehicle (K-R) alone or with vehicle plus
1334

human recombinant insulin (Invitrogen 12585-014) or human recombinant IGF-1 (Invitrogen PHG0071). The incubation mixture (total volume, 0.5 ml) was aerated every 10 minutes with 95% O2 and 5% CO2 for
1 minute. Signaling was terminated with 1.5 ml ice-cold Ca2+-free K-R. The
tissue was collected by brief centrifugation and homogenized in 250 μl icecold immunoprecipitation buffer (25 mM HEPES, pH 7.5; 200 mM NaCl;
1 mM EDTA; 50 μg/ml leupeptin; 10 μg/ml aprotinin; 2 μg/ml soybean
trypsin inhibitor; 0.04 mM PMSF; 5 mM NaF; 1 mM sodium vanadate;
0.5 mM β-glycerophosphate; and 0.02% 2-mercaptoethanol containing
0.5% digitonin, 0.2% sodium cholate, and 0.5% NP-40). Homogenates were
centrifuged at 1,000 g for 5 minutes at 4°C, and the supernatant (postmitochondrial fraction) was sonicated for 10 seconds on ice. Proteins were
solubilized in 0.5% digitonin, 0.2% sodium cholate, and 0.5% NP-40 for 60
minutes at 4°C with end-to-end rotation. The resultant lysates were then
cleared by centrifugation at 50,000 g for 5 minutes and diluted with 750 μl
immunoprecipitation buffer. Protein concentrations were measured using
the Bradford method (Bio-Rad).
Immunoprecipitation. To isolate proteins of interest, 200 μg of tissue lysates
were immunoprecipitated overnight at 4°C with 1.0–1.5 μg of antibodies
to IRβ, IGF-1β, IRS-1, Akt1, GSK-3β, mTOR, ERK2, AS160, or GLUT4
covalently conjugated to protein A–agarose beads (Pierce-Endogen). The
antibodies used are shown in Supplemental Table 8. Immunoprecipitates
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were incubated with 75 μl antigen elution buffer and 2% SDS for 2 minutes
on ice, centrifuged to remove antibody–protein A–agarose complexes, and
neutralized immediately with 10 μl of 1.5 M Tris buffer (pH 8.8) followed
by addition of 65 μl 2× PAGE sample buffer and boiled for 5 minutes.
Supernatants were probed for any residual target proteins, which showed
that greater than 90% of the target proteins were immunoprecipitated in
all cases (Supplemental Figure 8).
Immunoblotting. Solubilized immunoprecipitates derived from 100 μg
tissue lysates were loaded on 7.5% or 10% gels, separated by SDS-PAGE,
and then electrophoretically transferred to nitrocellulose membranes.
Samples from a pair of N and AD cases were run on the same blots. Membranes were washed with PBS, blocked overnight at 4°C with 10% milk in
PBS containing 0.1% Tween-20 (PBST), and washed 3× in 0.1% PBST baths
(2 minutes each). To assess protein activation, membranes loaded with the
above-described immunoprecipitates were incubated for 2 hours at room
temperature with antibodies (Supplemental Table 9) to IRβ pY1150/1151/
IGF-1Rβ pY1135/1136, IRβ pY960, IRS-1 pS312, IRS-1 pS616, IRS-1 pS636/639,
Akt1 pS473, GSK-3β pS9, GSK-3β pY216, mTOR pS2448, or ERK1/2 pT185/
pY187. To assess total protein levels (and IRS-1 binding to IRβ, IGF-1Rβ, or
PI3Kα), membranes were stripped and reprobed for 2 hours at room temperature with antibodies (Supplemental Table 9) to IRβ, IGF-1Rβ, IRS-1,
PI3K p85α, Akt, GSK-3β, mTOR, or ERK2. After initial probing and again
after reprobing, membranes were washed 3× in 0.1% PBST baths (2 minutes each), incubated for 1 hour with 1:5,000 dilution of species-appropriate, HRP-conjugated secondary antibodies, and washed 3× in 0.1% PBST
baths (2 minutes each). Immunoreactivity was visualized by reaction in
ECL Plus chemiluminescent reagent for exactly 5 minutes, followed by
immediate exposure of the blot to X-ray film (Z & Z Medical). Bands at
the relevant molecular masses were quantified using a GS-800 calibrated
densitometer (Bio-Rad Laboratories). Ratios of phosphorylated to total
levels of each antigen were used to compare N and AD cases independent
of neuronal numbers sampled.
Ex vivo testing of insulin-induced glucose uptake. Aliquots of LMKR-suspended
HF tissue totaling about 200 μg of slices or 100 μg of synaptosomes
were preincubated for 5 minutes at 37°C in a shaking water bath. Next,
0.1 μCi [3H]glucose (glucose, d-[6-3H(N)]; 45.7 Ci/mmol; PerkinElmer)
was added, followed immediately by vehicle, 1 or 10 nM insulin, or
10 μM glutamate/1 μM glycine, bringing the incubation volume to 250
μl. The incubation continued for 5 minutes, after which it was stopped by
the addition of 1.25 ml ice-cold LMKR containing 0.5 mM EGTA. After
centrifugation, the supernatant was discarded, and the pellet was resuspended in 1.5 ml fresh 0.5 mM EGTA containing LMKR and then centrifuged. The final pellet was resuspended in 500 μl distilled water and kept
at room temperature overnight. The entire suspension was then added
to a scintillation cocktail (Fisher Scientific BP458-4), and its radioactivity was measured by scintillation spectrometry. Background values were
estimated in lysed tissue sections (200 μg) or synaptosomes (100 μg) sonicated in LMKR and subtracted from readings on the unlysed tissue. The
final data were expressed as mean percent ± SEM of stimulated versus
basal readings in LMKR alone.

showed that their tissue immunoreactivity was totally blocked by preadsorption with 5× molar concentrations of phosphorylated immunogen,
but not perceptively by the nonphosphorylated immunogen.
Quantitative immunohistochemistry. A protocol was used in which all sections to be compared for a given antigen were reacted simultaneously with
the same solutions for the same amount of time using a standard avidinbiotin-peroxidase method (170). See Supplemental Methods and Supplemental Table 6 for details of the protocol and the epitope retrieval and
signal amplification techniques used.
Image analysis. On each coverslipped slide, an investigator outlined in
ink the region of interest (ROI), CA1, as defined by Lorente de Nó (171)
and Amaral and Insausti (172), under a Reichert-Jung dissecting microscope. Using the same lighting conditions for all sections in a given IHC
experiment, gray-scale photomicrographs at ×100 covering the ROI were
taken on a Leitz DMRB microscope (Leica Microsystems) equipped with
a Retiga Exi/QEi digital camera (QImaging) distinguishing 4,095 shades
of gray and with a MAC 2000 motorized stage (Ludl Electronic Products)
driven by the Turboscan feature of Image-Pro Plus software (Media Cybernetics Inc.). That software was used to create composite images of the
entire ROI in each section and to quantify relevant features of the images:
(a) neuronal parameters (areas of cell nuclei and cell bodies), (b) Aβ load
(percent area covered by Aβ plaques), (c) NFT density per mm2, (d) OD of
immunoreactive neurons, and (e) immunoreactive neurons per mm2, with
neuron defined as an immunoreactive cell larger than the maximal size of
cell nuclei (70.4 μm2), as measured in hematoxylin-stained sections from
our tissue samples. The large size of cells immunoreactive for the antigens
studied identified them as neurons.

Statistics
2-tailed Student’s t tests were used to assess between-group differences (N
vs. AD) in the ex vivo stimulation experiments and in immunohistochemical
tests on the UPenn cohort. ANOVAs were used to assess differences among
N, MCI, and AD cases in immunohistochemical tests on the ROS cohort
followed by post-hoc Tukey-Kramer honestly significant difference tests
(173) to compare pairs of diagnostic groups. Since neuron loss in CA1 of
AD cases varies, the reported densities of neurons with cytoplasmic levels for
any given antigen were normalized to total neuron densities. Pearson r was
used to quantify relationships between the density of cells with cytoplasmic IRS-1 pS and potential causes of such phosphorylation. Mixed-model
regression analyses were used to assess the association between measures of
cognition and measures of insulin signaling molecules or neuropathology.
Statistical analyses were performed using JMP software (version 7.0.2; SAS
Institute). P values less than 0.05 were considered statistically significant.

Study approval

Immunohistochemical tests

For the human postmortem studies, informed consent was obtained for
collection and use of clinical, psychometric, genetic, and postmortem data
from all subjects of the present study or their next of kin in accordance
with the Institutional Review Boards at the University of Pennsylvania
and Rush University Medical Center. For rat studies, all procedures were
reviewed and approved by the IACUC of City College of New York, where
the animal facilities for CUNY Medical School are located.

In total, 33 antigens were studied with the antibodies shown in Supplemental Table 6. The oligomeric Aβ antibodies NU1 and NU4 were supplied by W.L. Klein (Northwestern University, Chicago, Illinois, USA). In
Western blots, the antibodies recognized only 1 major band (often only
a single band) located at or near the predicted molecular mass of the target antigens. Their specificity was confirmed by greatly diminished tissue
immunoreactivity after preadsorption with the immunogen. In the case
of antibodies to IRS-1 pS312, IRS-1 pS616, and IRS-1 pS636/639, such tests
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