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ABSTRACT

Alzheimer's disease (AD) is a multifactorial neurodegenerative disease with a complex origin,
thought to involve a combination of genetic, biological and environmental factors. Insulin
dysfunction has emerged as a potential factor contributing to AD pathogenesis, particularly in
individuals with diabetes, and among those with insulin deficiency or undergoing insulin therapy.
The intraperitoneal administration of streptozotocin (STZ) is a widely used rodent model to
explore the impact of insulin deficiency on AD pathology, although prior research predominantly
focused on young animals, with no comparative analysis across different age groups. Our study
aimed to fill this gap by analyzing the impact of insulin dysfunction in 7 and 23 months 3xTg-
AD mice, that exhibit both amyloid and tau pathologies. Our objective was to elucidate the age-

specific consequences of insulin deficiency on AD pathology.

STZ administration led to insulin deficiency in the younger mice, resulting in an increase in
cortical amyloid-B (AB) and tau aggregation, while tau phosphorylation was not significantly
affected. Conversely, older mice displayed an unexpected resilience to the peripheral metabolic
impact of STZ, while exhibiting an increase in both tau phosphorylation and aggregation without
significantly affecting amyloid pathology. These changes were paralleled with alterations in
signaling pathways involving tau kinases and phosphatases. Several markers of blood-brain
barrier (BBB) integrity declined with age in 3xTg-AD mice, which might facilitate a direct
neurotoxic effect of STZ in older mice.

Overall, our research confirms the influence of insulin signaling dysfunction on AD pathology,

but also advises careful interpretation of data related to STZ-induced effects in older animals.

Key words: Alzheimer’s disease, Insulin deficiency, diabetes mellitus, Streptozotocin, tau

phosphorylation, amyloid-f, blood-brain-barrier, 3xTg-AD mice.



INTRODUCTION

Alzheimer's disease (AD) is the predominant cause of dementia worldwide, and is characterized
by two main pathological features in the brain: senile plaques, composed of extracellular deposits
of amyloid-beta (AB) peptides, and intraneuronal neurofibrillary tangles containing
hyperphosphorylated tau (Long and Holtzman, 2019; Korczyn and Grinberg, 2024). The vast
majority of AD cases (~99%) manifest as late-onset and sporadic, with various genetic,
biological and environmental factors contributing to its etiology (Querfurth and LaFerla, 2010;
Korczyn and Grinberg, 2024).

Among these factors, there is increasing evidence suggesting that either insulin resistance or
insulin deficiency represents important risk factors for sporadic AD (Ronnemaa et al., 2008;
Pugazhenthi et al., 2017; Rhea et al., 2023; Yoon et al., 2023). Epidemiological data demonstrate
a higher risk of AD in patients with type-2 diabetes mellitus (T2DM), especially those in the
advanced stages of insulin deficiency requiring insulin therapy (Ott et al., 1999; Sims-Robinson
et al., 2010). Due to recent advances in diabetes management, individuals diagnosed with type-1
diabetes (T1DM) are experiencing increased longevity, but face elevated risk of dementia
(Whitmer et al., 2021). Several studies have also revealed cerebral anomalies in the central levels
of insulin, impaired insulin receptor expressions and localization, along with reduced glucose
metabolism in AD patients brain (Frélich et al., 1999; Ott et al., 1999; Craft and Stennis Watson,
2004; Sims-Robinson et al., 2010; Gratuze et al., 2019; Leclerc et al., 2023). Overall, both central
and peripheral insulin dysfunction emerge as potential risk factors in AD (Rénnemaa et al., 2008;
Pugazhenthi et al., 2017; Yoon et al., 2023).

The intraperitoneal administration of streptozotocin (STZ) in rodent models has been extensively
utilized to study the influence of peripheral insulin deficiency on AD pathology. Despite the fact
that AD is an age-related disorder, prior research predominantly focuses on younger animals,
with no comparative analysis spanning different age cohorts. Our study sought to bridge this gap
by assessing the influence of insulin dysfunction in both middle-aged and old 3xTg-AD mice,
aged 7 and 23 months, respectively. Our objective was to dissect the age-specific effects of
insulin signaling impairments on AD pathology, reflecting the insulin deficiency observed in
T1DM and late-stage T2DM patients (Barbagallo and Dominguez, 2014; Whitmer et al., 2021).



Our findings indicate that STZ administration in younger mice induced peripheral insulin
deficiency, and promoted AP burden and insoluble tau aggregation, yet did not affect tau
phosphorylation. In contrast, STZ administration in older mice, despite causing no observable
circulating insulin deficiency, induced tau hyperphosphorylation and aggregation with no AP
accumulation. These alterations were accompanied by changes in signaling pathways involving
tau kinases and phosphatases. As 3xTg-AD mice aged, several indicators of blood-brain barrier
(BBB) integrity decreased, potentially facilitating a direct neurotoxic effect of STZ in older mice.
In summary, our findings reinforce the significance of insulin signaling dysfunction in AD
pathology and underscore the need for careful interpretation of STZ-induced effects in aged

animal models.



RESEARCH DESIGN & METHODS

Animals

The experimental procedures involving the mice were carried out in accordance with the
guidelines provided by the Canadian Council on Animal Care and were approved by the "The
Animal Care Committee of Université Laval” (CPAUL-3, approval number: CHU-22-1027)".
Male 3xTg-AD mice, aged 7 and 23-months, were used in this study. We decided to not include
wild-type control mice in our study because the purpose of the present study was to evaluate the
effects of STZ in the context of AD-like pathology, which is not present in non-transgenic mice.
Moreover, the impact of STZ administration in wild-type mice has already been extensively
documented in literature by us and others (Clodfelder-Miller et al., 2006; Planel et al., 2007b;
Jolivalt et al., 2008; Kim et al., 2009; Ding et al., 2021). 3xTg-AD mice carry three distinct
mutant genes: amyloid-f protein precursor (ABPPswe), presenilin-1 (PS1IM146 V), and tau
(P301L). The mice were derived from a colony maintained within our animal facilities and were
originally obtained from Dr. Frank LaFerla's laboratory (Oddo et al., 2003; Billings et al., 2005).
This mouse model exhibits AD hallmarks, including plaque and tangle pathologies. The animals
were housed in a controlled environment at a temperature of 22°C, with a 12-hour light and 12-
hour dark cycle. Food and water were provided to the animals ad libitum.

Streptozotocin injections

Nonfasted animals were subjected to the Multiple Low-Dose STZ induction protocol as outlined
by the “Animal Models for Diabetic Complications Consortium” (Hsueh et al., 2007). This
protocol involved the administration of a daily intraperitoneal injection of 50 mg/kg of STZ
(Sigma, St. Louis, MO) for a duration of five consecutive days. STZ was freshly dissolved in a
vehicle solution consisting of 0.05 M citrate buffer at pH 4.5. This approach offers the advantage
of inducing a long-lasting insulin deficiency condition in the mice, with minimal toxicity.

Vehicle-injected mice served as controls.

Physiological parameters monitoring

The diagnosis of insulin deficiency was established through the monitoring of several
physiological parameters in the mice. Glycosuria was assessed using urinalysis reagent strips
(Diastix; Bayer HealthCare, Pittsburgh, PA). Nonfasting blood glucose levels were determined

with a glucometer equipped with reagent strips (ACCU-CHEK Aviva Nano; Roche Diagnostics,



Mannheim, Germany) or a Glucose Assay Kit (Biovision Inc., Mountain View, CA). Plasma
insulin concentrations were quantified using a sandwich enzyme immunoassay following the
manufacturer's instructions (Mouse Insulin ELISA, Mercodia, Sweden). At the time of sacrifice,
all mice were weighed, and their body temperature was monitored using a rectal probe
(Thermalert TH-5; Physitemp, Clifton, NJ).

Preparation of Mouse Brain Protein Extracts

At three months (14 + 1 weeks) following STZ injections, mice were euthanized by decapitation
without anesthesia, as the use of anesthesia has been shown to increase hypothermia-induced tau
phosphorylation (Planel et al., 2007a; Canet et al., 2023). The brains were promptly removed and
dissected on ice. Tissue samples were immediately frozen on dry ice and stored at -80°C. Protein
extracts from the cerebral cortices were prepared through homogenization (PowerGen 125, Fisher
Scientific, Ottawa, ON, Canada) in a RIPA buffer containing 50 mM Tris-HCl at pH 7.4, 1 mM
EDTA, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, along with phosphatase inhibitors
(1 mM sodium vanadate and 1 mM sodium fluoride) and protease inhibitors (Protease Inhibitors
Cocktail P8340, Sigma-Aldrich, at 10 pl/ml, and 1 mM PMSF). The resulting homogenates were
then centrifugated at 20,000 x g for 20 minutes at 4°C, after which the supernatants were

collected and stored at -80°C.

Analysis of tau solubility

The solubility of tau was assessed with a modification of the protocol initially described by
Greenberg and Davies (Greenberg and Davies, 1990; Canet et al., 2024). In brief, 100 pl of the
supernatant of protein extract (as previously detailed) was adjusted to a 1% Sarkosyl (N-
lauroylsarcosine) concentration. This mixture was incubated for 1 hour at room temperature with
continuous agitation and subsequently centrifugated at 100,000 x g for 1 hour at 20°C. The
resulting pellet, which contains Sarkosyl-insoluble aggregated tau, was resuspended and then
subjected to Western blot analysis. The tau presents in the Sarkosyl-insoluble fraction has been
demonstrated to exhibit filamentous characteristics, a hallmark feature of tau in NFTs (Noble et
al., 2003).

Western Blot Analysis
Western blot analysis was performed according to our established protocols (Fereydouni-

Forouzandeh et al., 2024). Samples containing 10-20 ug of protein were Separated on a 10%



SDS-polyacrylamide gel and subsequently transferred onto nitrocellulose membranes (Amersham
Biosciences). The membranes were then blocked, probed with the relevant antibodies, and
revealed following the methodology described in (Fereydouni-Forouzandeh et al., 2024). Details
regarding the antibodies used, as well as their respective dilutions, can be found in Table 1. In the
case of immunoblots targeting phosphorylated tau epitopes, the signal intensity was normalized
to total tau protein. Other proteins were normalized to B-actin levels. Representative lanes from
the immunoblots were displayed for each specific experimental condition. The dashed lines
indicate segments where certain lanes from the same blot were excluded, and the remaining lanes
were combined. Brightness levels were adjusted as necessary to enhance visualization and

accuracy.

Biochemical assessment of AP pathology

Soluble and insoluble APB40 and AP42 were assayed by ELISA Kits (Wako, Osaka, Japan) as
described in (Julien et al., 2010) with slight modifications. In brief, frozen mouse cortical tissues
were sonicated in tris-buffered saline (TBS) supplemented with protease and phosphatase
inhibitors. Subsequently, the samples were centrifuged at 100,000 x g for 20 minutes at 4°C to
obtain a TBS-soluble fraction, containing intracellular and extracellular AP species. The TBS-
insoluble pellet was sonicated in RIPA buffer supplemented with protease and phosphatase
inhibitors, and then centrifuged at 100,000 x g for 20 minutes at 4°C. The resulting pellets were
homogenized in 100 pl of 98% formic acid with a brief sonication (3 x 10 seconds). The
resulting suspension was subjected to centrifugation at 15,000 x g for 20 minutes at 4°C, after
which the supernatant was dried at room temperature and solubilized in guanidine buffer
(containing 5M guanidine/50 mM Tris-HCI at pH 8.0) (insoluble fraction). Soluble Ap40 and
AP42 levels were quantified using the Human B Amyloid (1-42) ELISA kit from WAKO, High
Sensitive (WAKO, Osaka, Japan). Both ELISA assays were conducted according to the
manufacturer's recommendations, and the plates were read at 450 nm using a Synergy HT multi-
detection microplate reader (Biotek, Winooski, VT).

Statistical Analysis

Prior to conducting each analysis of variance, an assessment of Gaussian distribution was
performed, and its validity was confirmed through a Kolmogorov-Smirnov test (utilizing
GraphPad Prism 9.0). Depending on the specific analysis, two-tailed t-tests or two-way ANOVAs

were applied. Post hoc analyses, involving either Tukey’s tests, were subsequently employed. A



significance threshold of P < 0.05 was determined. All data are reported as mean £ SD. The
scatter plots depicted on each graph provide an indication of the number of data points, and
detailed statistical information is provided in Supplementary Table 1.



RESULTS

Streptozotocin (STZ) treatment elicits age-dependent tau hyperphosphorylation and
aggregation in 3xTg-AD mice

To investigate insulin dysfunction in a murine model exhibiting both AP and tau pathologies, we
administered STZ to 7- and 23-month-old 3xTg-AD mice (Fig. 1a), aiming to induce a model of
insulin deficiency (Ganda et al., 1976). As anticipated, a daily dose of 50 mg/kg STZ over 5
consecutive days led to immediate hyperglycemia and glycosuria (Fig. 1b-e), as well as a
significant reduction in insulinemia (Fig. 1f), in 7-month-old 3xTg-AD mice. Intriguingly, the
23-month-old 3xTg-AD mice injected with STZ displayed no significant decrease in insulinemia,
a delayed hyperglycemic response, with a peak between 30 and 45 days that returned to near
control levels at the time of euthanasia, and only 20% of the mice displayed glycosuria (Fig. 1b-
e). These results suggest that STZ had limited effects on diabetic markers in the older mice.
However, both young and old animals exhibit a significant body weight loss following STZ
administration (Fig. 1g), a characteristic feature of insulin deficiency. Given the low incidence of
insulin deficiency-related symptoms in the older 3xTg-AD mice following STZ injection, and to
enhance the reliability of our analyses, we excluded the two mice with glycosuria and a mouse

that displayed profound hypothermia (31.2°C).

Subsequently, we used western blot analysis to assess whether STZ induced alterations in tau
phosphorylation in the cortices of 7- and 23-month-old 3xTg-AD mice. The cortical
phosphorylation level of tau was assessed using specific antibodies targeting phosphorylated tau
at distinct epitopes, including AT8 (pS202/pT205) (Mercken et al., 1992; Goedert et al., 1995),
PHF1 (pS396/pS404) (Otvos et al., 1994), AT180 (pT231/pS235) (Goedert et al., 1994), Tau-1
(tau dephosphorylated at S195/S198/S199/S202) (Szendrei et al., 1993), AT270 (pThrl81)
(Goedert et al., 1994), CP13 (pSer202) (Weaver, 2000), MC6 (pSer235) (Jicha et al., 1997),
pS199, pS404, pS422, TG3 (pT231) (Jicha et al., 1997), and 12E8 (‘KXGS’ motifs at pS262,
pS356) (Seubert et al., 1995). These particular tau antibodies were chosen due to their relevance
to AD-related pathological processes, such as pretangle formation (AT8, CP13), paired helical
filament and NFT formation (AT8, CP13, MC6, PHF1) (Goedert et al., 1994; Augustinack et al.,
2002), as well as the disruption of tau binding to microtubules (12E8) (Litersky et al., 1996). All
other phosphoepitopes were found to exhibit abnormal phosphorylation patterns in the AD brain

(Simié et al., 2016). Therefore, these antibodies were deemed appropriate for providing a



comprehensive assessment of the impact of insulin dysfunction on tau phosphorylation. While 7-
month-old 3xTg-AD mice did not exhibit changes in tau phosphorylation (Fig. 2), STZ treatment
resulted in a significant increase in tau phosphorylation at the AT8, AT180, TG3, MC6 and 12E8
epitopes, along with notable trend at AT270 (+76%, p=0.06) in the 23-month-old 3xTg-AD mice
compared to the non-treated control group (Fig. 2). The levels of total tau (TauC, C-terminal

residue of tau) remained unchanged between groups (Fig. 2m).

The presence of insoluble tau aggregates is a pathological hallmark of AD (Long and Holtzman,
2019), and tau hyperphosphorylation is believed to be implicated in this detrimental process
(Trojanowski and Lee, 1994; Alonso et al., 1996). We observed a significant increase in tau
aggregation, as measured by sarkosyl-insoluble tau, in both young and old 3xTg-AD mice
following STZ administration (Fig. 2n). Collectively, these findings demonstrate that STZ
induces tau hyperphosphorylation and aggregation more prominently in 23-month-old 3xTg-AD

mice.

Impact of STZ treatment on tau kinases

Given the stronger impact of STZ on tau phosphorylation and aggregation in the cortices of 23-
month-old 3xTg-AD mice, we examined the activities of specific tau kinases commonly involved
in tau hyperphosphorylation including GSK3-B (glycogen synthase kinase 3-f), CDK5 (cyclin
dependent kinase 5), and its activators p25/35, ERK (Extracellular signal-Regulated Kinase),
JNK (c-Jun N-terminal Kinase), CAMKII (Ca2+/calmodulin-dependent protein Kinase IlI), and
AKT (Protein B Kinase) (Planel et al., 2002; Martin et al., 2013b). STZ treatment significantly
elevated the expression levels of p35 (Fig. 3k) and CDKS5 (Fig. 3l), while the levels of the other
kinases did not change significantly compared to non-treated 23-month-old mice. It is noteworthy
that CDKS5 and its activator p25/35 can phosphorylate tau at the AT8, MC6, and TG3 epitopes
(Planel et al., 2002; Martin et al., 2013b) that were hyperphosphorylated following STZ treatment
(Fig. 2) Overall, these results suggest that CDK5 activation might have played a role in tau
hyperphosphorylation at AT8, Tau-1, AT180 and MC6 induced by STZ in older 3xTg-AD mice.

However, it failed to account for all the epitopes hyperphosphorylated.

Effect of STZ treatment on tau phosphatases
As CDKS5 activation alone cannot explain the extent of tau hyperphosphorylation in old 3xTg-AD
mice, we assessed the levels of the protein phosphatases PP1, PP2B, PP2A, and PP5. Tau



dephosphorylation processes are primarily supported by PP2A (Martin et al., 2013a), although
PP1, PP2B, and PP5 can also contribute to these processes. PP2A is a heterotrimer composed of a
scaffolding A subunit, a catalytic C subunit, and a regulatory B subunit (Hoffman et al., 2017).
Immunoblot analysis revealed a global decrease in PP2A activation, as indicated by the elevated
expression of the demethylated form of PP2AC (Fig. 4e). STZ injections in 23-month-old 3xTg-
AD mice also resulted in increased expression levels of the PP2A-Bp regulatory subunit (Fig.
4d), total PP2AC (Fig. 4f), and PP2B (Fig. 4g). No changes were observed in PP1, PP2A-A,
PP2A-Ba subunit, or PP5 levels in the cortices of STZ-treated mice compared to controls (Fig.
4a,b,c,h). In summary, these results suggest that STZ-induced tau hyperphosphorylation in 3xTg-
AD mice may involve the deregulation of PP2A and PP2B activities.

Effect of STZ treatment on AP pathology in 3XxTg-AD

We subsequently assessed the impact of STZ on AB production and accumulation in 7- and 23-
month-old 3xTg-AD mice. ELISA assays revealed an age-dependent increase in both soluble and
insoluble AP levels (Fig. 5). Administration of STZ in 7-months old 3xTg-AD mice resulted in a
reduction in the levels of insoluble AB40 (Fig. 5d), leading to an alteration in the AB42/AB40
ratio (Fig. 5f), favoring the more toxic Ap42 isoform. Moreover, there was a discernible trend (p
= 0.08) toward increased level of soluble AB42 in young mice following STZ treatment (Fig. 5b).
STZ treatment in young and old 3xTg-AD mice also increased the expression of the C99
fragment of APP (Fig. 5h), despite total APP and B-site APP cleaving enzyme 1 (BACEL) levels
remained unchanged (Fig. 5g,i). Nonetheless, under our experimental conditions, it did not seem

that STZ administration exacerbated the already elevated A burden in aged 3xTg-AD mice.

Effect of STZ treatment on synaptic markers in 3xTg-AD

In a previous study, we identified that a high-fat diet led to a reduction in drebrin expression in
3xTg-AD mice, suggesting an exacerbation of synaptic deficits (Julien et al., 2010). To assess
whether STZ treatment aggravated synaptic deficits in 3xTg-AD mice, we analyzed synaptic
markers in 7- and 23-month-old animals. Immunoblot analysis revealed an age-dependent decline
in drebrin and synaptophysin expressions (Fig. 6a, ¢). Notably, a trend toward reduced drebrin (p
= 0.10) and synaptophysin expressions were observed following STZ administration in young
3xTg-AD mice (Fig. 6a, c). Surprisingly, we also observed an increase in synaptophysin levels
(Fig. 6¢) in 23-month-old mice following STZ treatment. However, we did not find any changes

in the levels of post-synaptic density protein 95 (PSD-95) or synaptosomal-associated protein-25



(SNAP-25) (Fig. 6b,d). Collectively, these results demonstrate that STZ treatment did not

induced notable synaptic deficits in the 3xTg-AD mouse model.

Effect of STZ treatment on brain insulin receptor in 3xTg-AD

We further evaluated the impact of STZ on brain insulin receptor by analyzing the ratio of
phospho-insulin receptor (IR) to total IR level and the phosphatidylinositide 3-kinase
(PI3BK)/AKT signaling pathway in the cortex of 7- and 23-month-old 3xTg-AD mice.
Immunoblot analysis revealed an increase in the expression ratio of pIR/IR (Fig. 7a) and elevated
PI3K levels (Fig. 7d) in 7-month-old STZ-treated mice. We also noticed an age-dependent
decrease in the activity of PI3K (Fig. 7c), as well as in the expression of insulin degrading
enzyme (IDE) (Fig. 7e) between 7- and 23-months old 3xTg-AD mice. These observations

suggest an age-dependent resistance to STZ effect in 3xTg-AD mice.

Effect of STZ treatment on blood-brain barrier (BBB) markers

STZ's similarity to glucose enables it to enter cells via the glucose transport protein GLUT2,
which explains its toxicity to pancreatic B cells, since they express high levels of GLUT2
(Schnedl et al., 1994) . The expression of GLUT2 in the brain is limited to specific regions
(Koepsell, 2020), and it is generally admitted that STZ does not cross the BBB (Grieb, 2016;
Sweeney et al., 2019). However, a BBB breakdown occurs with aging in 3xTg-AD mice and
older animals (Bourasset et al., 2009; Erdé et al., 2017), which could lead to a direct effect of
STZ in the brain. This is important since ICV injections of STZ are known to promote AD

pathology in laboratory animals (Grieb, 2016).

To investigate whether tau hyperphosphorylation might be attributed to BBB dysfunction
facilitating a direct effect of STZ on the brain, we analyzed proteins of tight junctions and
adherence junctions involved in maintaining BBB integrity (Sweeney et al., 2019). We observed
an age-dependent reduction in the expression levels of these proteins, as Zonula Occludens-1
(Z0O1) (Fig. 8a), occludin (Fig. 8b), and vascular endothelial (VE)-cadherin (Fig. 8c) in 23-
month-old mice compared to 7-month-old controls. Additionally, STZ treatment induced a
decrease in occludin expression in young 3xTg-AD mice (Fig. 8b). These findings confirm the
age-dependent breakdown of the BBB in aged 3xTg-AD mice and suggest that STZ might have

infiltrated the brain, potentially eliciting direct effects in older animals.



DISCUSSION

In this study, we assessed the age-dependent impact of STZ-induced insulin deficiency on AD-
like pathology in 3xTg-AD mice. In 7-month-old 3xTg-AD mice, STZ treatment led to
hyperglycemia and insulin deficiency, resulting in AB and tau accumulation without tau
hyperphosphorylation. In contrast, 23-month-old 3xTg-AD mice were resilient to the peripheral
metabolic impact of STZ, while displaying increased tau phosphorylation and aggregation, but no

change in AB. These age-related discrepancies and their implications for AD are discussed below.

We first validated the induction of insulin deficiency in 7- and 23-month-old 3xTg-AD mice and
observed an age-dependent response to STZ. The 7-month-old 3xTg-AD mice injected with STZ
exhibited immediate hyperglycemia, hypo-insulinemia and glycosuria. In contrast, the STZ-
treated 23-month-old animals had delayed and transient hyperglycemia, no change in insulinemia
and inconsistent glycosuria. These results are consistent with prior observations demonstrating
that the hyperglycemic effect of STZ is markedly reduced and transient in older mice, potentially
due to either a higher vulnerability of  cells in younger mice or to age-related changes in STZ
pharmacokinetics, and to B cells regeneration in older mice (Riley et al., 1981). In addition,
3xTg-AD tend to exhibit some T2DM features with aging, such as altered glycemic responses
and a global reduction in pancreatic islet volume (Vandal et al., 2015; Griffith et al., 2019), which
might have further impacted the efficacy of STZ. Collectively, these findings imply that STZ had
its full intended effect in the 7-month-old 3xTg-AD mice, while the 23-month-old 3xTg-AD mice

where partly resistant to the effects of the drug.

We next conducted a thorough examination of tau phosphorylation in the same mice. Although
STZ failed to induce diabetes in the 23-month-old 3xTg-AD mice, it elicited substantial
hyperphosphorylation of tau at multiple epitopes. Conversely, no significant alterations were
detected in the 7-month-old 3xTg-AD mice, even in the presence of features indicative of insulin
deficiency. These conflicting results led us to hypothesize that STZ might have exerted a direct
effect on the brain in the 23-month-old 3xTg-AD mice. Supporting this hypothesis,
intracerebroventricular injections of STZ have been shown to induce both brain insulin signaling
dysfunction (Grinblatt et al., 2007; Plaschke et al., 2010) and tau hyperphosphorylation (Chen et
al., 2014) in 3xTg-AD mice. However, STZ is transported by GLUT2, which is only expressed in
specific regions in the brain (Koepsell, 2020), and it is generally considered that it cannot



normally cross the BBB (Schnedl et al., 1994). Nevertheless, previous research, including our
own findings (Bourasset et al., 2009), have indicated a compromised BBB in aged 3xTg-AD
mice (Mehta et al., 2013; Do et al., 2014; Islas-Hernandez and Garcia-Delatorre, 2020). We
further confirmed here that many markers of BBB integrity were decreased in the 23-month-old
3xTg-AD mice. Hence, the pronounced effect of STZ treatment on tau pathology in older 3xTg-
AD mice might be attributed to a to a higher brain bioavaibility of STZ. It is also important to
mention that a compound does not necessarily have to cross the BBB to exert
neurotoxicity/neuroprotection, especially when impacting metabolic function (Leclerc et al.,
2021).

We were surprised by the absence of tau hyperphosphorylation in the young mice despite the
induction of diabetes by STZ. Indeed, our meta-analytical examination (Table 2) of various
studies utilizing STZ i.p. injections to induce insulin deficiency consistently reported tau
hyperphosphorylation in young wild-type and AD mouse models, including 3xTg-AD (Imamura
et al., 2020; Wang et al., 2020), pR5 (Ke et al., 2009), and h-APP (Jolivalt et al., 2010).
Discrepancies in findings across studies may be attributable to variations in experimental
protocols, particularly the use of anesthesia prior to euthanasia (Table 2), which is known to
cause hypothermia-induced tau hyperphosphorylation (Planel et al., 2007a, 2009; Canet et al.,
2023). This effect is particularly pertinent in rodent models of diabetes, both STZ-induced and
genetic, which are known to exhibit thermoregulatory impairments and BT daily rhythms
alterations (Trayhurn, 1979; Ramos-Lobo et al., 2015), possibly exacerbating the hypothermic
response to anesthesia exposure. Other sources of discrepancies include the dose of STZ and the
duration of the study. For instance, Wang et al. administered a higher dose of STZ to young
3xTg-AD mice and conducted tau analysis after 8 weeks, whereas our study extends the analysis
to 3 months post-administration (Wang et al., 2020). Ke et al., used a single high-dose injection
(200 mg/kg) (Ke et al., 2009), which could induce side effects not observed with lower dosages,
such as hypothermia and subsequent tau phosphorylation (Planel et al., 2007b). Nonetheless,
some research also failed to evidence a marked tau hyperphosphorylation either in 12-months old
3XTg-AD mice (Hayashi-Park et al., 2017) or in young hTau mice (Trujillo-Estrada et al., 2019)
following STZ administration. While our findings provide important evidence into the role of
insulin dysfunction in mediating tau pathology, it is imperative to acknowledge the limitations
inherent in animal models and pharmacological methods for modeling human diseases in rodents.

This emphasizes the importance of standardizing STZ injections protocols, as outlined by the



“Animal Models for Diabetic Complications Consortium” (Hsueh et al., 2007),, as well as
controlling animals’ core body temperature and avoiding the use of anesthesia, whenever

feasible, to prevent tau phosphorylation artifacts (Canet et al., 2023).

In AD, the progressive aggregation and accumulation of tau correlates with memory impairments
(Pollak et al., 2003; Long and Holtzman, 2019). Thus, we proceeded to investigate tau
aggregation by isolating the sarkosyl-insoluble fraction (Greenberg and Davies, 1990). Our
results revealed that STZ administration exacerbates tau aggregation to a greater extent in 23-
month-old 3xTg-AD mice compared to their 7-month-old counterparts. While the results in the
old mice were anticipated, the increase of insoluble tau levels in the young mice was perplexing,
given that tau hyperphosphorylation is often considered to be a prerequisite for aggregation
(Trojanowski and Lee, 1994; Alonso et al., 2001). Indeed, hyperphosphorylated tau can trigger
aggregation in vitro (Alonso et al., 2001; Sato et al., 2002) and is believed to promote the
formation of neurofibrillary tangles (Trojanowski and Lee, 1994). However, this hypothesis is
challenged by some (Haj-Yahya et al., 2020; Wegmann et al., 2021), and it is worth noting that
insoluble tau accumulation can occur without alterations in tau phosphorylation levels, as
observed in studies investigating sleep deprivation in 3xTg-AD mice (Di Meco et al., 2014).
These findings further extent our understanding of age-dependent STZ effects on tau pathology in
3xTg-AD mice.

Subsequently, we aimed to elucidate the mechanisms underlying tau hyperphosphorylation by
analyzing the major tau kinases and phosphatases in STZ-treated 23-month-old 3xTg-AD mice.
We focused on this age group as young animals did not exhibit any notable changes in tau
phosphorylation. We observed an increase of CDK5 expression after STZ treatment, contrasting
some prior findings that showed reduced CDK5 levels in TIDM models (Papon et al., 2013;
Gratuze et al., 2017). Elevated expression of CDK5 might have played a role in the elevated
phosphorylation of tau at S202, T205, T181 and T231, as it can phosphorylate these epitopes
(Kimura et al., 2014). However, it was probably not sufficient to explain the extent of tau
hyperphosphorylation. Such tau hyperphosphorylation likely pertains to decreased PP2A activity,
as indicated by increased demethylation of its catalytic subunit. Notably, PP2A is the most
effective regulator of tau protein phosphorylation, and even its partial inhibition can account for
tau hyperphosphorylation across most of phospho-epitopes (Gong et al., 1993; Martin et al.,
2013a). Inhibition of PP2A is further supported by the increase in the total levels of the catalytic



subunit of PP2A (PP2AC). Indeed, it was reported that PP2A inhibition leads to its catalytic
subunit accumulation as a compensatory mechanism (Baharians and Schonthal, 1998; Planel et
al., 2001). These findings substantiate the pivotal role of PP2A in tau hyperphosphorylation
following STZ administration. Numerous studies have previously reported decreased PP2A
expression associated with a decrease of its activity, in both spontaneous (Papon et al., 2013) and
induced (Clodfelder-Miller et al., 2006; Planel et al., 2007b; Qu et al., 2011) insulin deficiency
models, explaining tau hyperphosphorylation. Collectively, our results suggest that PP2A
signaling may represent a crucial link between diabetes and AD, as dysregulation in PP2A

activity is associated with tau hyperphosphorylation.

The effects of STZ-induced insulin deficiency on AP burden remain a topic of debate. Prior
research has demonstrated that insulin dysfunction can exacerbate A accumulation in vivo
(Gasparini, 2002; Liu et al., 2008; Leclerc et al., 2023). Our findings in 7-month-old 3xTg-AD
mice align with these observations as STZ injections led to an increased ratio of insoluble
AP42/AB40, as well as C99 expression, which is relevant to AD pathology (Selkoe, 2001).
Further investigations are needed to determine the mechanisms underlying the increase in AP
production and accumulation in young 3xTg-AD mice. Indeed, following STZ treatment, 7-
months old 3xTg-AD mice exhibits some features related to insulin dysfunction and known to
promote amyloid pathology such as chronic hyperglycemia (Macauley et al., 2015) and a reduced
expression of IDE, the main enzyme involved in AP degradation (Tanzi et al., 2004). In contrast,
we did not observe any change in AP in 23-month-old 3xTg-AD mice following STZ injections,
similar to previous observations (Chen et al., 2014). This discrepancy may be attributed to the
already high amyloid load in older 3xTg-AD mice, making it challenging to discern an
exacerbation post-STZ treatment, despite the increase in C99 expression. The considerable
variability in data from different studies investigating AP in animals exposed to STZ underscores
the debatable role of insulin deficiency in AP burden. Further investigations are warranted to

elucidate the impact of insulin deficiency on A pathology.

Synaptic dysfunction is a well-established feature exhibited by 3xTg-AD mice (Oddo et al.,
2003), with the decrease of synaptic markers like SNAP-25 and PSD95 (Carvalho et al., 2015).
We previously demonstrated that a high-fat diet decreases the level of postsynaptic drebrin
(Julien et al., 2010), suggesting that metabolic impairment can trigger synaptic deficits. Our

investigation sought to determine whether insulin deficiency could exacerbate synaptic



impairment in 3xTg-AD mice. In young 3xTg-AD mice, we observed that STZ-induced insulin
deficiency led to a reduction in pre-synaptic synaptophysin and debrin levels. Hence, STZ-
induced insulin deficiency precipitates synaptic deficits in young 3xTg-AD mice, concomitantly
with the exacerbation of both AP and tau accumulation. However, STZ treatment did not
exacerbate the age-dependent synaptic deficits in 23-month-old 3xTg-AD mice. Again, the
potentiation of existing pronounced synaptic deficits in older 3xTg-AD mice may present
considerable challenges. Finally, we assessed central insulin signaling pathways to determine
whether the observed tau hyperphosphorylation might be a consequence of central insulin
dysfunction following peripheral insulin impairment. The reduction in PI3K, a pivotal component
of insulin signaling, observed in 23-month-old 3xTg-AD mice is consistent with previous studies
(Li et al., 2007; Jolivalt et al., 2008, 2010). Given that PI3K can inhibit GSK-3f3 and possesses
neuroprotective properties against AD pathophysiology (Razani et al., 2021), the age-dependent
reduction in PI3K expression in 3xTg-AD mice could exacerbate tau pathology. Interestingly, we
observed contrasting results in 7-month-old 3xTg-AD mice, characterized by an increase in IR
phosphorylation and PI3K expression following STZ administration. These observations might
be a consequence of either central insulin production to counteract severe hyperglycemia, or an
acute compensatory mechanism to face insulin-resistance within the brain — that might not be
long-lasting — as previously reported in this model (Sun et al., 2018). These findings warrant
further investigations, especially for analyzing the long-term consequences of inducing insulin

deficiency in young 3xTg-AD on AD pathophysiology.

In conclusion, our work unveils age-dependent sensitivity to STZ administration in 3xTg-AD
mice. Intraperitoneal injection of STZ induced pronounced insulin deficiency-related symptoms
in young mice alongside increased AP and tau accumulation, without changes in tau
phosphorylation. In contrast, aged 3xTg-AD mice appeared more resilient to insulin deficiency
while exhibiting exacerbated tau pathology, involving dysregulation in both CDK5 and PP2A
activities. These changes are likely attributable to the dysfunction of the BBB in aged 3xTg-AD
mice, enabling the direct neurotoxic effects of STZ within the brain. It is not entirely unexpected
that most of the pathological alterations observed in 23-month-old 3xTg-AD mice can be
ascribed to a direct effect of STZ, given that intracerebroventricular infusion of STZ is a widely-
recognized method for inducing AD pathology in rodents (Ravelli et al., 2017; Silva et al., 2023).
Our results substantiate an association between insulin dysfunction, tau pathology, and AD,

suggesting potential therapeutic targets for conditions involving both AD and diabetes.
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Table 1: Antibodies used in Western blot experiments

Protein Species  Dilution Catalog Supplier
Total tau

TauC (amino acids 243-441) Rabbit | 1/10000 A0024 Dako Cytomation
CP27 (human tau) Mouse 1/1000 - Peter Davies
Phosphorylated tau

AT8 (pSer202/pThr2os) Mouse 1/1000 MN1020 ThermoFisher
AT180 (pThr231/pSer23s) Mouse 1/1000 MN1o40 ThermoFisher
MC6 (pSer235) Mouse 1/1000 - Peter Davies
PHF1 (pSer396/pSer404) Mouse 1/1000 - Peter Davies
AT270 (pThra81) Mouse 1/1000 MNz1o050 ThermoFisher
Tau-1 (non-pSer195/Ser198/Ser199/Ser202) Mouse 1/1000 MAB3420 Millipore
TG3 Mouse 1/1000 - Peter Davies
12E8 Mouse 1/1000 - Peter Seubert
CP13 Mouse 1/1000 - Peter Davies
pS404 Rabbit 1/2000 44-758G ThermoFisher
pS422 Rabbit 1/2000 44-764G ThermoFisher
Kinases

GSK-3B (Glycogen Synthase Kinase 38) Mouse 1/1000 610202 BD Biosciences
pGSK-3B (Serg) Rabbit 1/2000 93365 Cell Signaling
AKT (Protein B Kinase) Rabbit 1/1000 BS-6951R-FITC ThermoFisher
pAKT (Ser473) Mouse 1/1000 12-9715-42 ThermoFisher
ERK/MAPK (Extracellular signal-Regulated Kinase) Rabbit 1/1000 44-654G ThermoFisher
PERK (Thr202/pTyr204) Mouse 1/1000 14-91-09-82 ThermoFisher
JNK/SAPK (c-Jun N-terminal Kinase) Rabbit 1/1000 9252S Cell Signaling
pJNK (Thr183/Tyra8s) Rabbit 1/1000 92515 Cell Signaling
CDK5 (Cyclin-Dependent Kinase 5) Rabbit 1/1000 25065 Cell Signaling
p35/p25 Rabbit 1/1000 2680S Cell Signaling
CAMKII (Ca2+/calmodulin-dependent protein Kinase I) Mouse 1/1000 Sc-5306 Santa-Cruz
pCAMKII (Thr286) Rabbit 1/1000 Sc-12886 Santa-Cruz
Phosphatases

PP1 (Protein Phosphatase 1) Mouse 1/1000 Sc-7482 Santa-Cruz
PP2B / calcineurin A (a isoform) Rabbit 1/1000 PA5-29255 ThermoFisher
PP2A (o and B) Rabbit 1/2000 PA517980 ThermoFisher
PP2A C(xxand B) Rabbit 1/1000 13482-1-AP ThermoFisher
Demethylated PP2A C Mouse 1/1000 Sc-13601 Santa-Cruz
PP2A-Ba Mouse 1/1000 MA5-18064 ThermoFisher
PP2A-Bp Rabbit 1/1000 BS-11749R ThermoFisher
PPs Rabbit 1/1000 PA112682 ThermoFisher
Amyloid markers

APP /Cgg Rabbit 1/1000 PA1-84165 ThermoFisher
BACE1 (D10oEs) Rabbit 1/1000 5606S Cell Signaling
Synaptic markers

Drebrin (M2F6) Mouse 1/5000 ALEXADI-NBA-110-E VWR
PSDg5 (K28/43) Mouse 1/2000 MABN68 Millipore
Synaptophysin (SVP38) Mouse | 1/10000 SAB4200544 Millipore




SNAP-25 (SMI81) Mouse ‘ 1/1000 SMI81-R Covance
Insulin pathway

IR (Insulin Receptor B) Mouse 1/1000 SC-57342 Santa-Cruz

pIR (Tyrg72) Rabbit 1/12000 11783 Millipore

PI3K Rabbit 1/12000 4292S Cell Signaling
pPI3K (Tyr458/Tyr199) Rabbit 1/1000 4228S Cell Signaling
IDE Rabbit 1/1000 ab32216 Abcam
Blood-brain barrier marker

Z01 Rabbit 1/2000 61-7300 ThermoFisher
VE-Cadherin Rabbit 1/1000 ab33168 Abcam
Occludin Rabbit 1/250 71-1500 Millipore/Sigma
Loading control

B-actin Mouse ‘ 1/10000 A2628 Sigma-Aldrich
Secondary antibodies

HRP conjugate goat anti-mouse IgG (HC+LC) 1/5000 1/5000 115-035-003 Jackson laboratories
HRP conjugate goat anti-mouse IgG (LC specific) 1/5000 1/5000 AP200P Millipore

HRP conjugate goat anti-rabbit IgG (HC+LC) 1/5000 1/5000 111-035-144 Jackson laboratories




Table 2: Summary of animal studies showing AD-related pathology following streptozotocin injection

Animal Model Age STZ-induced (i.p.)  Time of euthanasia post-  Insulin Tau phosphorylation sites Tau enzymes Amyloid burden Anesthesia Reference
(months) induction signaling prior
to sacrifice
C57/BL6 (F) 15 150 mg/kg 3days (-) insulinemia (+) AT8, AT180, AT270, PHF1, 12E8,  (+) pJNK, p(S9)GSK3p N.D. N.R. (Clodfelder-Miller et
S199, T212 (-) PP2A al., 2006)
(-) Taua
Cs7/BL6 (F) 3-6 200 mg/kg 10-20-30-40 days (+) glycemia (+) AT8, AT180, PHF1, Si99, S422, (+) pCamKill, pJNK, (=) APP, APP-CTF, No (Planel et al., 2007b)
5262, S356, S400 p(S9)GSK3pB AB1-40/1-42
(-) Taua (-) PP2A
Cs57/BL6 () 4 150 mg/kg 4 months (+) glycemia (+) T231, S199, S202, S396 N.D. N.D. Yes (Kim et al., 2009)
(=) insulinemia
C57/BL6 (&) 1.5-2 200 mg/kg 24 days (+) glycemia (+) S356, Taus N.D. (+) AB1-42 Yes (Ding et al., 2021)
(Sév;ss-Webster N.R 00 mgfkg/day for gweeks () pIR, PDKi,  (+)T231, PHF1 (-) Pp(S9)GSK3B, PpGSK3ae,  (+)AB Yes (Jolivalt et al., 2008)
2 days IDE pAKT (=) APP, APP-CTF
Sprague- A .
4 55 mg/kg 30 days (-) insulinemia (+) PHF1 () p(S9)GSK3pB, pAKT, PP2A N.D. N.R. (Qu etal., 2011)
Dawley (3)
(-) Taua
h-APP (&) 4 90 mg/kg/day for g weeks (+) glycemia (+) T231, AT8, PHF2 () p(S9)GSK3B (+) APP, AB, AB Yes (Jolivalt et al., 2010)
2 days (-) pIR, IDE (+) p(Y216)GSK3B plaques
pR5 (3) 4 200 mg/kg 2 months (+) glycemia (+) AT1o00, AT8, AT270, 12E8, PHF1,  N.D. N.D. N.R. (Ke et al., 2009)
(-) insulinemia S422
3xTg-AD (&) 6 50 mg/kg/day for5 3 months (+) pIR (+) AT8, AT180 (-) pAkt, p(S9)GSK3p (+) AB1-42 N.R. (Imamura et al., 2020)
days (=) pAkt
3xTg-AD 3 60 mg/kg/day for 8weeks (+) glycemia (+) 5396, T231 (-) PAMPK N.D. Yes (Wang et al., 2020)
5days (=) Taus
APP/PS1(J) 3 90 mg/kg/day for 4.5 months (+) glycemia N.D. (+) pINK (+) SAPPB, APP-CTF, Yes (Wang et al., 2010)
2 days (-) insulinemia, (-) p(S9)GSK3B, pGSK3a BACE1
pIR (+) AB plaques, AB1-
Tg2576 (%) 42
3 50 mg/kg/day for5 4 months (+) glycemia (+) T231, AT8 (+) PERK, p(59)GSK3p (+) AB plaques, AB1- Yes (Zhou et al., 2022)
days (-) insulinemia 40[1-42
5xFAD-AD () pIR, IDE
1.5 90 mg/kg/day for 2.5 months (-) insulinemia N.D. N.D. (+) APP, Cgg, BACE1 Yes (Devietal., 2012)
2 days (+) AB plaques, Api-
hTau (39) 40/1-42
(-) sAPPa
14-15 75 mg/kg for 2 1month N.D. (+) AT8 (+) CaMKII N.D. N.R. (Trujillo-Estrada et al.,
hTau (39) days (=) AT180, AT270, PHF1 (=) CDK5, ERK, MAPK, 2019)

() p(S9)GSK3B
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7-9 50 mg/kg/day for5 4 weeks (+) glycemia (+) AT8, AT180, T205, PHF1, CP13 (=) PP1, PP2B, PP5, PTEN, N.D. No (Gratuze et al., 2017)
days (-) insulinemia (-) Tauz AKT, PI3K,
(-) pCaMKII, JNK, p38, ERK
cdks, PP2A

(+) p(59)GSK3p
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LEGENDS

Figure 1. Streptozotocin (STZ) administration elicits insulin deficiency-related features only
in 7-month-old 3xTg-AD mice.

a, Experimental design: 7 or 23 months-old 3xTg-AD mice (males and females) were injected
with Streptozotocin (50 mg/kg/day) for 5 consecutive days. Glycemia (mmol/L) was repeatedly
monitored b, from 1 to 14 weeks post-STZ injections, and c, just before euthanasia in 7- and 23-
months old 3xTg-mice. d, Maximum peak of glycemia (mM) recorded throughout the entire
experimental period post-STZ injections. Note that while the glycemia of all the animals was
recorded at the time of euthanasia, during the monitoring period it was not consistently recorded
for each animal in the study, nor were measurements taken at uniform timepoints across different
groups. e, Percentage of mice displaying glycosuria (presence of glucose in urine) following STZ
injections. f, Insulinemia (ug/L), f, Body weight (g) and, h, Rectal temperature (°C) were
assessed just before euthanasia. Each individual in the data appears as a point on the graph. Data
are presented as mean £ SD. Two-way ANOVAs were performed followed by Tukey’s post hoc
test , or two separate t-tests between different groups of age. *p<0.05, **p<0.01 and ***p<0.001
vs. designated condition. CTL: non-treated control 3xTg-AD mice; STZ: 3xTg-AD mice

subjected to STZ injections.

Figure 2. Streptozotocin (STZ) administration induced an age-dependent aggravation of
cortical tau phosphorylation and accumulation in 3xTg-AD mice.

Three months (14 + 1 weeks) after STZ injections, tau phosphorylation was assessed by Western
blot at the following epitopes: a, AT8 (pS202/pT205), b, PHF-1 (pS396/pS404), ¢, AT180
(pT231/pS235), d, Tau-1 (non-phosphorylated S195/S198/S199/S202), e, AT270 (pT181), f,
CP13 (pS202), g, MC6 (pS235), h, pS199, i, pS404, j, pS422, k, TG3 (Thr231 conformational)
and |, 12E8 (pS262) epitopes, and normalized to m, total tau levels using TauC antibody. The
cortical levels of n, sarkosyl-insoluble tau was quantified by Western blot using TauC antibodies.
Two representative lanes from each group of mice are displayed above the quantifications. Each
individual in the data appears as a point on the graph. Data are presented as mean + SD and
expressed as percentage of non-treated 7-months old 3xTg-AD mice (control group). Two-way

ANOVAs were performed followed by Tukey’s post hoc test. *p<0.05, **p<0.01 and



**%p<0.001 vs. designated condition. CTL: non-treated control 3xTg-AD mice; STZ: 3xTg-AD

mice subjected to STZ injections.

Figure 3. Streptozotocin (STZ) administration led to a moderate impairment in the cortical
expression of tau-related kinases in 23-months old 3xTg-AD mice.

Three months (14 = 1 weeks) after STZ injections, the cortical expression of the following
kinases was assessed by Western blot in 23-months old 3xTg-AD mice: a, phospho-ERK/total
ERK ratio, b, total ERK, c, phospho-JNK/total JNK ratio, d, total INK, e, GSK-3B phospho-
S9/total GSK-3 ratio, f, total GSK-3p, g, phospho-CaMKIl/total CaMKII ratio, h, total CaMKII,
I, phospho-AKT/total AKT ratio, j, total AKT, Kk, p35, I, p25 and m, CDK5, and normalized to n,
B-actin levels. Two representative lanes from each group of mice are displayed above the
quantifications. Each individual in the data appears as a point on the graph. Data are presented as
mean + SD and expressed as percentage of non-treated 23-months old 3xTg-AD mice (control
group). Two-way ANOVAs were performed followed by Tukey’s post hoc test. *p<0.05 vs.
designated condition. CTL: non-treated control 3xTg-AD mice; STZ: 3xTg-AD mice subjected to

STZ injections.

Figure 4. Streptozotocin (STZ) administration led to impairments in the cortical activity of
tau-related phosphatases in 23-months old 3xTg-AD mice.

Three months (14 = 1 weeks) after STZ injections, the cortical expression of the following
phosphatases was assessed by Western blot in 23-months old 3xTg-AD mice: a, PP1, b, PP2A
regulatory subunit A, ¢, PP2A-Ba subunit, d, PP2A-Bf subunit, e, demethylated PP2A catalytic
C subunit/total PP2A catalytic C subunit ratio, f, total PP2A catalytic C subunit, g, PP2B, and h,
PP5, and normalized to B-actin levels. Two representative lanes from each group of mice are
displayed above the quantifications. Each individual in the data appears as a point on the graph.
Data are presented as mean + SD and expressed as percentage of non-treated 23-months old
3xTg-AD mice (control group). Two-way ANOVAs were performed followed by Tukey’s post
hoc test. *p<0.05, and **p<0.01 vs. designated condition. CTL: non-treated control 3xTg-AD
mice; STZ: 3xTg-AD mice subjected to STZ injections.

Figure 5. Streptozotocin (STZ) administration induced an age-dependent exacerbation of

cortical Ap accumulation in 3xTg-AD mice.



Three months (14 = 1 weeks) after STZ injections, the cortical levels of a-c, soluble Ap40 and
APB42 (pmol/g tissue), and d-f, insoluble AB40 and AB42 (pmol/g tissue), as well as the ratio of
AP42/AB40, were assayed using ELISA. Each individual in the data appears as a point on the
graph. Data are presented as mean + SD. Two-way ANOVAs were performed followed by
Tukey’s post hoc test. *p<0.05 vs. designated condition. CTL: non-treated control 3xTg-AD
mice; STZ: 3xTg-AD mice subjected to STZ injections.

Figure 6. Streptozotocin (STZ) administration did not result in an exacerbation of cortical
synaptic deficits in 3xTg-AD mice.

Three months (14 = 1 weeks) after STZ injections, the cortical expression of the following
synaptic markers was assessed by Western blot: a, Drebrin, b, PSD95, ¢, Synaptophysin, and d,
SNAP-25, and normalized to B-actin levels. Two representative lanes from each group of mice
are displayed above the quantifications. Each individual in the data appears as a point on the
graph. Data are presented as mean £ SD and expressed as percentage of non-treated 7-months old
3xTg-AD mice (control group). Two-way ANOVAs were performed followed by Tukey’s post
hoc test. *p<0.05, **p<0.01 and ***p<0.001 vs. designated condition. CTL: non-treated control
3xTg-AD mice; STZ: 3xTg-AD mice subjected to STZ injections.

Figure 7. Streptozotocin (STZ) administration led to an age-dependent impairment in
cortical insulin signaling in 3xTg-AD mice.

Three months (14 = 1 weeks) after STZ injections, the cortical expression of the following
markers associated with insulin signaling was assessed by Western blot: a, phospho-IR (Insulin
Receptor)/total IR ratio, b, total IR, ¢, phospho-PI3K/total PI3K ratio, d, total PI3K, and e, IDE
(Insulin Degrading Enzyme), and normalized to B-actin levels. Two representative lanes from
each group of mice are displayed above the quantifications. Each individual in the data appears as
a point on the graph. Data are presented as mean £ SD and expressed as percentage of non-
treated 7-months old 3xTg-AD mice (control group). Two-way ANOVAs were performed
followed by Tukey’s post hoc test. *p<0.05, **p<0.01 and ***p<0.001 vs. designated condition.
CTL: non-treated control 3xTg-AD mice; STZ: 3xTg-AD mice subjected to STZ injections.

Figure 8. Age-dependent decline in blood-brain-barrier (BBB) integrity in 3xTg-AD mice.
Three months (14 = 1 weeks) after STZ injections, the cortical expression of the following

markers related to BBB integrity was assessed by Western blot: a, ZO1, b, Occludin, and ¢, VE-



Cadherin, and normalized to d, B-actin levels. Two representative lanes from each group of mice
are displayed above the quantifications. Each individual in the data appears as a point on the
graph. Data are presented as mean £ SD and expressed as percentage of non-treated 7-months old
3xTg-AD mice (control group). Two-way ANOVAs were performed followed by Tukey’s post
hoc test. *p<0.05, **p<0.01 and ***p<0.001 vs. designated condition. CTL: non-treated control
3xTg-AD mice; STZ: 3xTg-AD mice subjected to STZ injections.
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