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Abstract

Neuronal insulin signaling abnormalities have been associated with Alzheimer's disease (AD). 

However, the specificity of this association and its underlying mechanisms have been unclear. 

This study investigated the expression of abnormal serine phosphorylation of insulin receptor 

substrate 1 (IRS1) in 157 human brain autopsy cases that included AD, tauopathies, α-

synucleinopathies, TDP-43 proteinopathies, and normal aging. IRS1-pS616, IRS1-pS312 and 

downstream target Akt-pS473 measures were most elevated in AD but were also significantly 

increased in the tauopathies: Pick's disease, corticobasal degeneration and progressive 

supranuclear palsy. Double immunofluorescence labeling showed frequent co-expression of IRS1-

pS616 with pathologic tau in neurons and dystrophic neurites. To further investigate an association 

between tau and abnormal serine phosphorylation of IRS1, we examined the presence of abnormal 

IRS1-pS616 expression in pathological tau-expressing transgenic mice and demonstrated that 

abnormal IRS1-pS616 frequently co-localizes in tangle-bearing neurons. Conversely, we observed 

increased levels of hyperphosphorylated tau in the high-fat diet-fed mouse, a model of insulin 

resistance. These results provide confirmation and specificity that abnormal phosphorylation of 

IRS1 is a pathological feature of AD and other tauopathies, and provide support for an association 

between insulin resistance and abnormal tau as well as amyloid-β.
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Introduction

Accumulating evidence suggests that type 2 diabetes (T2D) and Alzheimer's disease (AD) 

share certain common pathophysiological mechanisms. Peripheral insulin resistance, which 

is defined by the failure to respond to normal circulating concentrations of insulin, is one of 

the earliest and most important metabolic defects in impaired glucose tolerance and T2D 

[38]. An analogous defect in the response of brain tissue to insulin is now thought to occur 

in AD. Compared to healthy aging controls, neuro-pathological studies of AD brains have 

described reduced insulin receptor (IR) expression and alterations of insulin signaling 

consistent with insulin resistance [39, 43, 44, 48]. Although T2D and AD are both prevalent 

diseases of aging and frequently overlap, the described abnormalities in brain insulin 

signaling in AD can occur independently of clinical diabetes [44]. Further supporting a 

critical role for insulin signaling abnormalities in AD pathology, a recent study has 

demonstrated that administration of insulin to patients with AD improves cognitive function 
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and memory [8], and insulin and other antidiabetic drugs are currently undergoing clinical 

investigation as novel therapeutic agents in AD [50].

Insulin receptor substrate 1 (IRS1) is a critical switch in the insulin signaling pathway, and 

also interacts with other receptor tyrosine kinases including IGF1/2, TrkB and ErbB. While 

tyrosine phosphorylation of IRS1 leads to the downstream activation of Akt, mTOR, GSK3, 

among other pathways, the phosphorylation of IRS1 on multiple serine residues can inhibit 

IRS1 activity, leading to insulin resistance [20]. Abnormal serine phosphorylation of IRS1 is 

an established marker of peripheral insulin resistance [20, 36], and we have similarly shown 

that serine-phosphorylated IRS1 in brain is consistently associated with insulin resistance as 

well as IGF1 resistance in both mouse and human ex vivo insulin stimulation experiments 

[44]. Using antibodies specifically targeting phosphoserine residues, we and others have 

previously demonstrated basal elevations in IRS1 serine phosphorylation in the 

hippocampus in AD [6, 44].

Insulin signaling abnormalities have been proposed to play a role in other neurodegenerative 

conditions in addition to AD [2, 9], but to our knowledge no studies have provided direct 

evidence of such in brain. Therefore, it remains unclear whether brain insulin resistance is a 

general phenomenon of neurodegeneration present in other or all neurodegenerative 

diseases, or whether it is only associated with particular diseases or disease pathologies. 

Furthermore, we and others have previously described IRS1 signaling pathway 

abnormalities in AD in hippocampus only [28, 44], and the degree to which these occur in 

other brain regions of relevance to neurodegenerative dementias is not known.

To address these questions, we first used immunohistochemistry for IRS1-pS616 and 

quantitative microscopic image analysis to measure abnormal serine-phosphorylated IRS1 

expression in three brain regions in AD and other neurodegenerative diseases including 

tauopathies [Pick's disease (PiD), progressive supranuclear palsy (PSP), corticobasal 

degeneration (CBD)], α-synucleinopathies [Parkinson's disease (PD) and PD with dementia 

(PDD), dementia with Lewy bodies (DLB), multiple system atrophy (MSA)], and TDP-43 

proteinopathies [frontotemporal lobar degeneration associated with TDP-43 (FTLD-TDP) 

and amyotrophic lateral sclerosis (ALS)] as compared to normal-aged controls. We found 

markedly abnormal expression of IRS1-pS616 in AD and to lesser degrees in all three 

primary tauopathies, but not in α-synuclein or TDP-43 diseases. We validated the increased 

IRS1-pS finding with immunohistochemistry for IRS1-pS312 and IRS1's downstream target 

Akt and, with ELISA for IRS1-pS312. To further demonstrate an association of tau and 

IRS1-pS616, we performed double immunofluorescence labeling of neuropathological 

samples. We also separately examined the effect of tau pathology on IRS1-pS616 expression 

in a tau-overexpressing transgenic mice model and conversely, we examined the effects of 

insulin resistance on tau phosphorylation in a mouse with high-fat diet-induced insulin 

resistance.
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Materials and methods

Case material

Brain tissues were investigated from 132 patients with neurodegenerative diseases belonging 

to 10 different diagnostic categories and 25 age-matched controls (Table 1). These case 

materials were obtained from the brain collection of the Center for Neurodegenerative 

Disease Research (CNDR) at the University of Pennsylvania. Gross inspections, tissue 

processing and diagnostic microscopic examinations were conducted as previously 

described [14, 22, 33, 41, 51]. Briefly, after extraction and weighing, visual inspection 

documented any gross abnormalities of the whole brain, meninges, and extracerebral blood 

vessels. The hindbrain and cerebral hemispheres were separated and coronally sectioned into 

1–2 cm slabs for further inspection of any infarctions, tumors or other lesions. Fresh tissues 

from multiple CNS areas were fixed in 10 % neutral buffered formalin or 70 % ethanol with 

150 mmol sodium chloride, and paraffin embedded. One hundred twenty-eight of the cases 

had been referred or followed clinically by research clinicians in the University of 

Pennsylvania Health System. Twenty-nine brains were from patients with frontotemporal 

dementias who were followed at the University of California San Francisco. These brains 

were extracted in San Francisco, hemisected, immersion fixed and shipped to the CNDR for 

processing, microscopic diagnosis and research studies. Sections from all cases were stained 

with hematoxylin–eosin, thioflavin S and special stains as indicated for establishing 

diagnosis. These diagnostic examinations also included immunohistochemistry conducted 

with monoclonal antibodies directed at paired helical filament tau (PHF1, 1:1000, a gift of 

Peter Davies, PhD), α-synuclein (“303”, 1:4000, generated in the CNDR) and TDP-43 (1:10 

000; Novus Biologicals, Littleton, CO, USA) and developed using (1) the avidin–biotin 

complex detection method (Vectastain ABC kit; Vector Laboratories, Burlingame, CA, 

USA) or BioGenex Super Sensitive MultiLink IHC Detection System Kit (BioGenex 

Laboratories, San Ramon, CA, USA) with 3,3-diaminobenzidine as the chromogen.

The cases used in these studies were selected from the entire CNDR brain collection in a 

stepwise process a priori. Cases were first selected based on the presence of a sole clinical 

neuropathological diagnosis of a neurode-generative disease within one of four major 

neuropatho-logical categories: (1) AD diagnosed by the presence of both amyloid-β plaques 

and tau neurofibrillary tangles and dystrophic neurites according to established criteria [46]; 

(2) the tauopathies PiD [1], PSP [18], and CBD [10]; (3) the α-synucleinopathies PD and 

PDD [11], DLB [31], and multiple system atrophy MSA [47]; and (4) the TDP-43 

proteinopathies FTLD-TDP-43 [7] and sporadic amyotrophic lateral sclerosis ALS [29]. 

Mixed neurodegenerative disease pathology cases, i.e., cases with other, secondary 

neuropathological diagnoses were excluded. Cases with incidental small lesions (e.g., small 

lacunar infarcts, meningiomas, etc.) that were deemed non-contributory to the patient's 

neurological status were allowed. In addition, a normal-aged comparison group was selected 

based on the absence of any history of neurological or psychiatric disorder and no 

remarkable pathology on examination. Cases were then further screened for group 

compatibility on the basis of age, sex and postmortem interval to the extent possible among 

the available cases in the collection.
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Histological processing and immunohistochemistry

Paraffin tissue blocks of midfrontal gyrus, angular gyrus and the body of the hippocampus 

were sectioned at 6 μm and mounted on APES-coated slides. In select diseases in which 

subcortical pathology may predominate, we also investigated striatum, midbrain, pons, and/ 

or cervical spinal cord to search for abnormal IRS1-pS616 expression. After dewaxing and 

rehydration, the sections were prepared for immunohistochemistry. To delineate 

cytoarchitectural limits of the CA1 and subiculum subfield of interest in this study, adjacent 

sections were stained in 0.1 % cresyl violet acetate (Acros Organics 229630050, Fisher 

Scientific) at pH 4.3, differentiated in 95 % ethanol, dehydrated in 100 % ethanol, cleared in 

xylenes, and coverslipped under Cytoseal 60 (Fisher Scientific). For immunohistochemistry, 

tissue sections were first dewaxed in xylenes, rehydrated in descending alcohols, and 

quenched of endogenous peroxidase activity in 5 % H2O2 dissolved in methanol for 30 min. 

They were then rinsed in distilled water and treated with an epitope retrieval method. For 

amyloid-β and phosphorylated tau, sections were immersed for 10 min in concentrated 

formic acid (Fisher Scientific BP1215-500) similar to the method of Kitamoto et al. [25] For 

other antigens, sections were boiled for 10 min in 1 mM EDTA (pH 8.0).

After antigen retrieval treatment, the tissues were rinsed in water, transferred to 0.1 M Tris 

buffer with 0.01 % Triton X-100 (TTB), blocked in 10 % normal horse serum, and 

incubated in primary antibody overnight at 4 °C. Primary antibodies were directed against 

IRS1-pS616 (Invitrogen 44-550G; Rabbit 1:500), IRS1-pS312 (Invitrogen 44-814G; Rabbit 

1:100), Akt-pS473 (Cell Signaling 4051, Mouse, 1:300), Tau pS202/pT205 (Thermo 

Scientific, AT8 Mouse 1:800), amyloid-β (Santa Cruz 3227, NAB228, Mouse 1:500), α-

synuclein and TDP-43 (both antibodies from the laboratory of VMYL and JQT) [15]. For 

double immunofluorescence labeling, sections were co-incubated in primary antibodies 

against IRS1-pS616 and against Map-2 (NeoMarkers, AP20, Mouse 1:400), GFAP 

(Chemicon, MAB360, Mouse 1:200), CD68 (DaKo, M 0814, Mouse 1:50), amyloid-β, tau, 

α-synuclein, or TDP-43. For secondary antibodies we used Alexa Fluor 488 donkey anti-

mouse (A21202, 1:500, Invitrogen) and Alexa Fluor 594 donkey anti-rabbit IgG (A21207, 

1:500; Invitrogen).

Sections used for pathology density measurements and ratings were incubated in species-

appropriate biotinylated secondary antibody for 1 h at room temperature, transferred to an 

avidin–biotin-peroxidase complex for 1 h, and finally reacted with a 0.05 % 

diaminobenzidine (DAB)—0.03 % hydrogen peroxide solution for 10 min. Immunoreaction 

signal was enhanced by adding NiSO4 (0.25 % final dilution) to the DAB solution. Sections 

were then rinsed in water, dehydrated in ascending concentrations of alcohols, cleared in 

xylenes, and coverslipped under Cytoseal 60.

Neuropathology lesion assessment

For IRS1-pS616, IRS1-pS312, Akt-pS473, tau and amyloid-β pathology quantitation, we used 

high-throughput computer-assisted percent area determinations, as previously described [4, 

5, 32, 40, 42]. Briefly, under uniform lighting conditions, gray-scale photomicrographs at 

×100 covering the cortical region of interest (ROI) were taken on a Leitz DMRB microscope 

(Leica Microsystems) equipped with a Retiga Exi/QEi digital camera (QImaging) 
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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). 

This software was used to create composite images of the entire ROI in each section. After 

manually delineating the gray matter to be measured within the section, an image filtering 

algorithm was applied to differentiate contiguous immunostained pixels from background 

unstained tissue and then calculate the percent area covered by IRS1-pS616, IRS1-pS312, 

Akt-pS473, tau neurofibrillary tangles and neuropil threads, and amyloid-β plaques. For α-

synuclein and TDP-43, we used semi-quantitative ratings conducted by a single-skilled 

operator (HK) masked to any clinical information. Lesion densities were scored on a 0 

(none), 1 (occasional), 2 (moderate) or 3 (severe) scale for the presence of pathological 

cytoplasmic and neuritic labeling, and ratings from three separate fields were then averaged 

into a final expression score for each section.

IRS1-pS312 enzyme-linked immunosorbent assay

A commercial enzyme-linked immunosorbent assay (ELISA) kit (Millipore, Billerica, MA, 

USA) was used to confirm differences in expression of IRS1-pS312 in brain. One half gram 

of midfrontal cortex fresh frozen tissue from eight normal, eight AD, and eight tauopathy 

brains (4 PiD and 4 CBD) was homogenized in RIPA buffer with protease inhibitors. The 

resultant homogenate was diluted 20-fold, and IRS1-pS312 expression was determined 

following standard kit procedures. The kit has a detection limit of 1.5 Units/mL, and a range 

of detection of 1.6–100 Units/mL. We used non-parametric Wilcoxon tests to compare 

tissue expression of IRS1-pS312 between pairs.

Mouse case material and brain tissue processing

Tau transgenic mice—Brain sections were obtained from old PS19 tau transgenic mice 

on a B6C3 background that were generated in the laboratory of VMYL as well as young 

PS19 mice that had been stereotactically inoculated with synthetic preformed fibrils (pffs) 

assembled from recombinant full length tau or truncated tau containing four microtubule 

binding repeats, as previously described [23, 52]. PS19 mice were originally generated using 

a cDNA encoding the human 1N4R tau isoform with the P301S tau gene (MAPT) mutation 

and typically begin to develop pathological tau aggregates at 8 or 9 months of age. After 

synthetic tau pff inoculation in hippocampus of young mice (3 months), there is rapid 

induction of NFT-like inclusions that propagate from injected sites to connected brain 

regions in a time-dependent manner. Six micron sections from formalin-fixed, paraffinized 

brains were double labeled for IRS1-pS616 and Tau pS202/pT205 for fluorescence 

microscopy, as described above in Histological Processing and Immunohistochemistry. The 

Ser616 phosphorylation sequence is highly conserved across species and the Invitrogen 

antibody that we used is well-known to recognize this sequence in humans and in mice.

High-fat diet mice—C57BL/6J male mice (Jackson Laboratories) were purchased at 8 

weeks of age and housed 5/cage under standard conditions in a temperature- and humidity-

controlled facility with a 12-h light–dark cycle (lights on at 07:00) at the University of 

Pennsylvania Translational Research Laboratories. After 1 week acclimation, mice were fed 

a very-high-fat diet [“HFD”, 60 % kcal from fat, (D12492, Research Diets, Inc, New 

Brunswick, NJ, USA) or the normal control diet (“NCD”), 10 % kcal fat diet, D12450B], for 
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17 days (n = 5/ group). This diet produced less than 20 % weight gain, but mice did have 

robust hyperglycemia and hyperinsulinemia. Brains were rapidly removed and fresh frontal 

polar cortex tissue was dissected, lysed in lysis buffer, subjected to SDS-PAGE and 

immunoblotted for phospho-tau (T231, Invitrogen clone PHF-6, 1:3000) and total tau 

(phospho-independent, T49 [30], generated in laboratory of V.M.Y.L.) according to 

previously described methods Bang et al. [3].

All experimental animal procedures were conducted in accordance with the guidelines 

published in the NIH Guide for Care and Use of Laboratory Animals and approved by the of 

Pennsylvania Institutional Animal Care and Use Committee.

Data analysis

Preliminary statistical analyses examined associations of IRS1-pS616, IRS1-pS312, Akt-

pS473, amyloid-β, and tau percent area measurements and α-synuclein and TDP-43 ratings 

with age, sex and postmortem interval. For primary analyses, summary pathological burden 

scores for IRS1-pS616, IRS1-pS312, Akt-pS473, and other disease lesions (amyloid-β, tau, α-

synuclein, TDP-43) in each case were created by averaging the percent area or ratings for 

the three cortical regions of interest into a global cortical value for that lesion. Secondary 

analyses examined regions separately within each disease category, within each specific 

disease, and for associations with ratings of each disease lesion. Analyses of differences of 

IRS1-pS616 expression among disease categories used ANOVA for global cortical and 

region-specific values followed by Tukey HSD tests [37] to compare differences between 

individual diagnostic categories. Associations of IRS1-pS616 with amyloid-β, tau, α-

synuclein and TDP-43 were assessed in each disease category with linear regression models 

adjusting for age and sex. We used one-way ANOVAs to compare differences in IRS1-

pS312 and Akt-pS473 expression between normal aging cases and individual diagnostic 

categories. All statistical analyses were performed using JMP Pro 10.0.0 (SAS Institute Inc., 

Cary, NC). P values <0.05 were considered significant and all statistical tests were two 

sided.

Results

Twenty-five cases with a neuropathological diagnosis of AD, 38 with various tauopathies, 

48 with α-synucleinopathies, 28 with TDP-43 proteinopathies, and 25 with normal aging 

brain were included in our analysis of abnormal IRS1-pS616 expression across multiple brain 

regions. Characteristics of the study groups are displayed in Table 1. We assessed possible 

cofounders but found no statistically significant relationships between IRS1-pS616 

expression and age (p = 0.37), sex (p = 0.42) or postmortem interval (p = 0.16) across the 

entire cohort or within any diagnostic category.

Serine-phosphorylated IRS1 measures are elevated in AD and other tauopathies

IRS1-pS616 measurements in the three regions for each group are graphically depicted in 

Fig. 1. IRS-pS616 expression measures were significantly increased in AD as compared to 

the normal aging group in all three regions (all p < 0.0001). While IRS-pS616 measures were 

extremely high in the AD group, we also found elevated abnormal IRS1-pS616 in the non-

Yarchoan et al. Page 7

Acta Neuropathol. Author manuscript; available in PMC 2015 January 23.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



amyloid tauopathy group: PiD, CBD and PSP. In region-specific analyses, we found 

significant increases in IRS1-pS616 in the hippocampus (p = 0.0005) and frontal cortex (p = 

0.0014), but not parietal cortex (p = 0.06). Regression plots of percent area of tau-

immunoreactive pixels by IRS1-pS616 immunoreactive pixels for AD and other tauopathies 

in hippocampus, midfrontal gyrus cortex, and angular gyrus in the parietal cortex are shown 

in Figure 2a–c. In contrast, the α-synucleinopathies and TDP-43 proteinopathies exhibited 

no differences in IRS1-pS616 measures compared to the normal group globally or in any 

region (all p > 0.28).

The relationships between IRS1-pS616 and the densities of specific pathologic lesions were 

assessed within each diagnostic category. In correlation analyses, we found highly 

significant associations between IRS1-pS616 and tau percent area measurements both 

globally and regionally in all three regions across the entire sample and within the subset of 

diseases with tau pathology (AD, PiD, CBD and PSP), (all p < 0.0001). In contrast, IRS1-

pS616 was not significantly associated with amyloid-β plaque percent area in AD (all p > 

0.18) and there were similarly no associations between IRS1-pS616 and α-synuclein or 

TDP-43 ratings in their respective disease categories.

To determine if the IRS1 abnormality in the tauopathies is specific for IRS1 phosphorylated 

at S616, or if other serine residues might be affected as they are in AD [44], we performed 

additional staining and a confirma-tory ELISA on midfrontal gyrus cortex brain tissue. 

Using immunochemistry for IRS1-pS312, we stained 38 representative cases (14 AD, 13 

tauopathy, and 11 normal aging). Results are shown in Supplemental Figure 1a. As with 

IRS1-pS616, immunohistochemistry and quantitative image analysis showed abnormal IRS1-

pS312 was most robustly elevated in the AD group (p < 0.001), but was also significantly 

elevated in the tauopathy group (p = 0.021). ELISA further confirmed increased expression 

abnormalities of IRS1-pS312 in midfrontal gyrus cortex tissue lysates from a representative 

subset of AD, tauopathy, and normal aging samples (each N = 8) where AD and tau cases 

were both significantly elevated as compared to the normal aging cases (Tau, p = 0.003; AD 

p = 0.0009, Supplemental Figure 1b). Finally, to understand if the observed differences in 

serine phosphorylation are associated with downstream abnormalities in the insulin 

signaling cascade, we additionally investigated phosphorylation of the IRS-1 target Akt. 

Midfrontal gyrus cortex slices from the same cases used for IRS1-pS312 were 

immunostained for serine-phosphorylated Akt (pS473). Similar to IRS1, we found that AKT-

pS473 was most elevated in the AD group (p = 0.0035), but was also significantly elevated in 

the tauopathy group (p = 0.043) as compared to normal aging (Supplemental Figure 1c).

Double immunofluorescence labeling shows frequent co-expression of IRS1-pS616 with 

pathologic tau

To further examine an association between abnormal serine phosphorylation of IRS1 and 

pathologic tau, we conducted double labeling experiments for IRS1-pS616 and different 

types of protein aggregates in multiple samples across the range of neurodegenerative 

diseases included in our cohort. Representative double-labeled images are shown in Fig. 3. 

Of particular note, we observed frequent double labeling of IRS1-pS616 and tau in 

cytoplasmic inclusions and dystrophic neurites in multiple tauopathies in multiple brain 
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regions. In cortical regions, statistically significant differences in abnormal IRS1-pS616 

measures were observed in AD, PiD, and CBD, but not PSP. We considered whether the 

absence of IRS1-pS616 expression abnormalities in PSP might be due to the predominant 

subcortical localization of tau pathology in this disease, in contrast to PiD and CBD. We 

therefore examined the pons, a region of high pathology in PSP and frequently saw 

abnormal tau/IRS1-pS616 co-expression in cytoplasm and neurites (Fig. 3h). In contrast to its 

association with tau lesions, we did not observe any double labeling or other evident 

relationship between IRS1-pS616 expression and α-synuclein inclusions or neurites in PD, 

PDD, DLB or MSA or TDP-43 inclusions or neurites in FTLD-TDP or ALS in cortical 

regions. To further ensure the specificity of the observed association between IRS1-pS616 

and AD and other tauopathies, we also examined sections from pons and substantia nigra in 

PD and in cervical spinal cord in ALS. Even in these vulnerable regions for these respective 

diseases, no abnormal IRS-1 pS616 or pathological inclusion double labeling was observed 

as compared to normal controls.

To ascertain the cell-type specificity of pathological IRS1-pS616 expression in AD and other 

tauopathies, we conducted double labeling experiments with antibodies directed against 

IRS1-pS616 and microtubule-associated protein 2 (MAP2, neurons), glial fibrillary acidic 

protein (GFAP, astocytes) and CD68 antigen (microglia). IRS1-pS616 immunoreactivity in 

the brain in both young and normal elderly subjects without CNS disease is mostly confined 

to the nucleus with very little immunoreactivity evident in cytoplasm, dendrites or axons, 

whereas IRS1-pS616 is abnormally expressed in cytoplasm and neuritic threads in AD and 

other tauopathies [44]. In AD cases (n = 3, Supplemental Figure 2a), normal nuclear IRS1-

pS616 expression was observed in both neurons and astrocytes, but not in microglia, while 

pathological perikaryal IRS1-pS616 expression was seen only in neurons. Similarly, in both 

CBD and PSP (each n = 2), we again observed pathological perikaryal IRS1-pS616 

expression in neurons but not in astrocytes (Supplemental Figure 2b). Therefore, 

pathological IRS1-pS616 is present in the perikarya of cells of neuronal morphology, but not 

astrocytes or microglia, in AD and other tauopathies.

Mouse models further support an association between IRS1-pS616 and pathologic tau

We further investigated an association between tau pathology and IRS1-pS616 by exploring 

whether primary tau pathology was associated with abnormal IRS1-pS616 expression in 

human tau-overexpressing transgenic mice. We examined old PS19 mice (19 months old) 

and younger adult (5–7 months) mice that were inoculated with synthetic tau preformed 

fibrils in the hippocampus at 3 months of age. This mouse model is known to produce 

dramatic and robust tau pathology morphologically very similar to human AD and 

tauopathies. We found abnormal IRS1-pS616 frequently co-localized in tangle-bearing 

neurons in these mice (Fig. 4). Conversely, to investigate whether insulin resistance could 

alter or promote pathologic tau in mice, we compared immunoblot levels of phosphorylated 

tau (normalized to total tau) in brain frontal cortex homogenates from C57BL6/J mice 

randomized to either a 60 % high-fat diet (a mouse model of insulin resistance) or control 

diet conditions. Using an antibody specific for tau phosphorylation at T231, a common site 

of abnormal hyperphosphorylation in AD, we found that the mice receiving the high-fat diet 
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exhibited approximately 60 % increased phospho-tau levels compared to control diet mice 

(Fig. 5).

Discussion

Abnormal insulin signaling is increasingly recognized for its association with 

neurodegenerative dementia. Here, we confirm previous reports that abnormal serine 

phosphorylation of IRS1 is common in the hippocampus in AD and we newly demonstrate 

that this occurs in other cortical regions in this disease as well. While abnormal IRS1-pS616 

and IRS1-pS312 expression was extremely elevated in AD, we also unexpectedly found 

increased expression of serinephosphorylated IRS-1 in other tauopathies, including PiD, 

CBD and PSP, albeit to a lesser degree than in AD. These other tauopathies share a common 

biochemical hallmark with AD of hyperphosphorylated tau, but are pathologically distinct 

from AD in that the distributions of pathological tau pathology differ and AD also features 

extracellular amyloid-β plaques. We also found increased expression of Akt-pS473 

associated with IRS1 abnormalities in AD and other tauopathies, indicating disruption of 

insulin signaling downstream to IRS1 as well. We found no increase in serine 

phosphorylation of IRS1 levels in the other neurodegenerative diseases, i.e., α-synuclein or 

TDP-43 diseases in our sample. The association of IRS1 abnormalities and tau was further 

supported by double immunofluorescence experiments demonstrating frequent co-

expression of IRS1-pS616 with tau lesions in neurons and dystrophic neurites, but not with 

lesions of other diseases. IRS1-pS616 partial co-localization with PHF tau-immunoreactive 

neurofibrillary lesions was shown previously in the 3 × Tg-AD mouse model [28] in which 

amyloid is present, we newly show partial co-localization in pure tauopathies in which there 

is absence of amyloid-β. We further demonstrate that IRS1-pS616 and tau pathology are both 

present in mouse models of primary tau pathology and increased tau phosphorylation is 

present in high-fat diet-induced insulin resistance in the mouse. These results demonstrate 

that IRS-1 pS616 and abnormal tau frequently coexist and we surmise they may have 

reciprocal relationships even in the absence of amyloid-β.

Determining the specific mechanisms underlying the association between serine-

phosphorylated IRS1 and abnormal tau requires investigation. We speculate that they may 

be linked by common regulatory kinases. For example, glycogen synthase kinase-3 (GSK-3) 

is a multifunctional serine/threonine kinase [24] that has been implicated both in the 

phosphorylation and aggregation of tau [17, 21], and in the serine phosphorylation of IRS1 

leading to insulin resistance [12, 19, 44]. We previously demonstrated abnormal GSK-3 

phosphorylation in association with increased serine-phosphorylated IRS1 and other features 

of insulin resistance in MCI and AD [44]. Activated GSK-3 has also been found to 

accumulate in the cytoplasm of pre-tangle neurons in brains staged for neurofibrillary 

changes [34]. Unlike many other kinases, GSK-3 is normally constitutively active and is 

regulated primarily through inhibition of its activity. Since one of the biological responses of 

insulin action is downstream activation of the IRS1–PI3k–Akt pathway and inhibition of 

GSK-3 (for review, [24]), we hypothesize that brain insulin resistance disinhibits GSK-3 

activity, leading to increased abnormally phosphorylated tau, tau aggregation, microtubule 

dysfunction and ultimately neurodegeneration. Another mechanism through which IRS1–

PI3k–Akt pathway dysfunction may directly affect tau is via mTOR. In AD, abnormal levels 
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and activation of mTOR and its downstream targets have been found in association with tau 

pathology [26, 45] and with IRS1-pS616 and other markers of insulin resistance [44]. On the 

other hand, it is also possible that IRS1 serine phosphorylation and abnormal tau 

phosphorylation occur as independent processes, perhaps downstream of a common kinase. 

One candidate kinase that is known to phosphorylate both IRS1 and tau is the Jun N-

terminal kinase (JNK) [6, 35].

The AD group in our study had significantly higher overall IRS1-pS616 and IRS1-pS312 

measures than the other tauopathies. This may be due to additive or synergistic effects of 

amyloid-β on IRS1 serine phosphorylation acting through a JNK signaling pathway as 

previously demonstrated by Ma et al. [28]. Amyloid-β may contribute to abnormal IRS-1 

signaling through other mechanisms as well. For example, pathologic amyloid-β has been 

shown to trigger pro-inflammatory signaling including increased tumor necrosis factor-α 

(TNF-α) expression, leading to IRS-1 inhibition [6, 27]. Additionally, amyloid-β may 

activate GSK-3 [16], promoting downstream IRS-1 inhibition [13]. Since amyloid-β shares a 

consensus sequence with insulin, it may also potentiate insulin resistance by binding to the 

insulin receptor directly [49]. Thus, insulin resistance, hyperphosphorylated tau, and 

amyloid-β may have reciprocal relationships in AD that together drive neuronal dysfunction.

Notable strengths of this investigation include the large sample of diverse neurodegenerative 

disease dementias, including fairly rare diseases and relatively “pure” diseases without 

mixed pathologies that might confound comparisons, the use of highly sensitive and specific 

antibodies for the molecular lesions of interest, and the use of both double labeling and 

quantitative analyses to investigate relationships between IRS1 abnormalities and signature 

neurode-generative disease lesions. Relative weaknesses include selection biases inherent in 

our cohort such as a tertiary care practice referral bias and the fact that most cases died in 

advanced stages of their neurodegenerative diseases. These may limit generalizability of 

findings. Although we confirmed our finding of a specific association between abnormal 

IRS1 phosphorylation and tau pathology by examining several sites of phosphorylation, we 

cannot exclude the possibility that abnormal IRS1 signaling is a feature of other 

neurodegenerative diseases but is manifest in through different epitopes in the IRS-1 

signaling pathway. In conclusion, this study demonstrates that abnormal serine 

phosphorylation of IRS1 is widespread in brain in AD and other tauopathies but not other 

neurodegenerative diseases. Our results have implications for the potential treatment or 

prevention of AD and other tauopathies, as they raise interest in a role for antidiabetic 

compounds that restore IRS-1 signaling in the brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Serine-phosphorylated IRS-1 (IRS1-pS616) percent area measures in neurodegenerative 

diseases with: AD, tauopathies (including Pick's disease, corticobasal degeneration and 

progressive supranu-clear palsy), α-synucleinopathies (dementia with Lewy bodies, 

Parkinson disease, Parkinson dementia and multiple system atrophy) and TDP-43 

proteinopathies (frontotemporal dementia, amyotrophic lateral sclerosis), and normal aging. 

As compared to the normal aging group, IRS1-pS616 measures are most severely elevated in 

AD but were also significantly elevated in other tauopathies. Error bars represent standard 

error of the mean
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Fig. 2. 
Regression plots of IRS1-pS616 and PHF-Tau percent area of immunolabeled cells and 

neurites in AD and other tauopathies in (a) mid-frontal gyrus cortex, (b) hippocampal CA1/

subiculum and (c) angular gyrus cortex in AD and other tauopathies. All p values were 

<0.0001
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Fig. 3. 
Double immunofluorescence images of IRS1-pS616 (red) and neurodegenerative disease 

lesion proteins (green) in AD (a–d), tauopathies (e–h), α-synucleinopathies (i, j) and TDP43 

proteinopathies (k, l). Yellow indicates proteins’ co-localization. a 72-year-old female with 

AD double labeled for IRS1-pS616 and amyloid-β shows pathological IRS1-pS616 

expression in neuronal cytoplasm and neu-rites interspersed among diffuse amyloid-β plaque 

deposits in mid-frontal cortex. In this and all images except (d), magnification is 400× and 

scale bar = 50 μm. b 58-year-old male with AD showing IRS1-pS616 immunoreactive 

neurites enveloped in neuritic amyloid-β plaque and surrounding IRS1-pS616 

immunoreactive neurons in mid-frontal cortex; c Same case as in (a) double labeled for 

IRS1-pS616 and abnormally phosphorylated tau (p-tau) in midfrontal cortex. Note the 

frequent co-localization (yellow) of perikaryal and neuritic IRS1-pS616 and tau in 

neurofibrillary tangle-bearing neurons as well as p-tau-immunoreactive neurites; d High 

magnification (1,000×) image of midfrontal cortex from 68-year-old male with AD shows 

neurofibrillary tangle that is intensely double labeled for IRS1-pS616 and p-tau 

neurofibrillary tangle. e 57-year-old male with PiD midfrontal cortex labeled for IRS1-pS616 
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and p-tau shows double-labeled fibrillar perikaryon of neuron as well as extensive p-tau-

immunoreactive neuritic pathology, with some double labeling for IRS1-pS616. f 52-year-old 

male with CBD shows IRS1-pS616 and p-tau double-labeled neurons. g 68-year-old female 

with PSP midfrontal cortex double labeled for pS-IRS1 and p-tau shows co-localization in 

several cells. Such abnormal IRS-1 pS616 expression and p-tau pathology was relatively rare 

in cortical regions in our sample of PSP cases, prompting us to evaluate IRS-1 pS616 in 

subcortical regions known to be especially vulnerable in PSP (see text for details). h Pons in 

63-year-old female with PSP exhibits extensive IRS1-pS616 and tau co-localization. i 
Midfrontal cortex in 70-year-old male with PDD immunolabeled for IRS1-pS616 and α-

synuclein. Intracellular Lewy inclusions did not co-localize with abnormal IRS1-pS616. j 
Pons locus coeruleus in 81-year-old male with PD double labeled for IRS-1 pS616 and α-

synuclein shows Lewy pathology and no abnormal IRS1-pS616 expression or double 

labeling. k Midfrontal cortex in 66-year-old female with FTD-TDP immunolabeled for 

IRS1-pS616 and TDP-43 shows normal-appearing IRS1-pS616 nuclear labeling amidst 

frequent cytoplasmic and neuritic TDP-43 lesions without co-localization. l Cervical spinal 

cord from 82-year-old female with ALS shows motor neuron with cytoplasmic TDP-43 

surrounding normal IRS1-pS616 labeled nucleus, without co-localization
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Fig. 4. 
Abnormal IRS1-pS616 expression in hippocampus tangle-bearing neurons of PS19 tau 

transgenic mice. Double immunofluorescence for tau (a–e) and IRS-1 pS616 (a′–e′) and 

merged images (a″–e″) in 19-month-old PS19 human tau Tg mouse without pff inoculation 

(a), 3 PS19 human tau Tg mice (b–d) injected with syn thetic tau pffs at 3 months of age 

and surviving until 5 months (b, c) or 7 months (d) or WT control (e). Note frequent 

abnormal IRS1-pS616 expression in many, but not all tangle-bearing neurons of the 

transgenic animals
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Fig. 5. 
Phosphorylated tau (T231) in high-fat diet mice. Immunob-lots of prefrontal cortex from 

mice fed a normal control diet (NCD) or high-fat diet (HFD, 60 % kcal by fat) for 17 days. 

Total tau was slightly increased in the HFD mice. Average phosphorylated tau (normalized 

to total tau) was increased approximately 60 % in the HFD group compared to NCD mice
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Table 1

Subject characteristics and stratification by study group and subgroups

N Age Female sex (%) PMI

AD 25 73.6 (11.8) 48 10.8 (5.5)

Tauopathy 38 69.0 (10.6) 50 14.2 (10.9)

    CBD 13 69.2 (9.9) 62 11.6 (7.0)

    PiD 10 64.5 (14.8) 50 20.3 (16.8)

    PSP 15 71.8 (7.2) 40 11.8 (6.2)

α-Synucleinopathy 41 75.8 (9.3) 34 11.8 (6.1)

    DLB 9 79.6 (8.3) 22 10.8 (6.9)

    PD 7 74.9 (7.5) 43 11.9 (6.7)

    PDD 11 73.9 (8.8) 18 10.8 (5.6)

    MSA 14 71.1 (10.6) 50 13.5 (6.0)

TDP-43 proteinopathy 28 68.4 (7.5) 46 13.0 (9.1)

    ALS 14 68.4 (8.1) 50 13.4 (9.3)

    FTLD 14 68.3 (7.3) 43 12.6 (9.1)

Normal 25 72.4 (13.5) 52 14.3 (7.7)

Values given are means (standard deviation) or percentages
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