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Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder 
characterized by the progressive development of memory 
deficits. AD is neuropathologically defined by extracellular 
accumulation of amyloid-β peptides into amyloid plaques 
and intraneuronal fibrillar aggregates of hyper- and abnor-
mally phosphorylated tau proteins (Masters et al., 1985; Ser-
geant et al., 2008). Tau pathology is observed early in the 
brainstem and entorhinal cortex (Braak et al., 2011), and 
its progression in the cortex from entorhinal cortex to hip-
pocampus to neocortex corresponds to the progression of 

AD symptoms (Duyckaerts et al., 1997; Grober et al., 1999; 
Jucker and Walker, 2013).

Pathways underlying tau pathology–induced synaptic/
cognitive deficits and neurodegeneration are not well un-
derstood. The prevalent hypothesis is that hyperphosphory-
lation, misfolding, and fibrillization of tau (“tau pathology”) 
impair synaptic plasticity and cause degeneration (Wang and 
Mandelkow, 2016), with a large agreement toward a toxic 
gain of function. However, we cannot rule out that tau pa-
thology may also result in the loss of specific physiological 
tau functions that finally contribute to neuronal dysfunc-
tion, but this hypothesis has been poorly investigated (Tro-
janowski and Lee, 2005; Morris et al., 2011). Constitutive 
deletion of tau does not lead to lethality or neurodegen-
eration (Morris et al., 2011; Wang and Mandelkow, 2016), 
presumably because of compensatory mechanisms (Harada 
et al., 1994). However, tau is obviously needed for normal 
brain function, because tau deletion has been associated 
with brain iron accumulation (Lei et al., 2012) and deficits 
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in synaptic plasticity and cognition (Kimura et al., 2014; Ma 
et al., 2014; Ahmed et al., 2015).

There is limited knowledge on the physiological roles of 
tau. The most extensively described neuronal functions of tau 
are related to its ability to bind microtubules, to regulate their 
assembly and spacing, as well as to control axonal transport 
(Dixit et al., 2008; Sergeant et al., 2008; Morris et al., 2011; 
Wang and Mandelkow, 2016; Lacovich et al., 2017). Recently, 
other functions have emerged, such as the ability of tau to 
control neuronal excitability at dendritic spines (Ittner et al., 
2010) or protect nucleic acids from oxidative stress (Sultan et 
al., 2011; Violet et al., 2014). However, as a scaffold protein 
(Arendt et al., 2016), broader tau functions are expected, and 
thus, better knowledge of tau functions is essential to gain 
insight into the pathophysiological processes underlying AD 
and tauopathies. In the present study, we uncover a novel func-
tion of tau in its ability to regulate brain insulin signaling and 
discuss the pathophysiological implications of these findings.

Results and discussion
Tau deletion impairs hippocampal response to insulin
Tau deletion impairs hippocampal synaptic plasticity and 
memory in mice (Kimura et al., 2014; Ma et al., 2014; Ahmed 
et al., 2015), but the underlying mechanisms remain unclear. 
Here, we investigated a potential interaction between tau and 
hippocampal insulin signaling, which is known to regulate 
hippocampal plasticity and reference memory (Fernandez and 
Torres-Alemán, 2012; De Felice and Benedict, 2015; Grillo et 
al., 2015). We first addressed the impact of tau deletion upon 
hippocampal responsiveness to insulin using hippocampal 
slices from tau KO mice (Tucker et al., 2001). We evaluated 
insulin-induced hippocampal long-term depression (LTD; 
Van Der Heide et al., 2005) by taking advantage of an induc-
tion protocol, which uses a 30-min incubation with 1 µM 
insulin to evoke LTD of extracellular field excitatory postsyn-
aptic potentials (fEPSPs). As shown in Fig. 1 A, in WT mice, 
insulin induced a marked decay of recordings (47.9 ± 7.2%) 
compared with baseline (240 min; P = 0.0011 vs. baseline). 
Interestingly, in tau KO mice, the magnitude of hippocam-
pal LTD was significantly reduced compared with littermate 
controls (240 min, slope at 87.5 ± 12.1% of baseline, 1–240 
min, P < 0.001 vs. WT, two-way ANO​VA; Fig. 1 A). Impaired 
insulin responsiveness was confirmed in another set of exper-
iments that revealed a significant reduction of hippocampal 
Akt ex-vivo phosphorylation, after insulin application to slices 
(Fig. 1 B), but also in vivo, after intracerebroventricular (icv) 
injection of the hormone (Fig. 1 C). These data support that 
tau deletion leads to hippocampal insulin resistance. To test 
whether tau overexpression was, conversely, associated with 
improved response to insulin, we used a model of N1E115 
neuroblastoma cells that overexpress WT 1N4R human tau 
(Fig. 1 D), in the absence of tau aggregation (Fig. 1 E). In 
this model, we observed a higher responsiveness to insulin 
treatment in neuroblastoma N1E115 cells overexpressing 
hTau than in controls (Fig. 1 F). Altogether, the present data 

support the ability of tau to modulate hippocampal respon-
siveness to insulin and open the possibility that tau itself reg-
ulates insulin signaling.

Interaction between tau and insulin signaling
Next, we aimed to understand the mechanisms underly-
ing the ability of tau to modify the response to insulin. In a 
first attempt, we evaluated whether insulin-induced tyrosine 
phosphorylation of insulin receptor (IR) could be modified 
after tau deletion. Compared with respective littermate con-
trols, tyrosine phosphorylation of IRs remained unaffected by 
tau deletion after insulin application to slices (Fig. 2 A). Fur-
ther, IR membrane expression remained unaffected by hTau 
overexpression in neuroblastoma cells (not depicted).

Next, we investigated the impact of tau deletion upon 
IRS-1, which is an important node of insulin signaling. Ty-
rosine phosphorylation of IRS-1 by IR leads to the down-
stream activation of Akt, whereas the phosphorylation of 
IRS-1 on multiple serine residues inhibits IRS-1 activity, 
leading to insulin resistance (Copps and White, 2012). Several 
works notably associated abnormal IRS-1 serine phosphor-
ylation to brain insulin resistance in the context of AD and 
tauopathies (Ma et al., 2009; Bomfim et al., 2012; Talbot et 
al., 2012; Yarchoan et al., 2014). Here, we found that insu-
lin-induced hippocampal tyrosine phosphorylation of IRS-1 
was reduced in tau KO mice after slice treatment (Fig. 2 B) 
or after icv injection with the hormone (Fig.2 C). In line 
with an impairment of IRS-1 activity, we also observed that 
serine phosphorylation at Ser636 was increased in the hippo-
campus of tau KO animals (Fig. 2 D). Serine phosphorylation 
of IRS-1 has been suggested to be related to a bottom-up 
(rather than top-down) effect involving downstream kinases 
such as JNK (Ma et al., 2009). This fits well with the previ-
ously demonstrated JNK activation in tau KO mice (Ma et al., 
2014). This is also in line with the idea that phosphorylated 
serines/threonines of IRS-1 could inhibit its tyrosine phos-
phorylation (Mothe and Van Obberghen, 1996). Together, 
the present data thus support that tau deletion is associated 
with impaired IRS-1 function. Tau KO mice exhibit changes 
reminiscent of the AD brain; that is, a concomitant reduction 
of insulin-induced IRS-1 tyrosine phosphorylation (Talbot 
et al., 2012) with an increased IRS-1 phosphorylation at 
Ser636 (Bomfim et al., 2012).

Further, we performed coimmunoprecipitation experi-
ments in neuroblastoma N1E115 cells expressing WT hTau to 
evaluate whether tau interacts with elements controlling insu-
lin signaling (Fig. 2 D). Tau did not interact with IR or IRS-1 
(Fig. 2 E). Although previous biochemical studies suggested 
that tau may bind to the p85α subunit of phosphoinositide 
3-kinase (PI3K; Reynolds et al., 2008), we did not observe 
coimmunoprecipitation of PI3K (p85) with tau (Fig. 2 E). As 
our results indicate that tau deletion blunts the response to 
insulin, we also addressed a possible interaction of tau with 
three phosphatases known to inhibit insulin signaling: protein 
tyrosine phosphatase 1B (PTP1B), SH2 domain containing 
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inositol 5-phosphatase 2 (SHIP2), and phosphatase and tensin 
homologue on chromosome 10 (PTEN). Although tau did 
not interact with PTP1B and SHIP2 (Fig. 2 E), we found it 
coimmunoprecipitated with PTEN in WT hTau-transfected 
N1E115 cells (Fig.  3  A) and also in mouse brain tissue 
(Fig. 3 B). A direct interaction between WT hTau and PTEN 
was further confirmed using the bimolecular fluorescence 
complementation (BiFC) assay (Fig. 3 C). PTEN is known 
as a negative regulator of the PI3K-Akt pathway and, using in 
vitro and bioluminescence resonance energy transfer (BRET) 
experiments, we found that PTEN activity and cellular  

PtdIns(3,4,5)P3 production were dependent on tau. First, 
we demonstrated that recombinant WT hTau impaired the 
lipid phosphatase activity of recombinant PTEN by decreas-
ing PtdIns(3,4,5)P3 dephosphorylation into PtdIns(4,5)P2 in 
cell-free conditions (Fig. 3 D). In addition, using an in cellulo 
BRET assay (Pierre-Eugene et al., 2012), we measured that 
expression of tau not only was sufficient to favor PtdIns(3,4,5)
P3 formation in N1E115 cells by itself but also potentiated 
the enhancing effects of insulin on PtdIns(3,4,5)P3 formation 
(Fig. 3 E). Altogether, the present data unravel the ability of 
tau to reduce PTEN activity and to favor PtdIns(3,4,5)P3 

Figure 1. T au regulates hippocampal response to insulin. (A) Hippocampal LTD induced by 1 µM insulin (30 min) in tau KO and WT mice. Each point 
represents mean ± SEM normalized to baseline values preceding the application of insulin (***, P < 0.001, two-way ANO​VA). (B) Akt phosphorylation in 
hippocampal slices from tau KO mice and littermate controls, 10 min after 200 nM insulin treatment (*, P < 0.05, Student’s t test). (C) Akt phosphorylation in 
the hippocampus of tau KO mice and littermate controls, 1h after an icv injection of 2 µl at 5 mg/ml insulin (*, P < 0.05, Student’s t test). Tau KO mice were 
7–12 mo old. (D) hTau expression and phosphorylation and (E) hTau detection in sarkosyl-soluble and -insoluble fractions from N1E115 cells overexpressing 
WT 1N4R human tau isoform. (F) Akt phosphorylation in N1E115 overexpressing WT hTau or transfected by empty vector, 10 min after insulin treatment 
at 200 nM (*, P < 0.05, Student’s t test). Controls are indicated as open circles/bars and tau KO/overexpressing cells as black circles/bars. Data in A–C show 
mean ± SEM from six (A), six to eight (B), and six or seven (C) mice per group from six (A), two (B), or three (C) independent experiments. Data in D and E 
show results from one independent experiment. Data in F show mean ± SEM from eight wells per group from five independent experiments. Ins, insulin. 
Molecular mass is indicated in kilodaltons.
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production, explaining, apart the aforementioned effect to-
ward IRS-1, the reduced insulin responsiveness seen in condi-
tions where tau is deleted (Fig. 1; Ortega-Molina and Serrano, 
2013). Therefore, our data indicate that interaction between 
tau and PTEN restrains PTEN’s lipid phosphatase activity, 
favoring pro-cognitive insulin signaling. Interestingly, PTEN 
has been shown to contribute instrumentally to the memory 
alterations in mouse models of AD (Knafo et al., 2016), sup-
porting a critical role of this phosphatase in the regulation of 
hippocampal synaptic plasticity. However, the precise identifi-
cation and characterization of tau functions, whose loss leads 
to insulin resistance in AD, is left to further research.

Tau deletion inhibits anorexigenic effect of brain insulin 
administration and leads to metabolic disturbances
Considering the broad functions of insulin signaling in the 
adult brain (Fernandez and Torres-Alemán, 2012), we as-
sumed that its regulation by the pan-neuronal tau protein 
might not be restricted to hippocampus. Thus, we next asked 

whether constitutive tau deletion in mice would modulate 
the known ability of intracerebroventricularly administered 
insulin (bilateral icv injection in lateral ventricle) to reduce 
food intake and body weight gain (Woods et al., 1979; Brown 
et al., 2006). As expected, 24-h food intake was significantly 
reduced in WT littermate animals after icv insulin adminis-
tration (Fig.  4 A). Strikingly, the anorexigenic effect of icv 
insulin was strongly reduced in tau KO mice (Fig. 4, A and 
B). Accordingly, icv insulin was able to promote body weight 
loss in WT, but not tau KO, mice (Fig. 4 C). These data indi-
cated that brain insulin signaling is blunted in tau KO mice. 
Impaired insulin response was not associated with impaired 
response to leptin. Indeed, as expected, 3-d intraperitoneal 
leptin injections reduced food intake and body weight in WT 
littermate animals by 27.3 ± 6.6% (four replicates, P = 0.02) 
and 3.8 ± 0.4% (four replicated, P = 0.002), respectively. Sim-
ilar changes were observed in tau KO animals (−21.3 ± 6.4% 
and −3.8 ± 0.5%, four replicates), suggesting that leptin sen-
sitivity remained unaffected by tau deletion.

Figure 2.  Impact of tau deletion upon IR and IRS-1. (A) IRs from hippocampal slice extracts (400 µg protein) were precipitated on wheat-germ lectin 
(WGL) agarose beads, eluted with Laemmli sample buffer, and submitted to SDS-PAGE followed by Western blotting. Insulin-induced phosphorylation of 
the IR on the three tyrosines of the kinase domain was evaluated using anti–IRpY1158-1162-1163 antibody. The amount of IR present in each track was 
evaluated by reprobing the membrane with an anti-IRβ antibody. (B) Tyrosine phosphorylation of IRS-1 in hippocampal slices from tau KO mice and litter-
mate controls 10 min after 200 nM insulin treatment (*, P < 0.05, Student’s t test). Total IRS-1 remains constant. (C) Tyrosine phosphorylation of IRS-1 in 
the hippocampus of KO tau mice and littermate controls 1 h after icv injection of 2 µl insulin at 5 mg/ml (*, P < 0.05, Student’s t test). Total IRS-1 remains 
constant. (D) Serine phosphorylation of IRS-1 in tau KO mice and littermate controls. (*, P < 0.05, Student's t test). (E) Coimmunoprecipitation experiments 
between hTau and different members of the insulin-signaling pathway in N1E115 cells transfected with WT 1N4R hTau. Tau interacted with PTEN only 
(Fig. 3 A). Ø indicates negative control of immunoprecipitation (IP; without primary antibody; only mouse anti-IgG beads); Ab indicates immunoprecipita-
tion with the primary antibody and mouse anti-IgG beads. Unbound indicates the immunoprecipitation supernatant samples, whereas eluate indicates the 
immunoprecipitation complexes. Controls are indicated as open bars and tau KO animals as black bars. KO mice were 7–12 mo old. Data in A–D show mean 
± SEM from four (A), three (B), three (C), and five (D) mice per group from two independent experiments. Coimmunoprecipitations were obtained from at 
least two independent experiments. Molecular mass is indicated in kilodaltons.
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Both genetic deletion of neuronal IRs and hypotha-
lamic IR knockdown have been previously shown to in-
crease food intake, body weight gain, and adiposity in rodents 
(Brüning et al., 2000; Obici et al., 2002; Grillo et al., 2007). 
In accordance with impaired insulin signaling in the brain of 
tau KO mice, we found that the latter exhibited enhanced 
food intake when fed ad libitum (Fig. 4, A and D) and body 
weight gain when compared with WT littermates (Fig. 4 F) 
in the absence of a change in body weight at weaning (Fig. 
S1 A). Adiposity was increased in tau KO mice, as exempli-
fied by enhanced circulating leptin (Fig.  4 G) and adipose 
tissue weight (Fig. 4, H and I). Furthermore, tau deletion was 
also associated with a significant hyperinsulinemia (Fig. 4 K) 
and glucose intolerance (Fig. 4 L). As shown in Fig. S2, tau 
heterozygous mice, whose brain tau expression was reduced 
when compared with WT littermates (Fig. S2 I), exhibited a 

metabolic phenotype in-between WT and tau KO mice, par-
ticularly regarding food intake and glucose tolerance (Fig. S2, 
A–H). When combined, these data indicate that the neuronal 
protein tau plays an important role in the regulation of en-
ergy homeostasis and peripheral metabolism. The metabolic 
changes seen in tau KO mice are likely caused by the inability 
of the hypothalamus to properly respond to insulin. However, 
the contribution of peripheral tau to the metabolic changes 
observed is also possible. Indeed, tau mRNA expression has 
been found in normal human exocrine pancreas (Neuville et 
al., 1995), and tau protein has been shown to colocalize with 
insulin-positive β-cells at the islets of Langerhans of pancre-
atic tissue from tumor resections (Maj et al., 2010). Further, 
expression of tau in insulinoma cells transiently reduces in-
sulin secretion, whereas expression or knockdown of tau in 
rat insulinoma cells leads to increased or decreased insulin 

Figure 3. T au interacts with PTEN and modulates its lipid phosphatase activity. (A and B) Coimmunoprecipitation of hTau (WT 1NR4) overexpressed 
in N1E115 cell (A) and mouse tau in the hippocampus of WT mice (B) with PTEN. Data are representative of two independent experiments from independent 
samples. (C) Bimolecular fluorescence complementation (BiFC) assay confirms the interaction between WT 1N4R tau and PTEN in the cytoplasm of HEK-293 
cells. Data are representative of three independent experiments (***, P < 0.001 vs. VN-PTEN; one-way ANO​VA, LSD Fisher’s post-hoc test). Bars, 30 μm. (D) 
In cell-free conditions, lipid phosphatase activity of PTEN is decreased in the presence of recombinant hTau protein (control, open circles; WT 1N4R, black 
circles; ***, P < 0.001, two-way ANO​VA). Note that PTEN activity is not modulated in the presence of an irrelevant protein (albumin; not depicted). Data 
show mean ± SEM from six to eight assays per condition from three independent experiments. (E) Modulation of PtdIns(3,4,5)P3 production by hTau (WT 
1N4R) using BRET. In each experiment, delta BRET was determined by removing mean basal BRET values from mean BRET values obtained for each experi-
mental condition (20 BRET measurements per experimental condition). Inset: typical BRET experiment showing real-time insulin effect on PIP3 production 
is presented (open circle, control/vehicle; closed circles, hTau/vehicle; open square, control/insulin; closed square, hTau/insulin; *, P < 0.05; ***, P < 0.001 
vs. control; #, P < 0.05 vs. insulin condition; one-way ANO​VA, LSD Fisher’s post-hoc test). Data show mean ± SEM from five assays per condition from two 
independent experiments. Molecular mass is indicated in kilodaltons.
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transcription in the same cells, respectively (Maj et al., 2016). 
Therefore, these data support a role of tau in the regulation 
of insulin transcription and secretion by insulinoma cancer 
cells (although this has not been demonstrated in primary 
β-cells). We thus cannot rule out that the effect of tau deletion 
upon insulin levels or glucose tolerance is the consequence 
of pancreatic regulations. Interestingly, increased body weight 
gain and adiposity of tau KO mice (Fig. 4, F, H, and I) was 
also associated with a reduced ambulatory activity. The rela-

tionship between insulin signaling and motor function has 
been poorly documented in the literature. However, Mysoet 
et al. (2017) have recently shown that the cortical administra-
tion of IGF-1, a protein that is structurally similar to insulin 
and shares a similar signaling pathway, induces an increase in 
motor activity of rats. Other recent data point to a correlation 
between insulin resistance and disease severity in spinal and 
bulbar muscular atrophy (Nakatsuji et al., 2017), supporting a 
role of peripheral metabolic alterations and muscle function. 

Figure 4. T au deficiency inhibits an anorexigenic effect of brain insulin administration leading to metabolic disturbances. (A) Cumulative food 
intake for 24 h measured using metabolic cages in tau KO and littermate controls intracerebroventricularly injected first with vehicle and then 2 µl insulin 
(5 mg/ml; ***, P < 0.001 vs. WT-PBS; °°°, P < 0.001 vs. tau KO/insulin; two-way ANO​VA). (B) Cumulated food intake in WT and tau KO mice 24 h after vehicle 
or insulin brain injection (same animals as in A; *, P < 0.05; **, P < 0.01 vs. WT-PBS; #, P < 0.05 vs. WT/insulin; °°°, P < 0.001 vs. tau KO/insulin; one-way 
ANO​VA, LSD Fisher’s post-hoc test). (C) 48-h body weight variation after vehicle or insulin brain injection in tau KO and WT littermates (same animals as in 
A; °°°, P < 0.001 vs. tau KO/insulin; two-way ANO​VA). Data in A–C show mean ± SEM from 5–10 mice per group from three independent experiments. (D) 
Mean food intake (*, P < 0.05, two-way ANO​VA). (E) Ambulatory activity (*, P < 0.05, two-way ANO​VA). (F) Body weight gain (***, P < 0.05, two-way ANO​VA). 
(G) Plasma leptin levels (**, P < 0.01, Student’s t test). (H and I) Adipose tissue weight (*, P < 0.05; **, P < 0.01, Student’s t test). (J) Glycemia. (K) Insulinemia  
(*, P < 0.05, Student’s t test). (L) Intraperitoneal glucose tolerance test (***, P < 0.05, two-way ANO​VA) in tau KO mice and littermate controls. Quantifications 
represent mean ± SEM. Controls are indicated as open circles/bars, tau KO as black circles/bars. Dashed lines/bars represent insulin-treated animals. Mice 
were 6–8 mo old at time of experiments and sacrifice. Metabolic data in C–L show mean ± SEM from 10–12 (D), 9–12 (E), 13–27 (F), 4–5 (G), 11–14 (H and 
I), 15–17 (J), 20–23 (K), and 12–14 (L) mice per group acquired from three independent experiments.

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/214/8/2257/1758854/jem
_20161731.pdf by guest on 24 Septem

ber 2024



2263JEM Vol. 214, No. 8

It is thus possible that defective insulin signaling in tau KO 
mice leads to impaired motor activity. This is in line with 
previous data (Lei et al., 2012) but remains a matter of de-
bate (Morris et al., 2013).

Tau haplotypes are associated with 
glycemic traits in humans
To address whether tau impacts peripheral metabolism in 
humans, we explored the potential association between mi-
crotubule-associated protein tau (MAPT; tau) haplotypes and 
metabolic traits using published genome-wide association 
study (GWAS) data. Although the precise impact remains 
subject to debate, MAPT haplotypes are thought to be as-
sociated with functional changes in the tau protein (Trab-
zuni et al., 2012). Meta-analysis of 21 GWASs indicated that 
the MAPT H1/H2 tagging single-nucleotide polymorphism 
(SNP) rs1052553 was not associated with fasting glucose (P = 
0.42) or fasting insulin (P = 0.79; 46,186 nondiabetic partic-
ipants; Table 1; Dupuis et al., 2010). However, among GWASs 
with oral glucose tolerance test results, the rs1052553 A al-
lele (which captures the H1 haplotype) was associated with 
a higher 2-h glucose level (β = 0.096 mmol/L, P = 0.00006, 
n = 15,234 nondiabetic participants; Saxena et al., 2010) and 
a lower 30-min insulin secretion (β = −0.063 pmol/L, P = 
0.035, n = 5,318 nondiabetic participants; Prokopenko et al., 
2014). These data are in agreement with glucose intolerance 
observed in heterozygous and tau KO mice (Fig. 4 L and Fig. 
S2 G). In line with a metabolic role for tau, a previous GWAS 
found a significant association between the locus 17q21.31 
containing MAPT and food addiction (Cornelis et al., 2016).

Concluding remarks
Physiological functions of tau are largely unknown. The pres-
ent data demonstrate a new role for tau in its ability to reg-
ulate brain insulin signaling (Fig. S3). Our data particularly 
indicate that tau deletion not only impairs insulin-induced 
hippocampal plasticity but also blunts the anorexigenic effect 
of this hormone. These observations are particularly inter-
esting in the physiopathological context of AD and tauop-
athies. Indeed, brain insulin resistance is a cardinal feature 
of the AD brain (Moloney et al., 2010; Liu et al., 2011; de 
la Monte, 2014; Stanley et al., 2016a). Postmortem brains 
from AD patients exhibit a reduced responsiveness to insu-
lin, which is correlated with memory deficits (Talbot et al., 

2012). Although a few studies support the involvement of Aβ 
oligomers as a potential trigger for neuronal insulin resistance 
(Zhao et al., 2008; De Felice, 2013; Clarke et al., 2015; but 
see the results recently discussed by Stanley et al., 2016b), 
the role of tau remained completely unknown. Interestingly, 
other data emphasize brain insulin resistance in postmortem 
brains of patients with tauopathies (Yarchoan et al., 2014), 
indeed opening to a presumable role for tau itself.

Pathways underlying tau pathology-induced neuronal 
dysfunctions are not well understood. Pathological tau species 
are generally seen as the trigger for synaptic and cognitive 
impairments (Wang and Mandelkow, 2016). Hippocampal in-
sulin signaling is recognized to favor plasticity and memory 
(Fernandez and Torres-Alemán, 2012; De Felice and Bene-
dict, 2015; Grillo et al., 2015), a concept evidenced in hu-
mans by the ability of intranasal administration of insulin to 
improve cognition of AD patients (Reger et al., 2008; Stan-
ley et al., 2016a). By showing that tau deletion blunts hippo-
campal response to insulin, our data support the possibility 
that impaired tau function could also contribute to abnormal 
plasticity seen in AD and tauopathies. This is in line with the 
observations of defective synaptic regulation and cognition 
in tau KO mice (Kimura et al., 2014; Ma et al., 2014; Ahmed 
et al., 2015). Thus, phenotypes observed in the tau KO mice 
are reminiscent of dysfunctions observed in AD and related 
tauopathies. Altogether, our data further suggest that tau is 
more than a microtubule-associated protein. In fact, tau is a 
scaffold protein (Arendt et al., 2016) that has been involved in 
the signal transduction of Src-family tyrosine kinases (Ittner 
et al., 2010; Burnouf et al., 2013), cyclin-dependent kinases 
(Vincent et al., 1996; Hamdane et al., 2005), and insulin sig-
naling. Thus, impaired physiological tau function is prone to 
impact on signal transduction in neurons and contribute to 
plasticity alterations.

Besides the hippocampus, our data indicate that regu-
lation of insulin signaling by tau also involves the hypothala-
mus, a known brain target of insulin. Our experimental data 
demonstrate that the anorexigenic effect of insulin (Woods 
et al., 1979; Brown et al., 2006) is lost in tau KO mice, but 
combined with human genetic studies (Table  1), our data 
particularly show that tau regulates energy homeostasis and 
peripheral metabolism. The incidence of type 2 diabetes is 
higher in AD patients (Janson et al., 2004). Moreover, in line 
with the occurrence of hypothalamic dysfunction in AD 

Table 1.  GWAS meta-analysis assessing the impact of MAPT haplotypes on glycemic traits in European individuals

Variable N Beta SE P Reference

Fasting glucose (mmol/liter) 46,186 0.004 0.005 0.42 Dupuis et al., 2010
Fasting insulin (pmol/liter) 46,186 −0.001 0.005 0.79 Dupuis et al., 2010
2-h glucose (after OGTT) adjusted for BMI (mmol/liter) 15,234 0.096 0.024 5.9E-05 Saxena et al., 2010
30-min insulin secretion (after OGTT, ln) adjusted for BMI (pmol/liter) 5,318 −0.063 0.030 0.035 Prokopenko et al., 2014

Data were downloaded from www​.magicinvestigators​.org. Specific regression coefficients (beta) and standard error (SE) represent changes in the variable per copy of the rs1052553 A major 
allele (H1 haplotype, frequency = 0.79). Trait values for fasting insulin and insulin secretion 30 min after an oral glucose tolerance test (OGTT) were naturally log transformed (ln). Results 
are adjusted for age, sex, study-specific covariates, and body mass index (BMI) where indicated. N, sample size.
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(Ishii and Iadecola, 2015), affected individuals exhibit fasting 
hyperglycemia and hyperinsulinemia as well as impaired glu-
cose metabolism (Craft et al., 1992, 1998; Meneilly and Hill, 
1993; Razay and Wilcock, 1994; Ma et al., 2016). Therefore, 
brain insulin resistance might be a crucial pathological mech-
anism that interactively drives, and is part of, the progression 
causing the cognitive and metabolic dysfunctions seen in AD 
patients. Impact of peripheral metabolic disturbances on AD 
has been commonly evaluated and experimental data confirm 
the detrimental effects of obesity, insulin resistance, and type 
2 diabetes (T2D) toward β-amyloid and tau lesions as well as 
associated cognitive impairments (Takeda et al., 2010; May-
eux and Stern, 2012; Papon et al., 2013). Our data support a 
mutual pathophysiological relationship. Indeed, tau deletion 
leads to the development of peripheral metabolic abnormal-
ities, in line with metabolic impairments seen in AD patients 
(Craft et al., 1992; Meneilly and Hill, 1993; Razay and Wil-
cock, 1994; Turner et al., 2013). Impaired tau function could 
therefore contribute to metabolic changes seen in AD pa-
tients. Overall, our data support the existence of a detrimen-
tal vicious circle linking peripheral metabolism dysregulations 
and lesion development in AD.

Altogether, our data demonstrate a novel physiological 
function of tau protein in the control of brain insulin signal-
ing that could contribute to cognitive and metabolic alter-
ations in patients with AD and tauopathies.

Materials and methods
Animals
Tau KO mice (C57BL6/J background) were generated by 
integrating GFP-encoding cDNA into exon 1 of the mouse 
MAPT gene (Tucker et al., 2001). In all experiments, only 
males were used. All animals were maintained in standard 
animal cages under conventional laboratory conditions 
(12-h/12-h light/dark cycle, 22°C), with ad libitum access 
to food and water. The animals were maintained in compli-
ance with European standards for the care and use of labo-
ratory animals and experimental protocols approved by the 
local Animal Ethical Committee (agreement APA​FIS#2264-
2015101320441671 from CEEA75, Lille, France).

Hippocampal slices preparation
Mice were killed by cervical dislocation. Whole brains were 
rapidly removed from the skull and immersed for 1 min in 
ice-cold artificial cerebrospinal fluid (ACSF) solution con-
taining (mM): 117 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 
NaH2PO4, 25 NaHCO3, and 10 glucose. The ACSF was con-
tinuously oxygenated with 95% O2, 5% CO2 to maintain the 
proper pH, 7.4. The hippocampi were quickly removed and 
placed into ice-cold ACSF. Thereafter, 400-µm-thick trans-
verse slices were prepared at 4°C with a chopper (McIlwain 
Tissue Chopper, TC752). Slices were then placed in a hold-
ing chamber containing oxygenated ACSF and kept at room 
temperature for at least 1 h before processing. Slices from KO 
tau strain were used either for electrophysiological recordings 

(see next section) or for biochemical experiments. In the lat-
ter case, slices were treated 10 min with 200 nM insulin.

Electrophysiological recordings
Three to five slices were transferred into a custom-made 
submerged-type recording chamber and maintained at 32°C 
constantly superfused with oxygenated ACSF (95% O2, 5% 
CO2) at a rate of 2.5 ml/min. After an incubation time of 
90 min, fEPSPs were evoked in the stratum radiatum of the 
CA1 region by electrical stimulation of Schaffer collater-
al-commissural fibers using ACSF-filled glass micropipettes 
(2–5 MΩ). For stimulation, 100-µs biphasic constant-current 
square pulses were generated by an A-M Systems isolated 
pulse stimulator 2100 and delivered at a frequency of 0.033 
Hz using a tungsten electrode with a 50-µm exposed tip. Sig-
nals were recorded and amplified with an A-M Systems 1700 
differential amplifier (bandpass filtered at 5 Hz and 10 kHz, 
respectively), digitized using a CED 400 micro AD-converter; 
Cambridge Electronic Devices), and then further analyzed 
on-line using custom-made software. To analyze synaptic 
transmission efficiency, input/output curves were constructed 
by applying single stimuli in increments of 10 µA from 0 
to 90 µA. For subsequent experiments, the intensity of the 
stimulation was adjusted to elicit a fEPSP of 35% of the max-
imum and was kept constant throughout the experiment. In 
all experiments, baseline synaptic transmission was monitored 
for 30–60 min before drug administration. All values from the 
onset of insulin application until the end of recording were 
expressed relative to the control level (percentage of baseline).

Surgical procedures and injections
Bilateral cannulae (C235G-3.0/SPC with a removable dummy 
wire; Plastics One) were stereotaxically implanted into lateral 
ventricle (coordinates with respect to bregma: −0.7 mm an-
teroposterior, ±1.5 mm mediolateral, −2 mm dorsoventral, 
according to the Paxinos and Franklin (2013) in anesthetized 
mice (1.5% isoflurane). Animals were allowed to recover for 1 
wk. Over the next 15 d, animals were habituated to the con-
tention and injection procedure. Injections were performed in 
awake and freely moving mice. Animals were injected with 1 μl 
(per ventricle) of a solution containing either vehicle (PBS, pH 
7.5) or 5 mg/ml insulin at the rate of 0.4 µl/min via cannulae 
PE50 tubing (Plastics One) connected to a 10-µl Hamilton 
syringe pump system (KDS310; KD Scientific). The tubing was 
left in place for another 1 min at the end of each injection and 
the cannulae capped to prevent reflux of the injected solution. 
In metabolic cage experiments, icv injection of insulin took 
place 1  h after light extinction. In experiments where the 
effects of icv insulin toward IRS-1 and Akt phosphorylations 
were evaluated, insulin was injected in nonfasted animals and 
mice sacrificed 1 h after injection. Regarding the in vivo leptin 
sensitivity measurement, three intraperitoneal injections of 3 
mg/kg leptin were made (in 5 mM sodium citrate buffer, pH 
4.0) at 18:00 for 3 d, and body weights and food intake were 
measured as described previously (Coupé et al., 2012).
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Cell culture
N1E-115 mouse neuroblastoma cells were grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal 
calf serum without pyruvate, 2 mM l-glutamine, and 50 U/ml  
penicillin/streptomycin (Invitrogen) in a 5% CO2 humidi-
fied incubator at 37°C. Transfection with plasmid constructs 
(pcDNA4, empty of containing 1N4R human tau sequence) 
was performed 24 h after cell seeding into six-well plates (for 
biochemical studies) using ExGen500 (Euromedex), accord-
ing to the manufacturer’s instructions, for 48 h. When appro-
priate, cells were treated for 10 min with 200 nM insulin.

Biochemical analysis
Proteins from slices were extracted in RIPA buffer (10 mM 
Tris-HCl, 320 mM sucrose, 150 mM NaCl, NP-40 1%, so-
dium deoxycholate 0.5%, and SDS 0.1%, pH 8.0) for West-
ern blot analysis from slices. Protein amounts were evaluated 
using the BCA assay (Thermo Fisher Scientific), subse-
quently diluted with LDS 2× supplemented with reducing 
agents (Invitrogen), and then separated on NuPAGE Novex 
gels (Invitrogen). Proteins were transferred to nitrocellulose 
membranes, which were then saturated (5% nonfat dry milk 
or 5% BSA) in Tris 15 mmol/L, pH 8, NaCl 140 mmol/L, 
and 0.05% Tween and incubated with primary and secondary 
antibodies. Signals were visualized using chemiluminescence 
kits (ECL; GE Healthcare) and a LAS3000 imaging system 
(Fujifilm). Results were normalized to β-actin, and quanti-
fications were performed using ImageJ software (Scion Soft-
ware). β-Actin or GAP​DH served as a loading control. For 
immunoprecipitation experiments, extraction was realized 
in a buffer composed of 50 mM Tris-HCl, pH7.4, 150 mM 
NaCl, 1 mM EDTA, 1% Nonidet, and 0.5% sodium deoxy-
cholate with protease inhibitors and samples centrifuged at 
12,000 g (10 min, 4°C). 200 μg supernatant protein was in-
cubated with antibodies targeting tau (tau5, AHB00429; In-
vitrogen) or PTEN (Ab70326; Abcam) and anti-IgG mouse 
beads (TrueBlot; eBioscience) for one night at 4°C. Unbound 
fraction was obtained in the supernatant after a centrifugation 
at 2,000 g (5 min) and the eluate recovered in the pellet after 
three centrifugations at 2,000 g (5 min).

Antibodies used for Western blots were as follows. Anti
bodies against Akt (#9272), pSer473-Akt (#9271), IR β 
(#3025), pSer616IRS-1 (#3203), pSer636IRS-1 (#2388), 
PI3K-P85 (#4292), PTEN (#9552), PTP1B (#5311) and 
SHIP2 (#2730) were from Cell Signaling Technologies. Anti- 
pY612 IRS-1 was from Thermo Fisher Scientific (44-816G). 
Anti–IRS-1 was from EMD Millipore (06–248). β-Actin was 
from Sigma-Aldrich (A5441), GAP​DH was from Santa Cruz 
Biotechnology (FL-1-335). Anti–total tau was a homemade 
antibody (Cter) recognizing the last 15 amino acids of the C 
terminus. Anti–tau pSer396, pSer404, and pSer262 were from 
Invitrogen (44752G, 44758G, and 44750G).

To evaluate the phosphorylation of IR, hippocampal 
slices from tau KO mice and littermate controls were treated 
for 10 min with 200 nM insulin and then frozen in liquid 

nitrogen for subsequent analysis. Proteins were extracted in 
buffer containing 50 mM Tris, pH 8, 137 mM NaCl, 10% glyc-
erol, 1% NP-40, protease inhibitors (1 µg/ml each: 4-(2-am-
inoethyl)benzenesulfonyl fluoride hydrochloride, leupeptin, 
aprotinin, antipain, and pepstatin), and phosphatases inhibi-
tors (50 mM NaF, 10 mM β-glycerophosphate, and 1 mM 
orthovanadate). Precipitation of the IR on wheat-germ lectin 
agarose beads (wheat-germ lectin eluate) was performed as 
described previously (Issad et al., 1995) and analyzed by West-
ern blotting using anti–IRpY1158-1162-1163 antibody (Invitrogen) 
and anti–IRβ antibody (Santa Cruz Biotechnology, Inc.).

Gene expression analysis
Visceral adipose tissue total RNA was isolated using the 
guanidinium isothiocyanate phenol/chloroform extraction 
method. 1 μg total RNA was reverse transcribed to cDNA 
using the high-capacity cDNA reverse transcription kit 
(Applied Biosystems) according to the manufacturer’s in-
structions. Reverse-transcribed cDNAs were quantified by 
Brilliant III Ultra-Fast SYBR green-based real-time PCR 
using specific oligonucleotides (cyclophilin: forward, 5′-GCA​
TAC​GGG​TCC​TGG​CAT​CTT​GTCC-3′; reverse, 3′-ATG​
GTG​ATC​TTC​TTG​CTG​GTC​TTGC-5′; leptin: forward, 
5′-GGT​GTG​AAA​GAA​CCT​GAG​CTG​AGG-3′; reverse, 5′-
CAG​TGG​ATG​CTA​ATG​TGC​CCTG-3′) on a Stratagene 
Mx3005P (Agilent Technologies) apparatus. mRNA levels 
were normalized to cyclophilin A expression as an internal 
control, and mRNA fold induction was calculated using the 
comparative Ct (2−ΔΔCt) method.

Cell-free measurements of PTEN activity
In vitro PTEN activity was evaluated in the presence of re-
combinant 2N4R-tau (obtained as described in Barthélemy 
et al., 2016) by monitoring the production of phosphatidy-
linositol 4,5 bisphosphate (PIP2) from phosphatidylinositol 
3,4,5 triphosphate (PIP3) by recombinant PTEN. Recom-
binant PTEN (Berlin Pharma) and tau protein or albumin as 
a control was incubated 1 h at 37°C in the presence of PIP3 
in low-bind 0.5-ml Eppendorf tubes. Then, the samples were 
exposed to an inactivating temperature of 95°C, and PIP2 
levels were determined using ELI​SA (Echelon-Bioscience) 
according to the manufacturer’s instructions.

BiFC plasmids
For the BiFC assay, we generated fusions of our proteins of 
interest with Venus fluorescent protein fragments as previously 
described (Outeiro et al., 2008). In particular, we used a larger 
N-terminal fragment of Venus (VN), corresponding to amino 
acids 1 to 158, and a smaller C-terminal fragment (VC), corre-
sponding to amino acids 159 to 239. Tau and PTEN cDNA were 
cloned to the 3′ end of the VN fragment (VN-tau, VN-PTEN) 
and upstream of the VC fragment (tau-VC, PTEN-VC) by 
PCR using specific primers, including restriction enzyme sites 
AflII at the 5′ end and Xho1 at the 3′ end. The primers used 
were VN-tau: 5′-GCG​CTT​AAG​ATG​GCT​GAG​CCC​CGC​
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CAG​GAG​TTC​GAA​GTG​ATGG-3′ and 5′-CGC​CTC​GAG​
TCA​CAA​ACC​ACC​CTG​CTT​GGC​CAG​GGA​GGC​AGA​
AGA​CACC-3′; tau-VC: 5′-GCG​CTT​AAG​ATG​GCT​GAG​
CCC​CGC​CAG​GAG​TTC​GAA​GTG​ATGG-3′ and 5′-CGC​
CTC​GAG​CAA​ACC​CTG​CTT​GGC​CAG​GGA​GGC​AGA​
CAC​CTCG-3′; VN-PTEN: 5′-GGG​CTT​AAG​ATG​ACA​
GCC​ATC​ATC​AAAG-3′ and 5′-CCC​CTC​GAG​TCA​GAC​
TTT​TGT​AAT​TTG​TGT​ATGC-3; and PTEN-VC: 5′-GGG​
CTT​AAG​ATG​ACA​GCC​ATC​ATC​AAAG-3′ and 5′-CCC​
CTC​GAG​GAC​TTT​TGT​AAT​TTG​TGT​ATG​CTG​ATC-3′.

PCR fragments were restriction digested and cloned 
into aSyn BiFC constructs (Outeiro et al., 2008; Gonçalves 
et al., 2010; Lázaro et al., 2014). HEK 293 cells were grown 
in Dulbecco’s modified Eagle’s medium (PAN Biotech) 
supplemented with 10% fetal calf serum and 1% peni-
cillin/streptomycin, at 37°C in 5% CO2. The cells were 
transfected 24 h after plating using Metafectene (Biontex 
Laboratories) according to the manufacturer’s instructions. 
48 h after transfection, cells were washed with PBS and 
fixed with PBS/4% paraformaldehyde. The cells were per-
meabilized with PBS/0.1% Triton X-100, blocked for 1 h 
with 1.5% BSA, and incubated overnight with the pri-
mary antibody for tau (HT7, MN1000, 1:1,000; Thermo 
Fisher Scientific). After three washes with PBS, the sec-
ondary antibody anti–mouse IgG conjugated to Alexa 
Fluor 555 (1:1,000, Thermo Fisher Scientific) was added 
for 1  h at room temperature. Cell nuclei were stained 
with Hoechst dye (Hoechst 33258; Molecular Probes). 
Fluorescent images were captured either using a micro-
scope (DMI 6000B; Leica Biosystems) or an automatic 
microscope (IX81-ZDC; Olympus). Venus and tau fluo-
rescence was quantified from 16 fields of cell images au-
tomatically collected with the Olympus microscope and 
analyzed by the ScanR software.

BRET
PIP3 production was monitored as follows. 300,000 N1E115 
cells were transfected using lipofectamine 2000 with 700 ng 
Luc-Akt-PH cDNA (PH domain of Akt is fused to Renilla 
luciferase), 300 ng pEYFP-Mem cDNA (YFP-targeted to the 
plasma membrane), and either 500 ng pcDNA3-hTau46 or 
pcDNA3. Cells were preincubated for 10 min with coelen-
terazine and then stimulated with 5 nM insulin. PIP3 pro-
duction was monitored in real time using BRET as described 
previously (Pierre-Eugene et al., 2012).

Metabolic cages
Spontaneous feeding and locomotor activity (beam breaks/
hour) were measured using metabolic cages (Labmaster; 
TSE Systems). In brief, food intake and locomotor activ-
ity were monitored continuously for 24 h. Food intake was 
measured by the integration of weighing sensors fixed at the 
top of the cage from which the food containers were sus-
pended into the home cage. Locomotor activity was assessed 
using a metal frame placed around the cage. Evenly spaced 

infrared light beams are emitted along the x axis. Beam in-
terruptions caused by movements of the animals are sensed 
and registered at high resolution. The sensors for detection 
of movement operate efficiently under both light and dark 
phases, allowing continuous recording. Mice were housed 
individually and acclimated to the home cage for 72 h prior 
experimental measurements.

Biochemical plasma parameters
Plasma was collected at the tail vein after a 6-h fasting, 
and parameters were determined as follows. Blood glu-
cose was measured using the Accu-Chek Performa glu-
cometer (Roche). Plasma insulin and leptin were measured 
using ultrasensitive insulin ELI​SA (Mercodia AB) and a 
mouse/rat leptin enzyme immunoassay kit (Spibio), respec-
tively. Total and high-density lipoprotein (HDL) choles-
terol as well as triglycerides were measured by enzymatic 
method using ready-to-use kits (Biomérieux). Non–HDL 
cholesterol levels were calculated by subtracting HDL 
from total cholesterol.

Glucose tolerance tests
Glucose tolerance was assessed using the intraperitoneal 
glucose tolerance test after a 6-h fast. 1 g/kg D(+)glucose 
(Sigma-Aldrich) was injected intraperitoneally. Blood glu-
cose was then measured at 0, 15, 30, 60, 90, and 120 min  
after injection.

Assessment of potential association between MAPT 
haplotypes and glycemic traits in European individuals
The MAPT SNP rs1052553 was selected because it is a tag-
SNP for the H1 and H2 haplotypes (Donnelly et al., 2010). 
The A (major) and G (minor) alleles of rs1052553 capture the 
H1 and H2 haplotypes, respectively. To examine the potential 
association of rs1052553 with glycemic traits in European 
subjects, the publicly available GWAS data contributed by 
the MAG​IC (the Meta-Analyses of Glucose and Insulin-
related traits Consortium) investigators were downloaded 
from www​.magicinvestigators​.org (Saxena et al., 2010; 
Prokopenko et al., 2014).

Statistics
Results are expressed as mean ± SEM. Statistical analyses 
were performed using the Student’s t test and one- or two-
way ANO​VA followed by a post-hoc Fisher’s least significant 
difference (LSD) test using GraphPad Prism Software. P- 
values less than 0.05 were considered significant.

Online supplemental material
Fig. S1 shows additional metabolic indexes for tau KO 
mice. Fig. S2 shows peripheral metabolic changes in mice 
heterozygous for tau compared with WT and KO animals. 
Fig. S3 shows a model of regulation of insulin signaling  
by tau.

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/214/8/2257/1758854/jem
_20161731.pdf by guest on 24 Septem

ber 2024

http://www.magicinvestigators.org


2267JEM Vol. 214, No. 8

Acknowledgments
We thank the animal core facility (animal facilities of Université de Lille INS​ERM) of 
Plateformes en Biologie Santé de Lille as well as M. Besegher-Dumoulin, I. Brion, C. 
Declerck, R. Dehaynin, J. Devassine, Y. Lepage, C. Meunier, P. Dassonville, C. Degraeve, 
and D. Taillieu for transgenic mouse production and care.

This work was supported by the France Alzheimer/Fondation de France (Ins
TauBrain project), the FHU VasCog research network (Lille, France), and programs 
d’investissements d’avenir LabEx (excellence laboratory) DIS​TALZ (Development of 
Innovative Strategies for a Transdisciplinary approach to ALZheimer’s disease). Our 
laboratories are also supported by the ANR (ADO​RAT​AU to D. Blum and SPR​EAD​TAU 
to L. Buee), Fondation pour la Recherche Médicale, LEC​MA/Alzheimer Forschung Ini-
tiative, Fondation Plan Alzheimer, as well as INS​ERM, CNRS, Université Lille 2, Lille 
Métropole Communauté Urbaine, Région Nord/Pas-de-Calais, FED​ER, DN2M, and FUI 
MED​IALZ. E. Marciniak held a CHRU and Région Haut de France doctoral grant. A. 
Leboucher held a Lille 2 University doctoral grant. E. Faivre held a Hauts de France 
(DN2M) and ANR postdoctoral grant. T.F. Outeiro is supported by the DFG Center for 
Nanoscale Microscopy and Molecular Physiology of the Brain (CNM​PB). D. Balschun 
is supported by FWO grants G0D76.14 and G0587.14.

The authors declare no competing financial interests.
Author contributions: E. Marciniak, A. Leboucher, E. Caron, T. Ahmed, A. Tail-

leux, J. Dumont, T. Issad, E. Gerhardt, P. Pagesy, M. Vileno, C. Bournonville, K. Bantu-
bungi, S. Lancel, D. Demeyer, S. Eddarkaoui, E. Vallez, D. Vieau, E. Faivre, and B. 
Grenier-Boley performed experiments, analyzed data, and corrected the manuscript. 
T.F. Outeiro, B. Staels, P. Amouyel, S. Humez, D. Balschun, L. Buee, and D. Blum de-
signed experiments, analyzed data, and wrote the manuscript. L. Buee and D. Blum 
supervised the work.

Submitted: 12 October 2016

Revised: 20 March 2017

Accepted: 12 May 2017

References
Ahmed, T., D. Blum, S. Burnouf, D. Demeyer, V. Buée-Scherrer, R. D’Hooge, 

L. Buée, and D. Balschun. 2015. Rescue of impaired late-phase long-
term depression in a tau transgenic mouse model. Neurobiol. Aging. 
36:730–739. http​://dx​.doi​.org​/10​.1016​/j​.neurobiolaging​.2014​.09​.015

Arendt, T., J.T. Stieler, and M. Holzer. 2016. Tau and tauopathies. Brain Res. 
Bull. 126:238–292. http​://dx​.doi​.org​/10​.1016​/j​.brainresbull​.2016​.08​
.018

Barthélemy, N.R., F. Fenaille, C. Hirtz, N. Sergeant, S. Schraen-Maschke, J. 
Vialaret, L. Buée, A. Gabelle, C. Junot, S. Lehmann, and F. Becher. 2016. 
Tau protein quantification in human cerebrospinal fluid by targeted 
mass spectrometry at high sequence coverage provides insights into its 
primary structure heterogeneity. J. Proteome Res. 15:667–676. http​://dx​
.doi​.org​/10​.1021​/acs​.jproteome​.5b01001

Bomfim, T.R., L. Forny-Germano, L.B. Sathler, J. Brito-Moreira, J.-C. Houzel, 
H. Decker, M.A. Silverman, H. Kazi, H.M. Melo, P.L. McClean, et al. 
2012. An anti-diabetes agent protects the mouse brain from defective 
insulin signaling caused by Alzheimer’s disease–associated Aβ oligomers. 
J. Clin. Invest. 122:1339–1353. http​://dx​.doi​.org​/10​.1172​/JCI57256

Braak, H., D.R. Thal, E. Ghebremedhin, and K. Del Tredici. 2011. Stages of 
the pathologic process in Alzheimer disease: Age categories from 1 to 
100 years. J. Neuropathol. Exp. Neurol. 70:960–969. http​://dx​.doi​.org​/10​
.1097​/NEN​.0b013e318232a379

Brown, L.M., D.J. Clegg, S.C. Benoit, and S.C. Woods. 2006. Intraventricular 
insulin and leptin reduce food intake and body weight in C57BL/6J 
mice. Physiol. Behav. 89:687–691. http​://dx​.doi​.org​/10​.1016​/j​.physbeh​
.2006​.08​.008

Brüning, J.C., D. Gautam, D.J. Burks, J. Gillette, M. Schubert, P.C. Orban, R. 
Klein, W. Krone, D. Müller-Wieland, and C.R. Kahn. 2000. Role of brain 
insulin receptor in control of body weight and reproduction. Science. 
289:2122–2125. http​://dx​.doi​.org​/10​.1126​/science​.289​.5487​.2122

Burnouf, S., A. Martire, M. Derisbourg, C. Laurent, K. Belarbi, A. Leboucher, 
F.-J. Fernandez-Gomez, L. Troquier, S. Eddarkaoui, M.-E. Grosjean, et 
al. 2013. NMDA receptor dysfunction contributes to impaired brain-
derived neurotrophic factor-induced facilitation of hippocampal 
synaptic transmission in a Tau transgenic model. Aging Cell. 12:11–23. 
http​://dx​.doi​.org​/10​.1111​/acel​.12018

Clarke, J.R., N.M. Lyra E Silva, C.P. Figueiredo, R.L. Frozza, J.H. Ledo, D. 
Beckman, C.K. Katashima, D. Razolli, B.M. Carvalho, R. Frazão, et al. 
2015. Alzheimer-associated Aβ oligomers impact the central nervous 
system to induce peripheral metabolic deregulation. EMBO Mol. Med. 
7:190–210. http​://dx​.doi​.org​/10​.15252​/emmm​.201404183

Copps, K.D., and M.F. White. 2012. Regulation of insulin sensitivity by 
serine/threonine phosphorylation of insulin receptor substrate proteins 
IRS1 and IRS2. Diabetologia. 55:2565–2582. http​://dx​.doi​.org​/10​.1007​
/s00125​-012​-2644​-8

Cornelis, M.C., A. Flint, A.E. Field, P. Kraft, J. Han, E.B. Rimm, and R.M. 
van Dam. 2016. A genome-wide investigation of food addiction. Obesity 
(Silver Spring). 24:1336–1341. http​://dx​.doi​.org​/10​.1002​/oby​.21476

Coupé, B., I. Grit, P. Hulin, G. Randuineau, and P. Parnet. 2012. Postnatal 
growth after intrauterine growth restriction alters central leptin signal 
and energy homeostasis. PLoS One. 7:e30616. http​://dx​.doi​.org​/10​
.1371​/journal​.pone​.0030616

Craft, S., G. Zallen, and L.D. Baker. 1992. Glucose and memory in mild senile 
dementia of the Alzheimer type. J. Clin. Exp. Neuropsychol. 14:253–267. 
http​://dx​.doi​.org​/10​.1080​/01688639208402827

Craft, S., E. Peskind, M.W. Schwartz, G.D. Schellenberg, M. Raskind, and D. 
Porte Jr. 1998. Cerebrospinal fluid and plasma insulin levels in Alzheimer’s 
disease: relationship to severity of dementia and apolipoprotein E 
genotype. Neurology. 50:164–168. http​://dx​.doi​.org​/10​.1212​/WNL​.50​
.1​.164

De Felice, F.G. 2013. Alzheimer’s disease and insulin resistance: Translating 
basic science into clinical applications. J. Clin. Invest. 123:531–539. http​
://dx​.doi​.org​/10​.1172​/JCI64595

De Felice, F.G., and C. Benedict. 2015. A key role of insulin receptors in 
memory. Diabetes. 64:3653–3655. http​://dx​.doi​.org​/10​.2337​/dbi15​
-0011

de la Monte, S.M. 2014. Type 3 diabetes is sporadic Alzheimer’s disease: Mini-
review. Eur. Neuropsychopharmacol. 24:1954–1960. http​://dx​.doi​.org​/10​
.1016​/j​.euroneuro​.2014​.06​.008

Dixit, R., J.L. Ross, Y.E. Goldman, and E.L.F. Holzbaur. 2008. Differential 
regulation of dynein and kinesin motor proteins by tau. Science. 
319:1086–1089. http​://dx​.doi​.org​/10​.1126​/science​.1152993

Donnelly, M.P., P. Paschou, E. Grigorenko, D. Gurwitz, S.Q. Mehdi, S.L.B. 
Kajuna, C. Barta, S. Kungulilo, N.J. Karoma, R.-B. Lu, et al. 2010. The 
distribution and most recent common ancestor of the 17q21 inversion 
in humans. Am. J. Hum. Genet. 86:161–171. http​://dx​.doi​.org​/10​.1016​
/j​.ajhg​.2010​.01​.007

Dupuis, J., C. Langenberg, I. Prokopenko, R. Saxena, N. Soranzo, A.U. 
Jackson, E. Wheeler, N.L. Glazer, N. Bouatia-Naji, A.L. Gloyn, et al. 
MAG​IC investigators. 2010. New genetic loci implicated in fasting 
glucose homeostasis and their impact on type 2 diabetes risk. Nat. Genet. 
42:105–116. http​://dx​.doi​.org​/10​.1038​/ng​.520

Duyckaerts, C., M. Bennecib, Y. Grignon, T. Uchihara, Y. He, F. Piette, and 
J.J. Hauw. 1997. Modeling the relation between neurofibrillary tangles 
and intellectual status. Neurobiol. Aging. 18:267–273. http​://dx​.doi​.org​
/10​.1016​/S0197​-4580(97)80306​-5

Fernandez, A.M., and I. Torres-Alemán. 2012. The many faces of insulin-like 
peptide signalling in the brain. Nat. Rev. Neurosci. 13:225–239. http​://dx​
.doi​.org​/10​.1038​/nrn3209

Gonçalves, S.A., J.E. Matos, and T.F. Outeiro. 2010. Zooming into protein 
oligomerization in neurodegeneration using BiFC. Trends Biochem. Sci. 
35:643–651. http​://dx​.doi​.org​/10​.1016​/j​.tibs​.2010​.05​.007

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/214/8/2257/1758854/jem
_20161731.pdf by guest on 24 Septem

ber 2024

http://dx.doi.org/10.1016/j.neurobiolaging.2014.09.015
http://dx.doi.org/10.1016/j.brainresbull.2016.08.018
http://dx.doi.org/10.1016/j.brainresbull.2016.08.018
http://dx.doi.org/10.1021/acs.jproteome.5b01001
http://dx.doi.org/10.1021/acs.jproteome.5b01001
http://dx.doi.org/10.1172/JCI57256
http://dx.doi.org/10.1097/NEN.0b013e318232a379
http://dx.doi.org/10.1097/NEN.0b013e318232a379
http://dx.doi.org/10.1016/j.physbeh.2006.08.008
http://dx.doi.org/10.1016/j.physbeh.2006.08.008
http://dx.doi.org/10.1126/science.289.5487.2122
http://dx.doi.org/10.1111/acel.12018
http://dx.doi.org/10.15252/emmm.201404183
http://dx.doi.org/10.1007/s00125-012-2644-8
http://dx.doi.org/10.1007/s00125-012-2644-8
http://dx.doi.org/10.1002/oby.21476
http://dx.doi.org/10.1371/journal.pone.0030616
http://dx.doi.org/10.1371/journal.pone.0030616
http://dx.doi.org/10.1080/01688639208402827
http://dx.doi.org/10.1212/WNL.50.1.164
http://dx.doi.org/10.1212/WNL.50.1.164
http://dx.doi.org/10.1172/JCI64595
http://dx.doi.org/10.1172/JCI64595
http://dx.doi.org/10.2337/dbi15-0011
http://dx.doi.org/10.2337/dbi15-0011
http://dx.doi.org/10.1016/j.euroneuro.2014.06.008
http://dx.doi.org/10.1016/j.euroneuro.2014.06.008
http://dx.doi.org/10.1126/science.1152993
http://dx.doi.org/10.1016/j.ajhg.2010.01.007
http://dx.doi.org/10.1016/j.ajhg.2010.01.007
http://dx.doi.org/10.1038/ng.520
http://dx.doi.org/10.1016/S0197-4580(97)80306-5
http://dx.doi.org/10.1016/S0197-4580(97)80306-5
http://dx.doi.org/10.1038/nrn3209
http://dx.doi.org/10.1038/nrn3209
http://dx.doi.org/10.1016/j.tibs.2010.05.007


Tau deletion promotes brain insulin resistance | Marciniak et al.2268

Grillo, C.A., K.L. Tamashiro, G.G. Piroli, S. Melhorn, J.T. Gass, R.J. Newsom, 
L.R. Reznikov, A. Smith, S.P. Wilson, R.R. Sakai, and L.P. Reagan. 2007. 
Lentivirus-mediated downregulation of hypothalamic insulin receptor 
expression. Physiol. Behav. 92:691–701. http​://dx​.doi​.org​/10​.1016​/j​
.physbeh​.2007​.05​.043

Grillo, C.A., G.G. Piroli, R.C. Lawrence, S.A. Wrighten, A.J. Green, S.P. 
Wilson, R.R. Sakai, S.J. Kelly, M.A. Wilson, D.D. Mott, and L.P. Reagan. 
2015. Hippocampal insulin resistance impairs spatial learning and 
synaptic plasticity. Diabetes. 64:3927–3936. http​://dx​.doi​.org​/10​.2337​/
db15​-0596

Grober, E., D. Dickson, M.J. Sliwinski, H. Buschke, M. Katz, H. Crystal, and 
R.B. Lipton. 1999. Memory and mental status correlates of modified 
Braak staging. Neurobiol. Aging. 20:573–579. http​://dx​.doi​.org​/10​.1016​
/S0197​-4580(99)00063​-9

Hamdane, M., A. Bretteville, A.V. Sambo, K. Schindowski, S. Bégard, A. 
Delacourte, P. Bertrand, and L. Buée. 2005. p25/Cdk5-mediated 
retinoblastoma phosphorylation is an early event in neuronal cell death. 
J. Cell Sci. 118:1291–1298. http​://dx​.doi​.org​/10​.1242​/jcs​.01724

Harada, A., K. Oguchi, S. Okabe, J. Kuno, S. Terada, T. Ohshima, R. Sato-
Yoshitake, Y. Takei, T. Noda, and N. Hirokawa. 1994. Altered microtubule 
organization in small-calibre axons of mice lacking tau protein. Nature. 
369:488–491. http​://dx​.doi​.org​/10​.1038​/369488a0

Ishii, M., and C. Iadecola. 2015. Metabolic and non-cognitive manifestations 
of Alzheimer’s disease: The hypothalamus as both culprit and target of 
pathology. Cell Metab. 22:761–776. http​://dx​.doi​.org​/10​.1016​/j​.cmet​
.2015​.08​.016

Issad, T., M. Combettes, and P. Ferre. 1995. Isoproterenol inhibits insulin-
stimulated tyrosine phosphorylation of the insulin receptor without 
increasing its serine/threonine phosphorylation. Eur. J. Biochem. 
234:108–115. http​://dx​.doi​.org​/10​.1111​/j​.1432​-1033​.1995​.108​_c​.x

Ittner, L.M., Y.D. Ke, F. Delerue, M. Bi, A. Gladbach, J. van Eersel, H. Wölfing, 
B.C. Chieng, M.J. Christie, I.A. Napier, et al. 2010. Dendritic function of 
tau mediates amyloid-beta toxicity in Alzheimer’s disease mouse models. 
Cell. 142:387–397. http​://dx​.doi​.org​/10​.1016​/j​.cell​.2010​.06​.036

Janson, J., T. Laedtke, J.E. Parisi, P. O’Brien, R.C. Petersen, and P.C. Butler. 
2004. Increased risk of type 2 diabetes in Alzheimer disease. Diabetes. 
53:474–481. http​://dx​.doi​.org​/10​.2337​/diabetes​.53​.2​.474

Jucker, M., and L.C. Walker. 2013. Self-propagation of pathogenic protein 
aggregates in neurodegenerative diseases. Nature. 501:45–51. http​://dx​
.doi​.org​/10​.1038​/nature12481

Kimura, T., D.J. Whitcomb, J. Jo, P. Regan, T. Piers, S. Heo, C. Brown, T. 
Hashikawa, M. Murayama, H. Seok, et al. 2014. Microtubule-associated 
protein tau is essential for long-term depression in the hippocampus. 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130144. http​://dx​.doi​.org​
/10​.1098​/rstb​.2013​.0144

Knafo, S., C. Sánchez-Puelles, E. Palomer, I. Delgado, J.E. Draffin, J. Mingo, T. 
Wahle, K. Kaleka, L. Mou, I. Pereda-Perez, et al. 2016. PTEN recruitment 
controls synaptic and cognitive function in Alzheimer’s models. Nat. 
Neurosci. 19:443–453. http​://dx​.doi​.org​/10​.1038​/nn​.4225

Lacovich, V., S.L. Espindola, M. Alloatti, V. Pozo Devoto, L.E. Cromberg, 
M.E. Čarná, G. Forte, J.-M. Gallo, L. Bruno, G.B. Stokin, et al. 2017. 
Tau isoforms imbalance impairs the axonal transport of the amyloid 
precursor protein in human neurons. J. Neurosci. 37:58–69. http​://dx​.doi​
.org​/10​.1523​/JNE​URO​SCI​.2305​-16​.2016

Lázaro, D.F., E.F. Rodrigues, R. Langohr, H. Shahpasandzadeh, T. Ribeiro, P. 
Guerreiro, E. Gerhardt, K. Kröhnert, J. Klucken, M.D. Pereira, et al. 2014. 
Systematic comparison of the effects of alpha-synuclein mutations on its 
oligomerization and aggregation. PLoS Genet. 10:e1004741. http​://dx​
.doi​.org​/10​.1371​/journal​.pgen​.1004741

Lei, P., S. Ayton, D.I. Finkelstein, L. Spoerri, G.D. Ciccotosto, D.K. Wright, 
B.X.W. Wong, P.A. Adlard, R.A. Cherny, L.Q. Lam, et al. 2012. Tau 
deficiency induces parkinsonism with dementia by impairing APP-

mediated iron export. Nat. Med. 18:291–295. http​://dx​.doi​.org​/10​
.1038​/nm​.2613

Liu, Y., F. Liu, I. Grundke-Iqbal, K. Iqbal, and C.-X. Gong. 2011. Deficient 
brain insulin signalling pathway in Alzheimer’s disease and diabetes. J. 
Pathol. 225:54–62. http​://dx​.doi​.org​/10​.1002​/path​.2912

Ma, J., W. Zhang, H.-F. Wang, Z.-X. Wang, T. Jiang, M.-S. Tan, J.-T. Yu, 
and L. Tan. 2016. Peripheral blood adipokines and insulin levels in 
patients with Alzheimer’s disease: A replication study and meta-
analysis. Curr. Alzheimer Res. 13:223–233. http​://dx​.doi​.org​/10​.2174​
/156720501303160217111434

Ma, Q.-L., F. Yang, E.R. Rosario, O.J. Ubeda, W. Beech, D.J. Gant, P.P. Chen, B. 
Hudspeth, C. Chen, Y. Zhao, et al. 2009. Beta-amyloid oligomers induce 
phosphorylation of tau and inactivation of insulin receptor substrate via 
c-Jun N-terminal kinase signaling: suppression by omega-3 fatty acids 
and curcumin. J. Neurosci. 29:9078–9089. http​://dx​.doi​.org​/10​.1523​/
JNE​URO​SCI​.1071​-09​.2009

Ma, Q.-L., X. Zuo, F. Yang, O.J. Ubeda, D.J. Gant, M. Alaverdyan, N.C. Kiosea, 
S. Nazari, P.P. Chen, F. Nothias, et al. 2014. Loss of MAP function leads 
to hippocampal synapse loss and deficits in the Morris Water Maze with 
aging. J. Neurosci. 34:7124–7136. http​://dx​.doi​.org​/10​.1523​/JNE​URO​
SCI​.3439​-13​.2014

Maj, M., W. Gartner, A. Ilhan, D. Neziri, J. Attems, and L. Wagner. 2010. 
Expression of TAU in insulin-secreting cells and its interaction with the 
calcium-binding protein secretagogin. J. Endocrinol. 205:25–36. http​://
dx​.doi​.org​/10​.1677​/JOE​-09​-0341

Maj, M., G. Hoermann, S. Rasul, W. Base, L. Wagner, and J. Attems. 2016. The 
microtubule-associated protein tau and its relevance for pancreatic beta 
cells. J. Diabetes Res. 2016:1964634. http​://dx​.doi​.org​/10​.1155​/2016​
/1964634

Masters, C.L., G. Multhaup, G. Simms, J. Pottgiesser, R.N. Martins, and K. 
Beyreuther. 1985. Neuronal origin of a cerebral amyloid: neurofibrillary 
tangles of Alzheimer’s disease contain the same protein as the amyloid of 
plaque cores and blood vessels. EMBO J. 4:2757–2763.

Mayeux, R., and Y. Stern. 2012. Epidemiology of Alzheimer disease. Cold 
Spring Harb. Perspect. Med. 2:a006239. http​://dx​.doi​.org​/10​.1101​/
cshperspect​.a006239

Meneilly, G.S., and A. Hill. 1993. Alterations in glucose metabolism in 
patients with Alzheimer’s disease. J. Am. Geriatr. Soc. 41:710–714. http​://
dx​.doi​.org​/10​.1111​/j​.1532​-5415​.1993​.tb07458​.x

Moloney, A.M., R.J. Griffin, S. Timmons, R. O’Connor, R. Ravid, and C. 
O’Neill. 2010. Defects in IGF-1 receptor, insulin receptor and IRS-1/2 
in Alzheimer’s disease indicate possible resistance to IGF-1 and insulin 
signalling. Neurobiol. Aging. 31:224–243. http​://dx​.doi​.org​/10​.1016​/j​
.neurobiolaging​.2008​.04​.002

Morris, M., S. Maeda, K. Vossel, and L. Mucke. 2011. The many faces of tau. 
Neuron. 70:410–426. http​://dx​.doi​.org​/10​.1016​/j​.neuron​.2011​.04​.009

Morris, M., P. Hamto, A. Adame, N. Devidze, E. Masliah, and L. Mucke. 2013. 
Age-appropriate cognition and subtle dopamine-independent motor 
deficits in aged tau knockout mice. Neurobiol. Aging. 34:1523–1529. http​
://dx​.doi​.org​/10​.1016​/j​.neurobiolaging​.2012​.12​.003

Mothe, I., and E. Van Obberghen. 1996. Phosphorylation of insulin receptor 
substrate-1 on multiple serine residues, 612, 632, 662, and 731, modulates 
insulin action. J. Biol. Chem. 271:11222–11227. http​://dx​.doi​.org​/10​
.1074​/jbc​.271​.19​.11222

Mysoet, J., M.-H. Canu, C. Gillet, J. Fourneau, C. Garnier, B. Bastide, and 
E. Dupont. 2017. Reorganization of motor cortex and impairment of 
motor performance induced by hindlimb unloading are partially reversed 
by cortical IGF-1 administration. Behav. Brain Res. 317:434–443. http​://
dx​.doi​.org​/10​.1016​/j​.bbr​.2016​.10​.005

Nakatsuji, H., A. Araki, A. Hashizume, Y. Hijikata, S. Yamada, T. Inagaki, K. 
Suzuki, H. Banno, N. Suga, Y. Okada, et al. 2017. Correlation of insulin 
resistance and motor function in spinal and bulbar muscular atrophy. J. 
Neurol. 264:839–847. http​://dx​.doi​.org​/10​.1007​/s00415​-017​-8405​-3

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/214/8/2257/1758854/jem
_20161731.pdf by guest on 24 Septem

ber 2024

http://dx.doi.org/10.1016/j.physbeh.2007.05.043
http://dx.doi.org/10.1016/j.physbeh.2007.05.043
http://dx.doi.org/10.2337/db15-0596
http://dx.doi.org/10.2337/db15-0596
http://dx.doi.org/10.1016/S0197-4580(99)00063-9
http://dx.doi.org/10.1016/S0197-4580(99)00063-9
http://dx.doi.org/10.1242/jcs.01724
http://dx.doi.org/10.1038/369488a0
http://dx.doi.org/10.1016/j.cmet.2015.08.016
http://dx.doi.org/10.1016/j.cmet.2015.08.016
http://dx.doi.org/10.1111/j.1432-1033.1995.108_c.x
http://dx.doi.org/10.1016/j.cell.2010.06.036
http://dx.doi.org/10.2337/diabetes.53.2.474
http://dx.doi.org/10.1038/nature12481
http://dx.doi.org/10.1038/nature12481
http://dx.doi.org/10.1098/rstb.2013.0144
http://dx.doi.org/10.1098/rstb.2013.0144
http://dx.doi.org/10.1038/nn.4225
http://dx.doi.org/10.1523/JNEUROSCI.2305-16.2016
http://dx.doi.org/10.1523/JNEUROSCI.2305-16.2016
http://dx.doi.org/10.1371/journal.pgen.1004741
http://dx.doi.org/10.1371/journal.pgen.1004741
http://dx.doi.org/10.1038/nm.2613
http://dx.doi.org/10.1038/nm.2613
http://dx.doi.org/10.1002/path.2912
http://dx.doi.org/10.2174/156720501303160217111434
http://dx.doi.org/10.2174/156720501303160217111434
http://dx.doi.org/10.1523/JNEUROSCI.1071-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.1071-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.3439-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.3439-13.2014
http://dx.doi.org/10.1677/JOE-09-0341
http://dx.doi.org/10.1677/JOE-09-0341
http://dx.doi.org/10.1155/2016/1964634
http://dx.doi.org/10.1155/2016/1964634
http://dx.doi.org/10.1101/cshperspect.a006239
http://dx.doi.org/10.1101/cshperspect.a006239
http://dx.doi.org/10.1111/j.1532-5415.1993.tb07458.x
http://dx.doi.org/10.1111/j.1532-5415.1993.tb07458.x
http://dx.doi.org/10.1016/j.neurobiolaging.2008.04.002
http://dx.doi.org/10.1016/j.neurobiolaging.2008.04.002
http://dx.doi.org/10.1016/j.neuron.2011.04.009
http://dx.doi.org/10.1016/j.neurobiolaging.2012.12.003
http://dx.doi.org/10.1016/j.neurobiolaging.2012.12.003
http://dx.doi.org/10.1074/jbc.271.19.11222
http://dx.doi.org/10.1074/jbc.271.19.11222
http://dx.doi.org/10.1016/j.bbr.2016.10.005
http://dx.doi.org/10.1016/j.bbr.2016.10.005
http://dx.doi.org/10.1007/s00415-017-8405-3


2269JEM Vol. 214, No. 8

Neuville, P., M.T. Vanier, L. Michalik, and J.F. Launay. 1995. In situ 
localization with digoxigenin-labelled probes of tau-related mRNAs in 
the rat pancreas. Histochem. J. 27:565–574. http​://dx​.doi​.org​/10​.1007​/
BF02388454

Obici, S., Z. Feng, G. Karkanias, D.G. Baskin, and L. Rossetti. 2002. Decreasing 
hypothalamic insulin receptors causes hyperphagia and insulin resistance 
in rats. Nat. Neurosci. 5:566–572. http​://dx​.doi​.org​/10​.1038​/nn0602​
-861

Ortega-Molina, A., and M. Serrano. 2013. PTEN in cancer, metabolism, and 
aging. Trends Endocrinol. Metab. 24:184–189. http​://dx​.doi​.org​/10​.1016​
/j​.tem​.2012​.11​.002

Outeiro, T.F., P. Putcha, J.E. Tetzlaff, R. Spoelgen, M. Koker, F. Carvalho, B.T. 
Hyman, and P.J. McLean. 2008. Formation of toxic oligomeric alpha-
synuclein species in living cells. PLoS One. 3:e1867. (published erratum 
appears in PLoS One. 2008. 3:5) http​://dx​.doi​.org​/10​.1371​/journal​
.pone​.0001867

Papon, M.A., N.B. El Khoury, F. Marcouiller, C. Julien, F. Morin, A. 
Bretteville, F.R. Petry, S. Gaudreau, A. Amrani, P.M. Mathews, et al. 2013. 
Deregulation of protein phosphatase 2A and hyperphosphorylation of τ 
protein following onset of diabetes in NOD mice. Diabetes. 62:609–617. 
http​://dx​.doi​.org​/10​.2337​/db12​-0187

Paxinos, G., and K.B.J. Franklin. 2013. The Mouse Brain in Stereotaxic 
Coordinates. Academic Press Inc., Amsterdam.

Pierre-Eugene, C., P. Pagesy, T.T. Nguyen, M. Neuillé, G. Tschank, N. 
Tennagels, C. Hampe, and T. Issad. 2012. Effect of insulin analogues on 
insulin/IGF1 hybrid receptors: increased activation by glargine but not 
by its metabolites M1 and M2. PLoS One. 7:e41992. http​://dx​.doi​.org​
/10​.1371​/journal​.pone​.0041992

Prokopenko, I., W. Poon, R. Mägi, R. Prasad B, S.A. Salehi, P. Almgren, P. 
Osmark, N. Bouatia-Naji, N. Wierup, T. Fall, et al. 2014. A central role for 
GRB10 in regulation of islet function in man. PLoS Genet. 10:e1004235. 
http​://dx​.doi​.org​/10​.1371​/journal​.pgen​.1004235

Razay, G., and G.K. Wilcock. 1994. Hyperinsulinaemia and Alzheimer’s 
disease. Age Ageing. 23:396–399. http​://dx​.doi​.org​/10​.1093​/ageing​/23​
.5​.396

Reger, M.A., G.S. Watson, P.S. Green, C.W. Wilkinson, L.D. Baker, B. 
Cholerton, M.A. Fishel, S.R. Plymate, J.C.S. Breitner, W. DeGroodt, 
et al. 2008. Intranasal insulin improves cognition and modulates beta-
amyloid in early AD. Neurology. 70:440–448. (published erratum appears 
in Neurology. 2008. 71:866) http​://dx​.doi​.org​/10​.1212​/01​.WNL​
.0000265401​.62434​.36

Reynolds, C.H., C.J. Garwood, S. Wray, C. Price, S. Kellie, T. Perera, 
M. Zvelebil, A. Yang, P.W. Sheppard, I.M. Varndell, et al. 2008. 
Phosphorylation regulates tau interactions with Src homology 3 domains 
of phosphatidylinositol 3-kinase, phospholipase Cgamma1, Grb2, and 
Src family kinases. J. Biol. Chem. 283:18177–18186. http​://dx​.doi​.org​
/10​.1074​/jbc​.M709715200

Saxena, R., M.-F. Hivert, C. Langenberg, T. Tanaka, J.S. Pankow, P. 
Vollenweider, V. Lyssenko, N. Bouatia-Naji, J. Dupuis, A.U. Jackson, et al. 
MAG​IC investigators. 2010. Genetic variation in GIPR influences the 
glucose and insulin responses to an oral glucose challenge. Nat. Genet. 
42:142–148. http​://dx​.doi​.org​/10​.1038​/ng​.521

Sergeant, N., A. Bretteville, M. Hamdane, M.-L. Caillet-Boudin, P. Grognet, S. 
Bombois, D. Blum, A. Delacourte, F. Pasquier, E. Vanmechelen, et al. 2008. 
Biochemistry of Tau in Alzheimer’s disease and related neurological 
disorders. Expert Rev. Proteomics. 5:207–224. http​://dx​.doi​.org​/10​.1586​
/14789450​.5​.2​.207

Stanley, M., S.L. Macauley, and D.M. Holtzman. 2016a. Changes in insulin 
and insulin signaling in Alzheimer’s disease: cause or consequence? J. Exp. 
Med. 213:1375–1385. http​://dx​.doi​.org​/10​.1084​/jem​.20160493

Stanley, M., S.L. Macauley, E.E. Caesar, L.J. Koscal, W. Moritz, G.O. Robinson, 
J. Roh, J. Keyser, H. Jiang, and D.M. Holtzman. 2016b. The effects of 

peripheral and central high insulin on brain insulin signaling and 
amyloid-β in young and old APP/PS1 mice. J. Neurosci. 36:11704–11715. 
http​://dx​.doi​.org​/10​.1523​/JNE​URO​SCI​.2119​-16​.2016

Sultan, A., F. Nesslany, M. Violet, S. Bégard, A. Loyens, S. Talahari, Z. 
Mansuroglu, D. Marzin, N. Sergeant, S. Humez, et al. 2011. Nuclear tau, 
a key player in neuronal DNA protection. J. Biol. Chem. 286:4566–4575. 
http​://dx​.doi​.org​/10​.1074​/jbc​.M110​.199976

Takeda, S., N. Sato, K. Uchio-Yamada, K. Sawada, T. Kunieda, D. Takeuchi, H. 
Kurinami, M. Shinohara, H. Rakugi, and R. Morishita. 2010. Diabetes-
accelerated memory dysfunction via cerebrovascular inflammation and 
Abeta deposition in an Alzheimer mouse model with diabetes. Proc. 
Natl. Acad. Sci. USA. 107:7036–7041. http​://dx​.doi​.org​/10​.1073​/pnas​
.1000645107

Talbot, K., H.-Y. Wang, H. Kazi, L.-Y. Han, K.P. Bakshi, A. Stucky, R.L. Fuino, 
K.R. Kawaguchi, A.J. Samoyedny, R.S. Wilson, et al. 2012. Demonstrated 
brain insulin resistance in Alzheimer’s disease patients is associated with 
IGF-1 resistance, IRS-1 dysregulation, and cognitive decline. J. Clin. 
Invest. 122:1316–1338. http​://dx​.doi​.org​/10​.1172​/JCI59903

Trabzuni, D., S. Wray, J. Vandrovcova, A. Ramasamy, R. Walker, C. Smith, 
C. Luk, J.R. Gibbs, A. Dillman, D.G. Hernandez, et al. 2012. MAPT 
expression and splicing is differentially regulated by brain region: relation 
to genotype and implication for tauopathies. Hum. Mol. Genet. 21:4094–
4103. http​://dx​.doi​.org​/10​.1093​/hmg​/dds238

Trojanowski, J.Q., and V.M.-Y. Lee. 2005. Pathological tau: A loss of normal 
function or a gain in toxicity? Nat. Neurosci. 8:1136–1137. http​://dx​.doi​
.org​/10​.1038​/nn0905​-1136

Tucker, K.L., M. Meyer, and Y.A. Barde. 2001. Neurotrophins are required for 
nerve growth during development. Nat. Neurosci. 4:29–37. http​://dx​.doi​
.org​/10​.1038​/82868

Turner, R., S. Craft, and P. Aisen. 2013. Individuals with Alzheimer’s disease 
exhibit a high prevalence of undiagnosed impaired glucose tolerance and 
type 2 diabetes mellitus. Alzheimers Dement. 9:284–285. http​://dx​.doi​
.org​/10​.1016​/j​.jalz​.2013​.05​.573

Van Der Heide, L.P., A. Kamal, A. Artola, W.H. Gispen, and G.M.J. Ramakers. 
2005. Insulin modulates hippocampal activity-dependent synaptic 
plasticity in a N-methyl-d-aspartate receptor and phosphatidyl-inositol-
3-kinase–dependent manner. J. Neurochem. 94:1158–1166. http​://dx​.doi​
.org​/10​.1111​/j​.1471​-4159​.2005​.03269​.x

Vincent, I., M. Rosado, and P. Davies. 1996. Mitotic mechanisms in 
Alzheimer’s disease? J. Cell Biol. 132:413–425. http​://dx​.doi​.org​/10​
.1083​/jcb​.132​.3​.413

Violet, M., L. Delattre, M. Tardivel, A. Sultan, A. Chauderlier, R. Caillierez, 
S. Talahari, F. Nesslany, B. Lefebvre, E. Bonnefoy, et al. 2014. A major 
role for Tau in neuronal DNA and RNA protection in vivo under 
physiological and hyperthermic conditions. Front. Cell. Neurosci. 8:84. 
http​://dx​.doi​.org​/10​.3389​/fncel​.2014​.00084

Wang, Y., and E. Mandelkow. 2016. Tau in physiology and pathology. Nat. Rev. 
Neurosci. 17:5–21. http​://dx​.doi​.org​/10​.1038​/nrn​.2015​.1

Woods, S.C., E.C. Lotter, L.D. McKay, and D. Porte Jr. 1979. Chronic 
intracerebroventricular infusion of insulin reduces food intake and body 
weight of baboons. Nature. 282:503–505. http​://dx​.doi​.org​/10​.1038​
/282503a0

Yarchoan, M., J.B. Toledo, E.B. Lee, Z. Arvanitakis, H. Kazi, L.-Y. Han, N. 
Louneva, V.M.-Y. Lee, S.F. Kim, J.Q. Trojanowski, and S.E. Arnold. 2014. 
Abnormal serine phosphorylation of insulin receptor substrate 1 is 
associated with tau pathology in Alzheimer’s disease and tauopathies. 
Acta Neuropathol. 128:679–689. http​://dx​.doi​.org​/10​.1007​/s00401​-014​
-1328​-5

Zhao, W.Q., F.G. De Felice, S. Fernandez, H. Chen, M.P. Lambert, M.J. 
Quon, G.A. Krafft, and W.L. Klein. 2008. Amyloid beta oligomers induce 
impairment of neuronal insulin receptors. FAS​EB J. 22:246–260. http​://
dx​.doi​.org​/10​.1096​/fj​.06​-7703com

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/214/8/2257/1758854/jem
_20161731.pdf by guest on 24 Septem

ber 2024

http://dx.doi.org/10.1007/BF02388454
http://dx.doi.org/10.1007/BF02388454
http://dx.doi.org/10.1038/nn0602-861
http://dx.doi.org/10.1038/nn0602-861
http://dx.doi.org/10.1016/j.tem.2012.11.002
http://dx.doi.org/10.1016/j.tem.2012.11.002
http://dx.doi.org/10.1371/journal.pone.0001867
http://dx.doi.org/10.1371/journal.pone.0001867
http://dx.doi.org/10.2337/db12-0187
http://dx.doi.org/10.1371/journal.pone.0041992
http://dx.doi.org/10.1371/journal.pone.0041992
http://dx.doi.org/10.1371/journal.pgen.1004235
http://dx.doi.org/10.1093/ageing/23.5.396
http://dx.doi.org/10.1093/ageing/23.5.396
http://dx.doi.org/10.1212/01.WNL.0000265401.62434.36
http://dx.doi.org/10.1212/01.WNL.0000265401.62434.36
http://dx.doi.org/10.1074/jbc.M709715200
http://dx.doi.org/10.1074/jbc.M709715200
http://dx.doi.org/10.1038/ng.521
http://dx.doi.org/10.1586/14789450.5.2.207
http://dx.doi.org/10.1586/14789450.5.2.207
http://dx.doi.org/10.1084/jem.20160493
http://dx.doi.org/10.1523/JNEUROSCI.2119-16.2016
http://dx.doi.org/10.1074/jbc.M110.199976
http://dx.doi.org/10.1073/pnas.1000645107
http://dx.doi.org/10.1073/pnas.1000645107
http://dx.doi.org/10.1172/JCI59903
http://dx.doi.org/10.1093/hmg/dds238
http://dx.doi.org/10.1038/nn0905-1136
http://dx.doi.org/10.1038/nn0905-1136
http://dx.doi.org/10.1038/82868
http://dx.doi.org/10.1038/82868
http://dx.doi.org/10.1016/j.jalz.2013.05.573
http://dx.doi.org/10.1016/j.jalz.2013.05.573
http://dx.doi.org/10.1111/j.1471-4159.2005.03269.x
http://dx.doi.org/10.1111/j.1471-4159.2005.03269.x
http://dx.doi.org/10.1083/jcb.132.3.413
http://dx.doi.org/10.1083/jcb.132.3.413
http://dx.doi.org/10.3389/fncel.2014.00084
http://dx.doi.org/10.1038/nrn.2015.1
http://dx.doi.org/10.1038/282503a0
http://dx.doi.org/10.1038/282503a0
http://dx.doi.org/10.1007/s00401-014-1328-5
http://dx.doi.org/10.1007/s00401-014-1328-5
http://dx.doi.org/10.1096/fj.06-7703com
http://dx.doi.org/10.1096/fj.06-7703com

