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Abstract

Apolipoprotein E epsilon-4 (APOEε4 or APOE4), an allelic variation of the APOE gene, not 

only increases the risk of developing the late-onset form of Alzheimer’s disease (AD), but also 

influences the outcome of treatment. Indeed, data from clinical studies show that the beneficial 

effect of insulin on cognition is blunted in APOE4 carriers. To investigate how APOE impacts 

insulin response, we assessed the effects of an acute insulin injection in APOE3- and APOE4-

targeted replacement mice that respectively express the human APOE3 or APOE4 isoform in place 

of the endogenous murine ApoE protein. We evaluated cognition, insulin signaling and proteins 

implicated in Aβ transport and tau phosphorylation in the cortex and brain capillaries. We found 

that a single acute insulin injection increased Akt pSer473 in APOE4 compared to APOE3 mice 

(+113% versus +78.5%), indicating that APOE4 carriage potentiates activation of insulin upstream 

signaling pathway in the brain. Insulin also led to decreased concentrations of the receptor for 

advanced glycation endproducts (RAGE) in brain capillaries in both groups of mice. Moreover, 

higher phosphorylation of tau at Ser202, one of the key markers of AD neuropathology, was 

observed in insulin-injected APOE4 mice (+44%), consistent with findings in human APOE4 
carriers (+400% compared to non-carriers). Therefore, our data suggest that APOE4 carriage leads 

to an increased insulin-induced activation of cerebral Akt pathway, associated with higher AD-like 
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tau neuropathology. Our results provide evidence of altered insulin signaling in APOE4 carriers as 

well as a possible mechanism to explain the absence of cognitive benefit from insulin therapy in 

these individuals.
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Introduction

As the prevalence of Alzheimer’s disease (AD) is rising, there is a strong worldwide 

need to better understand its etiopathophysiology in order to develop treatments. Although 

the genetics of AD are complex, numerous studies have confirmed that a common 

polymorphism in the apolipoprotein E (APOE) gene is the main genetic risk factor for 

developing sporadic and familial Alzheimer’s disease (AD) (Corder et al., 1993; Strittmatter 

et al., 1993). Among patients suffering from AD, the prevalence of the APOE4 allele reaches 

36.7% (Farrer et al., 1997). There is a wealth of AD-relevant pathogenic processes known to 

be influenced by APOE alleles, and which could explain its role as a risk factor (Salem et 

al., 2015). Beside its major impact on AD risk, APOE genotype has been repeatedly shown 

to influence treatment outcomes in clinical studies performed in AD patients (Choi et al., 

2008; Salem et al., 2015; Vandal et al., 2014a), making the APOEε4 allele an unescapable 

pharmacogenetic factor to consider in AD clinical trial design. Mounting evidence indicates 

that stimulating insulin pathways in the brain may have a therapeutic value on AD-related 

cognitive impairment (Benedict et al., 2011; De Felice, 2013; Dhuria et al., 2010; Freiherr et 

al., 2013; Schiöth et al., 2012). Improvement of memory function is seen following insulin 

administration in clinical trial with AD patients (Craft et al., 2012) and in mouse models 

of the disease (Vandal et al., 2014b). However, in clinical trial, the cognitive response to 

insulin critically depends on APOE alleles (Reger et al., 2006) (Reger et al., 2008). At 

the mechanistic level, these results suggest that APOE genotype influences brain insulin 

signaling. To directly investigate this question in vivo, we compared central and peripheral 

response to a single insulin injection between APOE3- and APOE4-targeted replacement 

mice.

Methods

Animals

APOE-targeted replacement mice, in which, the endogenous murine APOE gene was 

replaced by human APOE3 or APOE4 genes (Sullivan et al., 1997), were purchased from 

Taconic (Hudson, NY, USA). In this mouse model, the endogenous murine APOE gene 

was replaced by human APOE3 or APOE4 genes (Sullivan et al., 1997). Mice were fed 

a commercial chow (Teklad 2018; Harlan Laboratories, Indianapolis, IN, USA) and were 

killed at 12 months of age. Before sacrifice, mice were fasted for 6 hours and received an 

intravenous (i.v.) injection of insulin (3.8 U/kg of human insulin) or saline 5 minutes before 

death, a dose known to strongly activate muscle (White et al., 2014) and brain (Vandal 

et al., 2014b) insulin signaling. Mice were sacrificed by intracardiac perfusion with 40 
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ml of ice-cold 0.1 M phosphate buffer saline (PBS) containing inhibitors of phosphatases 

(sodium pyrophosphate, 1 mM and sodium fluoride 50 mM) and proteases (SigmaFast 

protease inhibitor tablets, Sigma-Aldrich, St-Louis, US) while deeply anesthetized (100 

mg/kg ketamine and 10 mg/kg xylazine). One brain hemisphere and the gastrocnemius 

muscle were dissected and kept frozen at −80°C, the other brain hemisphere was kept in 

ice-cold 0.1 M PBS and was rapidly homogenized for brain capillary extraction. All animal 

experiments were approved by Laval University ethics committee.

Human brain samples

Brain parietal cortex samples were obtained from participants in the Religious Order 

Study (ROS), a longitudinal clinical-pathologic study of aging and dementia from which 

an extensive amount of clinical and neuropathological data are available (Bennett, 2006; 

Tremblay et al., 2007a). The cohort used here included volunteers suffering from mild 

cognitive impairment (MCI, n = 12), AD (n = 12), and subjects with no obvious cognitive 

impairment (n = 12). Cortical extracts were prepared as previously described (Tremblay 

et al., 2011). APOE genotype was determined using DNA extracted from peripheral blood 

lymphocytes as previously described (Buchman et al., 2009). When the participants had one 

copy or more of the ε4 allele, they were considered APOE4 positive (Buchman et al., 2009). 

Characteristics of participants are presented in Table 1.

Insulin tolerance test

For insulin tolerance test (ITT), mice were fasted for 6 hours and were injected 

intraperitoneally (i.p.) with human insulin (1 U/kg). A blood drop was taken from the 

saphenous vein and glycemia was measured with a glucometer (ONETOUCH UltraMini, 

LifeScan, CA, USA). We identified two APOE4 mice that were insulin-resistant and both 

were excluded from statistical analysis for all experiments.

Plasma insulin

Fasting plasma insulin was evaluated with an ELISA (Ultrasensitive Insulin ELISA, 

Mercodia, Uppsala, Sweden) according to the instructions from the manufacturer, before 

the injection of insulin during the ITT.

Behavioral testing

Mice received an i.p. injection of human insulin (1 U/kg) or saline 2 hours before behavioral 

testing. Three parameters were evaluated, as previously described: memory with a novel 

object recognition (NOR) test, anxiety-like behavior with a dark-light emergence test and 

locomotor activity with an open field test (St-Amour et al., 2014; Vandal et al., 2014b).

Recognition memory was evaluated by subjecting the mice to the NOR test. During the 

familiarization phase, the mouse was introduced 5 minutes in a standard clear cage (29.2 cm 

× 19 cm × 12.7 cm) with two identical objects. An hour later, they were exposed to a novel 

and a familiar object for another five-minute period. The time exploring the object represents 

the time the mouse spent smelling or exploring an object while subjected to the test (St-

Amour et al., 2014). Recognition index = [Time exploring the new object/(Time exploring 

the new object + Time exploring the familiar object)] × 100. Animals whose recognition 

Marie-Thérèse et al. Page 3

Psychoneuroendocrinology. Author manuscript; available in PMC 2022 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



index was below 30% were excluded from statistical analysis due to an exploration time, 

during the familiarization phase, considered insufficient to allow recognition.

Anxiety-like behaviour was evaluated by the dark-light box emergence test as previously 

described (St-Amour et al., 2014). Mice were placed in the center of the dark chamber with 

a free access to the illuminated chamber for 5 minutes. The time the mouse took to enter 

the illuminated compartment was set as the escape latency. Animals that stayed in the dark 

chamber without coming out within 5 minutes were excluded from the statistical analysis (1 

APOE3 saline and 1 APOE3 insulin were excluded on that basis).

Voluntary locomotor activity was evaluated by subjecting the mice to a one-hour open 

field session, as previously described (St-Amour et al., 2014). The open field apparatus is 

made up of 10 plexiglas cages with translucent walls (80 cm × 80 cm). Each mouse was 

introduced in the center of a cage and an automated recording of photobeam breaks (San 

Diego Instruments) tracked movements in order to calculate the distance traveled by the 

mice.

Brain capillaries isolation

Murine brain microvessels were isolated by density-gradient centrifugation using the 

capillary depletion technique as previously described (Alata et al., 2014). The cerebellum, 

meninges, brain stem and large superficial blood vessels were removed from mice brain 

hemisphere. The resulting cortex was transferred into ice-cold 0.1 M PBS and was gently 

homogenized in ice-cold Dulbecco’s Modified Eagles Medium (DMEM) containing 10% 

fetal bovine serum (FBS) with a Potter homogenizer. The homogenate was centrifuged 

at 500 g for 10 minutes at 4°C and the supernatant was eliminated. The pellet was 

homogenized in 5 ml of DMEM, 25% bovine serum albumin (BSA) and centrifuged at 

1 500 g for 20 min at 4°C. Next, this pellet was homogenized in DMEM containing 10% 

FBS and the homogenate passed through a 60-μm mesh nylon filter to eliminate larger 

vessels. This filtrate was centrifuged at 12 000 g for 45 min at 4°C. The pellet containing 

the microvessels was washed in ice-cold PBS and centrifuged again at 12 000 g for 20 min 

at 4°C. The supernatant was excluded and the pellets were stored at −80°C until protein 

extraction.

Protein extraction

Proteins were extracted from tissue as previously described (St-Amour et al., 2014). Proteins 

were extracted from gastrocnemius muscle, parieto-temporal cortex and brain capillaries. 

Cortices were homogenized in eight times their volume of Tris-buffered saline (0.05 

mol/L Tris-Base, 0.138mol/L NaCl, 2.7 mol/L KCl) for the soluble protein fraction and 

a RIPA buffer (150 mmol/L NaCl, 50 mmol/L Tris-Cl, 0.5% sodium deoxycholate, 0.5% 

sodium dodecyl sulfate, 1% Triton X-100) for the membrane soluble protein fraction. 

Powderized muscles and brain capillaries were homogenized in RIPA buffer. These buffers 

contain a cocktail of proteases inhibitors (Complete™, Roche Diagnostics, Indianapolis, IN, 

USA) and phosphatases inhibitors [Phostop (Roche Diagnostics, Indianapolis, IN, USA), 

sodium orthovanadate, and sodium fluoride]. The samples were sonicated and centrifuged 

Marie-Thérèse et al. Page 4

Psychoneuroendocrinology. Author manuscript; available in PMC 2022 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sequentially at 100 000 g for 20 minutes at 4°C. All fractions were kept frozen at −80°C. 

The proteins were quantified using bicinchoninic acid assays (Pierce, Rockford, IL, USA).

Western immunoblotting

20 μg of protein from the cortex and gastrocnemius or 15 μg of protein from brain capillaries 

were loaded and separated by sodium dodecyl sulfate-polyacrylamide electrophoresis 

gel and afterwards electroblotted onto a polyvinylidene difluoride PVDF membrane 

(Immobilon, Millipore, MA, USA). 5% milk with 0.5% bovine serum albumin (BSA) 

blocking agent was used to block the membranes for 1 hour. Subsequently, membranes 

were immunoblotted with primary and then with secondary antibodies followed by 

chemiluminescence reagents (LumiGLO Reserve Chemiluminescent Substrate Kit, KPL, 

Gaithersburg, MD, USA). Intensity of the bands obtained was evaluated with a KODAK 

Image Station 4000MM Digital Imaging System (Molecular Imaging Software version 

4.0.5f7, KODAK, New Haven, CT). The list of primary antibodies used in our experiments 

and the optical densities for the Western blot results presented as ratios in Figures 1–4 are 

shown in the supplementary material (Table S1 and Table S2, respectively).

Immunofluorescence

Free floating brain sections (25 μm) from APOE3 and APOE4 mice were blocked for 

1 h in a PBS solution containing 5% horse serum (Invitrogen, Carlsbad, CA) and 0.4% 

Triton X-100. Sections were then incubated over-night at 4°C with primary antibodies in 

the blocking solution: biotinylated Lectin antibody (Vector laboratories, Burlingame, CA) 

and rabbit anti-insulin receptor (INSR, 1:100; Fitzgerald; Acton, MA). After incubation 

with primary antibodies, slices were exposed to Alexa Fluor-488 conjugated streptavidin 

(Invitrogen, Carlsbad, CA) or Alexa Fluor-647 conjugated donkey anti-rabbit secondary 

antibodies (1:1000; Invitrogen, Carlsbad, CA). Then, slices were counterstained with 4’, 

6-diamino-2-phenylindole (DAPI; Invitrogen) for 10 min, mounted on SuperFrost Plus 

slides and treated with 0.5% Sudan black (in 70% methanol) for 5 min. Finally, slides were 

placed under coverslips with Mowiol mounting media. Immunofluorescence was examined 

using an epifluorescence microscope (Olympus Provis AX70; Olympus, Melville, NY) 

and photographs were taken using a Spot digital camera (Diagnostic Instruments, Sterling 

Heights, MI). All images were prepared for illustration with Fiji/ImageJ software.

Statistical analysis

Data are presented as means ± SEM. Statistical analysis and number of mice or individuals 

per group are specified in each Figure. For analysis performed in mice, equality of the 

variances between the groups was determined using Bartlett’s test. When comparing two 

groups, an unpaired Student t test was performed, with a Welch correction included when 

variances were not equal Normality of the data was evaluated using a Shapiro-Wilk test 

for groups with at least 7 values and assessed using a Kolmogorov-Smirnov test for groups 

with less than 5 values. When normality could not be assumed and variances were unequal, 

a non-parametric Mann-Whitney test was performed. When more than two groups were 

compared, one-way or two-way ANOVA were used. For one-way ANOVA with comparable 

variances, Tukey’s post hoc analysis was performed. To compare means of the insulin group 

with the average saline (hypothetical value of 1), a one-sample Student t test was used. Data 
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in human samples were compared using Mann-Whiney test when data were continuous. 

Data adjustment was performed using an ANCOVA analysis with age of death or MMSE 

score as covariates. For data distributed in categories, a contingency analysis was performed 

(Fisher’s exact test for two group or Chi-squared for more than two groups). For all data, 

statistical significance was set at P < 0.05. All statistical analyzes were performed with 

Prism 6 (GraphPad software, San Diego, CA, USA) or JMP (version 10.0.0; SAS Institute 

Inc., Cary, IL) softwares.

Results

Despite similar body weight (Fig. 1A), and in line with previous reports (Pendse et al., 

2009), APOE4 mice had lower accumulation of white adipose tissue compared to APOE3 
mice (Fig. 1B). However, the ITT (Fig. 1C and D), plasma insulin (Fig. 1E) and measures 

of gastrocnemius insulin signaling protein (Fig. 1F and G) revealed a peripheral response 

similar between both groups. Brain human ApoE concentrations were also similar between 

APOE3 and APOE4 mice Fig. 1H), consistent with some reports (Sullivan et al., 2011) 

but not all (Riddell et al., 2008; Vandal et al., 2014a). Next, in line with previous data in 

mice (Liraz et al., 2013; Raber et al., 1998) and humans (Caselli et al., 2009), APOE4 
mice had impaired object recognition compared to APOE3 mice (Fig. 1I and J). However, 

we observed no significant effect of a single insulin injection on memory (Fig. 1I and J), 

anxiety-like behavior (Fig. 1K) or locomotor activity (Fig. 1L). Therefore, these results 

confirm that APOE4 mice have impaired memory function that remains uncorrected after 

acute insulin administration, as in clinical trials (RCT) (Craft et al., 2012; Reger et al., 

2006).

We next investigated insulin signaling in the brain according to APOE genotypes by 

evaluating phosphorylated kinase concentrations in the cortex after a single insulin injection. 

No difference between genotypes was observed for levels of insulin receptor (INSR) in brain 

capillaries (Fig. 2A and 2B), cortical insulin receptor substrate (IRS1) (Fig. 2C) or other 

insulin signaling protein (Fig. S1). Cortical ratios of pAkt/Akt (pSer473) were twice higher 

in APOE4 compared to APOE3 mice after insulin injection (Fig. 2D).

Several pieces of evidence suggest that the APOE4 genotype is associated with impairments 

of the blood-brain barrier (BBB), which are possibly involved with AD (Alata et al., 

2015; Bell et al., 2012). APOE4 genotype has previously been linked to higher Aβ 
cerebral accumulation (Drzezga et al., 2009) and impaired Aβ clearance (Castellano et 

al., 2011). Therefore, we evaluated concentrations of the receptor for advanced glycation 

endproducts (RAGE) and of the low density lipoprotein receptor-related protein 1 (LRP1), 

which are implicated in brain influx and efflux of Aβ, respectively, in brain microvessel 

endothelial cells. Despite no difference between genotypes, insulin acutely reduced RAGE 

concentrations in isolated brain capillaries from both APOE3 and APOE4 mice (Fig. 

3A and B), an effect that was undetectable without separating capillaries from whole 

brain homogenates (Fig. S2). Interestingly, RAGE concentrations in brain capillaries were 

positively correlated with cortical pAkt/Akt (pSer473) (Pearson’s correlation coefficient, r2 

= 0.61, p = 0.02) in APOE4 mice, suggesting that a higher insulin response in APOE4 mice 

might be linked to higher RAGE concentrations.
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Next, we investigated cortical phosphorylation of tau, one of the main neuropathological 

hallmarks of AD in brain cortex homogenates (Querfurth and LaFerla, 2010). Following 

an acute insulin injection, the change of ptau Ser202/Thr205 reached 113% in APOE4 
compared to 78.5% in APOE3 mice (p<0.05) in the soluble fraction (Fig. 3C). Our data are 

consistent with previous studies showing increased ptau Ser202 in the brain of APOE4 mice 

following administration of insulin (Freude et al., 2005) or pioglitazone (To et al., 2011), 

a peripheral insulin sensitizer used in the treatment of type 2 diabetes. Since Akt directly 

phosphorylates tau protein (Ksiezak-Reding et al., 2003) and regulates the activity of several 

kinases implicated in tau phosphorylation (Cross et al., 1995), the increase in pAkt observed 

here in APOE4 mice might partly explain the amplification in tau phosphorylation following 

insulin injection.

Finally, to confirm if the APOE4 genotype was also linked with a higher phosphorylation of 

tau in AD patients, we assessed different phospho-epitopes in TBS-extracts from the parietal 

cortex of human subjects (Fig. 4). Interestingly, we found that human APOE4 carriers had 

5-fold higher levels of ptau Ser202/Thr205 and Ser396/404 (detected with AT8 and PHF1 

antibodies, respectively) compared to non-carriers volunteers (Fig. 4A and B), in line with 

our observations in APOE4 mice. However, we need to be careful interpreting these results 

since the APOE4 group was enriched in AD patients with Braak Stage V or VI. Since Braak 

staging is based on postmortem neurofibrillary tangle counts, higher tau levels in cortex 

homogenates is expected as well. Therefore, we performed two-way ANOVAs using Braak 

scores as one independent categorical variable and APOE carriage as the other. The impact 

of APOE carriage on tau phosphorylation at Ser202/Thr205 became non-significant (p = 

0.0960) but remained higher than the effect of Braak stages (I, II and III versus IV and V; p 

= 0.251). This suggests a stronger effect of APOE carriage on ptau Ser202/Thr205 compared 

to Braak scores. For ptau pSer396/404, the difference between APOE4 and APOE3 did not 

reach significance (p = 0.254) but almost did for Braak scores (p = 0.0597). This indicates 

that the higher proportion in individuals with Braak scores IV and V in the APOE4 group 

contributed to the differences detected between APOE4 and APOE3 carriers, particularly for 

ptau Ser396/404.

Next, although there were more AD subjects in the APOE4 group, the impact of APOE 
carriage on tau phosphorylation at Ser202/Thr205 was stronger (p = 0.023) than the 

effect of clinical diagnosis (p = 0.084), as revealed by two-way ANOVA analyses for this 

particular phosphoepitope. On the other hand, the opposite was found with ptau Ser396/404 

(Diagnosis, p = 0.048; APOE4 carriage, p = 0.063), indicating that AD diagnosis might 

drive phosphorylation of tau to a slightly greater extent than APOE4 genotype. Since 

there was a significant difference between APOE4 carriers and non-carriers for the MMSE 

score and age of death, we included those parameters as covariates in our statistical 

analyses (Table S3). However, ptau Ser396/404 and Ser202/Thr205 remain statistically 

higher in APOE4 carriers after the adjustment for both age of death and MMSE score. 

Overall, this suggests that the higher insulin response in APOE4 mice is associated with 

hyperphosphorylation of tau, a key AD neuropathological marker.
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Discussion

In this study, we used APOE3- and APOE4-targeted replacement mice to investigate 

the relationship between human APOE genotypes, cerebral insulin responses, and AD-

related parameters, such as BBB transporters of Aβ and phosphorylation of tau. The 

brain of APOE4 mice showed a higher response to insulin, at least with respect to 

the Akt pathway. Furthermore, acute insulin injection increased tau phosphorylation at 

Ser202/Thr205, suggesting that the activation of the insulin-signaling pathway leads to tau 

hyperphosphorylation in APOE4 mice. Several pieces of evidence in human and animal 

models suggest that insulin might be a therapeutic tool in AD (De Felice, 2013). The 

beneficial effect of insulin on several memory-related endpoints has been consistently 

observed in at least 10 RCTs (Craft et al., 2012; Freiherr et al., 2013; Reger et al., 2006; 

Reger et al., 2008). Preclinical data also support a memory-enhancing effect of insulin. For 

example, systemic insulin also improved object recognition memory in the 3xTg-AD mouse 

model of AD fed a high-fat diet (Vandal et al., 2014b). Since memory improvement was 

associated with a reduction in soluble cortical Aβ and a sharp increase in plasma Aβ (Vandal 

et al., 2014b), clearance of Aβ through the BBB was suggested as a plausible mechanism 

(Vandal et al., 2015). The present observation that insulin lowers RAGE levels in brain 

capillaries of APOE3 and APOE4 mice provides further support for the contention that 

insulin potentiates Aβ clearance from the brain.

In spite of these encouraging data, clinical trials also tell us that insulin, at least when 

administered intranasally (Claxton et al., 2013; Craft et al., 2012; Reger et al., 2006; Reger 

et al., 2008) or intravenously (Craft et al., 1999), does not provide cognitive benefits to 

APOE4 carriers, contrary to non-carriers. Consistent results are also found in studies using 

a similar time frame than the present study. Rosenbloom et al. compared the effect of a 

single dose of intranasal rapid-acting insulin glulisine with a placebo on cognitive function 

of APOE4 carrier with mild to moderate AD (Rosenbloom et al., 2014). A battery of 

cognitive test executed 20 min following the treatment revealed no effect of the acute 

insulin treatment (Rosenbloom et al., 2014). In line with these results, Reger et al. in 2006 

previously reported no effect of intranasal insulin on total story and total list recall, 15 min 

following administration, in memory-impaired APOE4 carriers (Reger et al., 2006). Since 

APOE4 is predominant in AD, representing over 36% of patients suffering from the disease 

(Farrer et al., 1997), it is critical to find out why these patients are not benefiting from 

insulin treatment and the underlying mechanisms (Claxton et al., 2013). APOE4-positive 

AD patients show increased plasma insulin compared to non-APOE4 carriers, which might 

indicate that they are insulin resistant (Craft et al., 1999). Furthermore, recent studies in 

the same mouse model reported lower insulin signaling-related proteins at the basal state 

in the brain of 32- and 72-week-old mice (Keeney et al., 2015; Ong et al., 2014). Indeed, 

Ong et al. 2014 showed that APOE4 mice display a reduction in the phosphorylation of 

IRS and Akt proteins, in line with a reduction of brain insulin signaling (Keeney et al., 

2015; Ong et al., 2014). However, the present data do not lend direct support to that 

hypothesis as we found increased Akt activation following acute insulin administration in 

APOE4 mice, when compared to APOE3 mice. On the other hand, we found no difference 

in IRS1 concentrations, similarly to the results from Keeney et al., 2015, who studied 
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insulin signaling in 6-month-old APOE3 and APOE4 female mice (Keeney et al., 2015). 

Interestingly, a higher phosphorylation status of IRS1 at Ser636 has been shown to impair 

insulin sensitivity (Li et al., 2004; Tremblay et al., 2007b). Lower level of pIRS1 Ser636 

was observed in the brain of APOE4 mice (Ong et al., 2014), which may partly explain 

the higher insulin-induced Akt activation observed in the present study. Another possible 

explanation for this increased Akt activation may stem from the mTORC2 complex. The loss 

of mTORC2 was shown to promote severe hyperglycemia in mice (Treins et al., 2012). The 

RICTOR-binding subunit of mTORC2 can also phosphorylate Akt at Ser473 (Sarbassov et 

al., 2005). Thus, an upregulation of RICTOR-mTOR complex activity in APOE4 mice could 

also contribute to the higher Akt activation observed here.

The higher activation of the Akt pathway in APOE4 carriers observed here might thus 

have several outcomes on the function of brain cells. One of the possible consequences of 

the amplification of cerebral Akt signaling in APOE4 mice observed here is an increased 

phosphorylation of tau at site Ser202. Phospho-tau Ser202/Thr205 is detected at early stages 

of AD (Blazquez-Llorca et al., 2010) and is used for postmortem staging of AD (Braak 

and Braak, 1997). Also, it is known to promote aggregation of the protein over time and 

therefore might affect formation of neurofibrillary tangles (Rankin et al., 2005). Insoluble 

tau species are found in AD brain and are well correlated with ante-mortem cognitive 

deficits (Tremblay et al., 2007a). Although the rise detected here is quickly triggered by 

acute insulin and might wane off over time, on the long term, daily systemic peaks of insulin 

might still have particularly detrimental effects in APOE4 carriers.

Interestingly, in agreement with the animal data, higher phosphorylation of tau at Ser202/

Thr205 and pSer396/404 was also observed in human APOE4 carriers from the ROS cohort 

compared to non-APOE4 carriers, whereas no such difference was detected for pThr181 or 

total tau. These results should be considered with caution since, as APOE4 carriage is more 

frequent in AD than in the general population, the APOE4 group of the present cohort was 

also enriched in persons with Braak stages V or VI. Although not statistically significant, 

this difference in proportion certainly contributed to the observed higher tau phosphorylation 

in APOE4 subjects.

Nevertheless, it is interesting to observe that the difference found between APOE4 and 

APOE3 carriers was particularly strong for pSer202/Thr205 tau (AT8) and virtually absent 

for total tau, as observed in the mouse models.

Our present data therefore reveal that the Akt pathway in APOE4 mice responds more 

strongly to insulin, translating into a rapid increase in tau phosphorylation at Ser202/Thr205 

after a single injection. Since total APOE levels were unchanged between groups, this is 

consistent with a gain function of the APOE4 allele (Salem et al., 2015; Teter, 2007). Our 

data suggest that a faulty downstream mechanism such as tau hyperphosphorylation makes 

the action of insulin deleterious in APOE4 carriers, at least from an AD perspective. As 

far as these findings are applicable to humans, they put forward a possible mechanism 

explaining why AD patients who are APOE4 carriers do not benefit from insulin therapy as 

non-carriers do.
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Highlights

• APOE4 carriage potentiates the activation of brain insulin signaling pathway.

• Insulin induces higher phosphorylation of tau at Ser202 in APOE4 mice.

• Human APOE4 carriers have higher phosphorylation of tau at Ser202.

• Defects in brain response may explain insulin poor clinical effect in APOE4 

carriers.
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Figure 1 : APOE4 mice have similar peripheral insulin sensitivity but impaired memory 
compared to APOE3 mice.
Body weight (A), visceral fat accumulation (B), glycemia (C) and area under the curve 

(D) during the insulin tolerance test (ITT). Fasting plasma insulin (E). Insulin sensitivity in 

the gastrocnemius muscle as assessed by pAkt(Ser473)/Akt (F) and pGSK3βSer9/GSK3β 
(G) ratio following intravenous insulin injection. Human soluble APOE concentration in 

parietotemporal cortex (H). Recognition memory (I and J), anxiety-like behavior (K) and 

locomotor activity (L) of APOE3 and APOE4 mice 2 hours after saline or insulin injection. 

Recognition memory is expressed as a percentage of the time spent exploring the novel 

object compared to the total time allocated to both objects. The dashed line represents a 

recognition index of 50%, where the mouse devotes as much time to both objects. Anxiety 
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was evaluated using the latency to escape from the dark chamber in the black-and-white box 

test. Locomotor activity was measured using the distance traveled during a one-hour session 

of open field. Data are presented as mean ± SEM. The weight of perigonadal white adipose 

tissue and the recognition index were compared with an unpaired Student t-test. *p<0.05. 

pAkt/Akt and pGSK3β/GSK3β ratio were compared using two-way ANOVA. #p < 0.05; 
###p < 0.0001. Akt = protein kinase B, PKB. GSK3β = glycogen synthase kinase. APOE = 

apolipoprotein E.
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Figure 2 : APOE4 mice have an increased cortical pAkt compared to APOE3 mice following 
insulin injection.
Western blot analysis in brain capillaries (A) and immunofluorescence in hippocampus and 

cortex (B) of INSR, and IRS1 content in brain capillaries (C). Change in concentrations of 

insulin signaling-related protein (D) in TBS-soluble fractions of the parietotemporal cortex 

of insulin injected mice compared to saline injected mice. Data are presented compared to 

the average of saline-injected mice. For immunofluorescence, blue = DAPI, green = blood 

vessels (lectin) and red = INSR. Data are presented as mean ± SEM. Data were compared 

with an unpaired Student t-test. *p < 0.05. INSR = insulin receptor, IRS1 = insulin receptor 

substrate 1, Akt = protein kinase B, PKB. GSK3β = glycogen synthase kinase-3β. ERK 

= extracellular signal-regulated kinases. PDK1 = Pyruvate Dehydrogenase Kinase 1. JNK 

= c-Jun N-terminal kinases. PI3K = Phosphoinositide 3-kinase. PTEN = Phosphatase and 

tensin homolog. mTOR = mammalian target of rapamycin.
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Figure 3 : Insulin increased phospho-tau (pSer202/Thr205) in the cortex of APOE4 mice.
Western blots analysis of RAGE (A) and LRP1 (B) concentrations in brain capillaries 5 

minutes after insulin or saline injection. Levels of soluble phosphorylated tau in response 

to insulin injection in cortex (C). Data for p-tau are presented compared to the average of 

saline-injected mice. Concentrations of phosphatases and cdk5 (D). Data are presented as 

mean ± SEM. Statistical analysis: Mann-Whitney test, &p<0.05 (A and B) or unpaired t-test, 

*p<0.05 (C and D). RAGE = receptor for advanced glycation end products. LRP1 = low 

density lipoprotein receptor-related protein 1. cdk5 = cyclin-dependent kinase 5. PP2AC = 

catalytic subunit of protein phosphatase 2A. PP2B = protein phosphatase 2B.
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Figure 4: The APOE4 genotype is associated with increased phospho-tau (pSer202) in the human 
cortex.
Tau phosphorylation at Ser202 (A), Ser396/404 (B), Thr181 (C) were evaluated as well 

as total tau (D) and APOE content (E), using Western blots with TBS-soluble extracts 

from the parietal cortex of volunteers clinically classified as Controls, MCI (mild cognitive 

impaired) and AD patients (Bennett, 2006; Tremblay et al., 2007a; Tremblay et al., 2011) 

and genotyped as ApoE4− (n=23) or ApoE4+ (n=11 to 12). Individual data are presented 

with mean ± SEM. Data were compared using a Mann–Whitney test. &p<0.05. Correlations 

were evaluated using a simple regression. APOE = apolipoprotein E.
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Table 1 :

Selected Characteristics of Subjects From the Religious Order Study APOE4 carrier or non-carrier.

APOE4

Characteristics non-carrier carrier Statistical analysis

n 23 12

AD clinical diagnosis, % 26 42 A; p = 0.451

Men, % 22 42 A; p = 0.258

Mean age at death (SD) 86.9 (5.1) 80.4 (4.1) B; U = 65, p = 0.009

Mean education, y (SD) 18.6 (3.4) 21.0 (2.6) B; U = 121, p = 0.561

Mean MMSE (SD) 24.3 (7.8) 20.0 (7.1) B; U = 79, p = 0.041

Global cognition score (SD) −0.7 (1.0) −1.2 (0.9) B; U = 113, p = 0.510

Post mortem delay, hours (SD) 5.9 (3.9) 7.8 (6.4) B; U = 116, p = 0.455

Braak stage I/II/III/IV/V (n) 2/0/13/6/2 0/0/2/5/5 C; X2 = 6.919, df = 4, p = 0.140

CERAD score, 4/3/2/1 (n) 3/9/4/7 7/3/0/2 C; X2 = 6.452, df = 3, p = 0.092

Reagan score, 3/2/1 (n) 2/9/12 5/5/2 C; X2 = 6.784, df = 2, p = 0.034

AD : Alzheimer’s Disease, MMSE : mini-mental state examination, CERAD : Consortium to Establish a Registry for Alzheimer’s Disease. A : 
Fisher’s exact test. B : Mann Whitney test. C : Chi-squared test.
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