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Abstract
A number of studies suggest an association between Alzheimer's disease (AD) and diabetes: AD
patients show impaired insulin function, whereas cognitive deficits and increased risk of developing
AD occur in diabetic patients. The reasons for the increased risk are not known. Recent studies of
disturbances in the insulin-signaling pathway have revealed new perspectives on the links between
AD and Type 1 diabetes with a particular focus on glycogen synthase-kinase-3 (GSK3). We have
therefore characterized a mouse model of combined insulin-deficient diabetes and AD and find that
diabetes exaggerated defects in the brain of APP transgenic mice. Mice with combined APP
overexpression and diabetes showed a decreased insulin receptor activity and an increased GSK3β
activity. Concomitantly, tau phosphorylation and number of Aβ plaques, the two pathologic
hallmarks of AD, were increased in the brain of diabetic-APP transgenic mice. Our results indicate
that the pathologic features of AD are exaggerated in the brain of APP transgenic mice that have
concurrent insulin-deficient diabetes, and underscore a possible mechanism of brain dysfunction
common to AD and diabetes.
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Introduction
Alzheimer's disease (AD) is the leading cause of dementia in the aging population and is
characterized by neurodegeneration affecting the cortex and the limbic system, along with
deposition of amyloid β (Aβ) and intraneuronal neurofibrillary tangles (Terry, 2006). Despite
several theories, the precise pathologic mechanisms leading to neurodegeneration in AD are
not yet clear. Accumulating evidence suggests that disruption of insulin-signaling in the brain
may contribute to the pathology of AD (Gasparini, et al., 2002). Several studies have reported
reduced insulin levels and insulin receptor expression in AD brains (Frolich, et al., 1998, Steen,
et al., 2005), while other studies have emphasized insulin resistance (Craft, 2007), but all
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converge to a disruption of the insulin-signaling pathway. In addition to regulation of food
intake and energy homeostasis, insulin and insulin receptors in the brain play a role in cognitive
function (Zhao, et al., 2004). A recent study demonstrated that severity of dementia and decline
in cognitive performance were associated with decreased insulin area under the curve (AUC),
not glucose AUC, after a glucose tolerance test in patients with early stage AD (Burns, et al.,
2007). Insulin, acting at insulin receptors, activates signal transduction via the
phosphatidylinositol 3-kinase (PI3-K)-protein kinase B (PKB or Akt) pathway. Down-stream
of this pathway lies glycogen synthase kinase-3 (GSK3), the activity of which is down-
regulated by phosphorylation at serine 21 and serine 9 of the 2 isoforms GSK3α and GSK3β,
respectively (Sutherland, et al., 1993). GSK3 has been suggested to play a role in AD pathology
by modulation of amyloid β (Aβ) formation and tau phosphorylation (Jope and Johnson,
2004), both major hallmarks of AD. In the AD brain, active GSK3β is colocalized with
abnormally phosphorylated tau in pre-tangle neurons (Pei, et al., 1999), and GSK3 activity is
increased in AD brains (Steen, et al., 2005). GSK3 activity is also increased in the brain of the
transgenic mThy1-hAPP751 (hAPP) mice that express human amyloid precursor protein
(APP) 751 containing the London and Swedish mutations and which develop amyloid plaques
in the frontal cortex by 3 months of age, along with learning and memory deficits (Rockenstein,
et al., 2003, Rockenstein, et al., 2001).

Diabetes affects an estimated 24 million patients in the United States and is characterized by
disturbances of the insulin-signaling pathway. Theses disturbances result from
hypoinsulinemia in the case of Type 1 diabetes, or from insulin resistance and impaired insulin
secretion in Type 2 diabetes. A number of studies have reported that diabetes mellitus is
associated with an increased risk of developing AD (Leibson, et al., 1997, Ott, et al., 1996,
Xu, et al., 2007). Other studies have reported no clear association (Curb, et al., 1999,
MacKnight, et al., 2002) but underscore that diabetes should be considered as a potential risk
factor for cognitive impairment, dementia and AD (Akomolafe, et al., 2006).

Disturbance of the insulin-signaling pathway is emerging as a common feature of both AD and
diabetes and, to date, attention has largely focused on Type 2 diabetes with hyperinsulinemia
and insulin resistance being the primary insults (Ho, et al., 2004). In contrast, sparse data are
available on associations between Type 1 diabetes and AD, although hypoinsulinemia evokes
a similar impairment of insulin signaling. Nevertheless, cognitive deficits, such as impaired
learning, memory, problem solving, and mental flexibility have been recognized as being more
common in Type 1 diabetic subjects than in the general population (Biessels, et al., 2008, Ryan,
et al., 1985), suggesting a detrimental effect of cerebral hyperglycemia, and/or
hypoinsulinemia. Along with these deficits, degeneration of cerebral cortex (Reske-Nielsen
and Lundbaek, 1963), and neuronal loss (DeJong, 1977) are observed at autopsy and are more
pronounced in patients suffering from Type 1 diabetes than in age-matched non-diabetic
patients. Moreover, we have recently demonstrated the presence of learning deficits associated
with increased GSK3 activity, increased tau phosphorylation and increased Aβ protein levels
in the brain of a mouse model of Type 1 diabetes (Jolivalt, et al., 2008). Similar changes also
occur in a rat model of spontaneous Type 1 diabetes (Li, et al., 2007). Insulin therapy partially
prevented behavioral and biochemical changes observed in the Type 1 diabetic mouse model
(Jolivalt, et al., 2008), suggesting that insulin deficiency plays a pathogenic role in the
development of AD-like features in the brain. To further investigate the roles of insulin
deficiency and hyperglycemia on CNS dysfunction and pathology, we have now studied the
impact of diabetes on AD progression, by inducing insulin-deficient diabetes in a mouse model
of AD. Specifically, we investigated cognitive performance and changes in phosphorylation
of proteins of the insulin-signaling pathway in parallel with changes in tau phosphorylation
and Aβ expression, the main neuropathological hallmarks of AD.
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Methods
Animals

All studies were performed using the well-characterized transgenic hAPP mice (Rockenstein,
et al., 2003, Rockenstein, et al., 2001, Rockenstein, et al., 2007) and their littermates. The hAPP
transgenic mice express mutated (London V717I and Swedish K670M/N671L) hAPP751
under the control of the neuronal murine (m)Thy-1 promoter (Rockenstein, et al., 2001). This
transgenic mouse model was selected because of the high levels of Aβ1-42 produced and
relatively early appearance of performance deficits in the water maze, synaptic damage, and
plaque formation. Transgenic lines were maintained by crossing heterozygous transgenic mice
with non-transgenic wild type (WT) C57BL/6 × DBA/2 F1 breeders. All mice were
heterozygous with respect to the transgene. Animals were housed 4-5 per cage with free access
to food and water and maintained in a vivarium approved by the American Association for the
Accreditation of Laboratory Animal Care. All animal studies were carried out according to
protocols approved by the Institutional Animal Care and Use Committee of the University of
California San Diego. Five to 8 mice were used per group.

Induction of diabetes
Insulin-deficient diabetes was induced in 4 months old mice following an overnight fast by
intraperitoneal (i.p.) injection of streptozotocin (STZ, Sigma. St, Louis, MO) at 90 mg/kg
dissolved in 0.9% sterile saline, on 2 successive days. Hyperglycemia was confirmed using a
strip-operated reflectance meter in a blood sample obtained by tail prick four days after STZ
injection and in another sample collected at the conclusion of the study.

Accelerating rotarod task
Mice were place on a rotarod (TSE systems, Midland, MI, USA) that accelerated from 4 to 40
rpm over 5 minutes. Latency to loss of balance was recorded. The test was performed once on
day 5 after the Barnes circular maze task.

Barnes circular maze task
The Barnes circular maze consists of an illuminated white circular platform with 20 holes (5
cm diameter) equally spaced and located 5 cm from the perimeter. A black escape box was
placed under one of the holes. A cue was placed behind the hole with the escape box. On the
first day of testing, the mouse was placed in the escape box for one minute before the trial
began. The mouse was then placed in the middle of the platform and allowed to explore the
maze. Timing of the session ended when the mouse found the box or after 5 minutes had
elapsed. At the end of the session, the mouse was left or placed in the escape box for one
additional minute. Mice were tested, starting at 11 weeks of diabetes, once a day, for 5
consecutive days (Monday through Friday) for the learning phase and after 3 days without
testing at day 9 for the memory phase of the test.

Neuropathological analysis and detection of Aβ deposits
After 12 weeks of diabetes, mice were sacrificed by decapitation after brief isoflurane
anesthesia in accordance with NIH guidelines for the humane treatment of animals. Caution
was taken to remove the brain within a minute of decapitation to preserve phosphorylation
status. Brains were removed and divided sagitally. One hemibrain was post-fixed in phosphate-
buffered 4% paraformaldehyde (pH 7.4) at 4°C for 48 hr and sectioned at 40 μm with a
Vibratome 200 (Leica, Germany) while the other hemibrain was prepared for western blot
analysis (see next section). Forty μm thick vibratome sections from mouse brains fixed in 4%
paraformaldehyde were immunolabeled with the mouse monoclonal antibody against Aβ and
tau phosphorylation, as previously described (Rockenstein, et al., 2002). Briefly, vibratome
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sections were incubated overnight at 4°C with the mouse monoclonal antibody 6E10 (1:1000,
Covance/Signet Laboratories, Berkeley, CA, USA), which specifically recognizes Aβ and the
PH1 antibody that recognizes phosphorylated tau (generously provided by Dr. Peter Davies,
Albert Einstein Institute), followed by avidin-biotin-conjugated anti-mouse IgG (Novo red
chromogen: Vector Laboratories). Slides were analyzed by an observer who was unaware of
the animal group using an Olympus BX51 microscope configured for bright field. For each
animal (3 sections), 4 images of the hippocampus were obtained and analyzed for levels of
phosphorylated tau immunoreactivity with the ImageQuant program. Results were averaged
and expressed as mean per animal. The number of amyloid β-immunoreactive plaques were
counted and normalized to surface area in mm2. Additional characterization of plaques was
performed using Thioflavine-S as previously described (Lewis, et al., 1987) and imaged with
a laser-scanning confocal microscope (MRC1024, BioRad, Hercules, CA, USA). Digital
images were then analyzed with the NIH Image 1.43 program to determine the percent area
occupied by Aβ deposits. Three immunolabeled sections were analyzed per mouse and the
average of individual measurements was used to calculate group means. Another set of slides
were immunolabeled with an antibody against NeuN (general neuronal marker,
1:1,000,Chemicon) and reacted with diamino-benzidine (DAB). Sections were analyzed with
the Stereo-Investigator Software (MBF Biosciences) and images collected according to the
optical disector method were analyzed as previously described (Ubhi, et al., 2009). Three
immunolabeled sections were analyzed per mouse and the average of individual measurements
was used to calculate group means.

Tissue preparation for western blot analysis
Hemibrains (without cerebellum) were homogenized in buffer (50 mM Tris-HCl pH7.4, 150
mM NaCl, 0.5% Triton X, 1 mM EDTA, protease inhibitor cocktail). Homogenates were
centrifuged at 13,000g for 30 min and supernatants are stored in aliquots at -80°C. A fraction
of the homogenate was boiled for 5 minutes under detergent-free conditions, and insoluble
material removed from the heat-stable supernatant by centrifugation for 30 minutes. Heat-
stable supernatants (about 7μg protein) were prepared with an equal volume of Laemmli SDS
sample buffer for Western-blot analysis for tau. Protein concentration was assessed using the
bicinchoninic acid method (BCA protein assay kit, Pierce, Rockford, IL, USA).

Western blotting
Brain tissue homogenates were centrifuged (13,000g) and aliquots of the clear extract boiled
in Laemmli LDS sample buffer (Invitrogen, Carlsbad, CA, USA). Seven to 20 μg of total extract
protein were separated on 4-12% SDS-PAGE Bis-Tris gels (Novex, Invitrogen, Carlsbad, CA,
USA) and immunoblotted on nitrocellulose. Blots were incubated with antibodies against
phospho-insulin receptor (phosphorylated Ser 972, 1/1200, Upstate, Temecula, CA, USA),
insulin receptor (1/200, Chemicon International, Temecula, CA, USA), phospho-GSK3β
(phospho-Ser9; 1/1000, Cell Signaling technology, USA), GSK3α/β (1/5000, Chemicon
International, Temecula, CA, USA), phospho-tau and Tau-5 (phospho-Thr 231, 1/3000,
Biosource, Camarillo, CA, USA), full-length (FL) APP (mouse monoclonal, clone 22C11,
1/20,000, Chemicon International, Temecula, CA, USA), Aβ (mouse monoclonal, clone 6E10,
1/1000, Covance/Signet Laboratories, Berkeley, CA, USA), APP C-terminal fragments (CTFs,
rabbit polyclonal CT15, 1/2500, courtesy of Dr. E. Koo, UCSD), Insulin Degrading Enzyme
(IDE, 1/5000, Calbiochem, NJ, USA), synaptophysin (1/10000, Chemicon International,
Temecula, CA, USA) followed by secondary antibodies tagged with horseradish peroxidase
(HRP, 1/5000 or 1/10000, Santa Cruz Biotechnology, Inc., CA, USA). Blots were developed
as previously described (Jolivalt et al., 2008). Quantification of immunoreactivity was
performed by densitometric scanning using Quantity One software (BioRad, San Diego, CA,
USA). For each animal, band intensities were normalized by calculating the ratio of the
intensity of the band corresponding to primary antigen of interest to the intensity of the band
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corresponding to total protein (non-phosphorylated) and/or to actin. To allow grouping of
samples run on different gels (gel/blots were repeated 3 to 5 times for each protein of interest),
actin-normalized densitometric measures of band intensity for each animal were then expressed
as a percentage of the group mean of all samples from control mice present on the same gel.

Determination of Aβ levels by ELISA
Quantification of the levels of human Aβ1-42, human Aβ1-40 and mouse Aβ1-42 in whole brain
homogenenates was performed using commercially available Elisa kits (Invitrogen, Carlsbad,
CA, USA) following the manufacturer's instructions.

Statistical analysis
Behavioral data are expressed as group median ± interquartiles and the difference between
groups was analyzed using Kruskal-Wallis test for non-parametric data. All other data are
expressed as group mean ± SEM and differences between groups were analyzed using one-
way ANOVA followed by Bonferroni's post-hoc test for more than 2 groups comparison or
Student t-test when only 2-group comparison.

Results

Diabetes—Mice were injected with STZ (90mg/kg i.p.) after overnight fast on two
consecutive days and exhibited hyperglycemia (blood sugar >270 mg/dl) 4 days after STZ
injection. Twelve weeks later, blood glucose levels for diabetic mice were significantly higher
than for non-diabetic mice (Table 1). All mice maintained a healthy weight over the 12-week
period (Table 1). Mice were sacrificed at 7-8 months of age, after 3 months of diabetes. The
study was initiated with 8 WT, 8 STZ, 6 APP and 7 APP-STZ mice, however during the course
of the study, prior to behavior tests, 1 APP and 2 APP-STZ mice died. One additional APP-
STZ mice died after the series of behavior tests prior the scheduled termination, bringing the
numbers to 8 WT, 8 STZ, 5 APP and 4 APP-STZ mice for western blot analysis.

Diabetes alone and when combined with AD worsened cognitive performance
Barnes circular maze task—The testing session was repeated for 5 consecutive days at
11 weeks of diabetes to test learning ability. On the first day of testing, all 4 groups of mice
found the escape box with a similar time (group median: WT=241, APP=300, STZ= 300 APP-
STZ=300). By day 4, 100% of wild type mice (WT) found the escape box with a median time
of 50s, indicative of learning and memory, while the time to find the escape box for STZ mice
was only marginally reduced (Fig. 1), with 4 out of 8 STZ mice finding the box within the cut-
off time. By day 4, APP transgenic mice found the escape box in a time similar to that of WT
mice while 4 out of 5 APP-STZ mice never found the escape box over the 5 days of the trial,
suggesting learning and/or memory deficits. After 11 weeks of diabetes, diabetic mice (STZ
and APP-STZ) displayed a significantly reduced ability to learn the location of the escape box
(Fig. 1). The mice were then left untested for 3 days before performing one further session to
test memory retention. WT mice found the escape box in a time similar to that of the last test,
indicative of retained memory. APP transgenic mice found the box in a time close to the cut-
off time, suggesting impaired memory. This is consistent with our prior data using the Morris
water maze test (Rockenstein, et al., 2003). Similar to the learning phase, both diabetic groups
(STZ and APP-STZ) maintained their performance in terms of time and number of mice finding
the box (Fig. 1) but only the time of APP-STZ mice was significantly (p<0.05) different from
that of WT mice with only 1 out 5 mice finding the box within the cut-off time. The between-
group differences were not due to marked locomotor deficits, as all 4 groups of mice performed
the accelerating rotating beam task with a similar time.
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Diabetes combined with AD reduces insulin receptor phosphorylation and exaggerates
GSK3β activity

Insulin receptor phosphorylation—Phosphorylated insulin receptor levels were
significantly reduced (p<0.05) in the brain of both STZ and APP-STZ mice after 3 months of
diabetes when compared to WT, and significantly reduced (p<0.05) in the brain of APP-STZ
mice when compared to APP mice (Fig. 2). Protein levels of insulin receptor were unchanged
for all groups (Fig. 2).

GSK3β phosphorylation—Phosphorylation of GSK3β at the recognized inactivating site
(ser 9) was significantly reduced in APP-STZ mice after 3 months of diabetes, while protein
levels of total GSK3β were unchanged in all 4 groups (Fig. 3). Similarly, phosphorylation of
tyrosine 216, indicative of GSK3β activity, was significantly (p<0.05) increased in the brain
of APP-STZ mice when compared to WT (percent intensity for WT: 100±6, STZ: 111±6, APP:
108±5, APP-STZ: 120±8*).

Diabetes enhances the severity of major pathological markers of AD
Tau phosphorylation—Tau phosphorylation at the threonine 231 site that is part of the
microtubule-binding domain and phosphorylated by GSK3, tended towards increase (p=0.054)
in the brain of STZ mice and was significantly increased in the brain of the combined APP-
STZ mice (p<0.01, Fig. 4). We also extended our analysis of tau phosphorylation using the
AT8 antibody against the phosphorylated Ser199/202, which is recognized as a marker of
neurofibrillary tangles and is also phosphorylated by GSK3. We found the same pattern to that
seen with threonine 231, with an increase in tau phosphorylation that was significant (p<0.05)
in the brain of APP-STZ mice when compared to WT mice (percent of intensity for WT: 100
±5, STZ: 112±6, APP: 110±6, APP-STZ: 137±13*). Phosphorylated tau immunoreactivity was
increased in hippocampal neurons of APP-STZ mice and occasionally associated with plaques
(less than 10% of the plaques) in the brain of APP-STZ mice (Fig. 5). Consistent with the
western blot analysis, levels of phosphorylated tau immunoreactivity were significantly
increased in APP-STZ mice brain (p<0.001 when compared to all 3 groups, Fig. 5F).

Aβ—A direct comparison between non-transgenic and APP transgenic mice was not possible
for Aβ using Western blots as levels of protein were drastically different due to APP
overexpression in the transgenic mice. The effect of diabetes was clearly visible in the
combined APP-STZ model, where soluble Aβ levels were significantly (p<0.05) increased in
the brain of APP-STZ mice after 3 months of diabetes in comparison to APP transgenic mice,
while levels of full-length APP (FL-APP) and C-terminal fragment (CTF-APP) were
unchanged (Fig. 6A, B). Analysis of Aβ levels by ELISA showed that human Aβ1-42 was the
most abundant species in mutant APP overexpressing mice (Fig. 6C, D), as previously
demonstrated (Rockenstein, et al., 2001). The combination of APP overexpression and insulin-
deficient diabetes led to a non-significant increase of human Aβ1-40 levels (Fig 6C) while there
was a significant (p<0.05) 2-fold increase of Aβ1-42 levels in APP-STZ mice brain when
compared to APP mice (Fig. 6D). Analysis of mouse Aβ1-42 by ELISA revealed detectable,
however close to the limit of detection, levels in APP and APP-STZ mice brain (APP: 0.14
±0.04 μg/mg protein, APP-STZ: 0.24±0.07 μg/mg protein). Absorbances for WT and STZ
mice brain homogenates were below the limit of detection for the 3 ELISA assays.
Immunohistochemical analysis of mouse brain demonstrated the presence of Aβ-
immunoreactive plaques in APP transgenic and APP-STZ mice (Fig. 7A, B, D, E), that are
similar to plaques found in the brain of a patient diagnosed with late stage AD (Fig. 7F). The
number of plaques was significantly increased in the APP-STZ mice brain compared to all
groups (WT: 0.1±0.1, STZ:0.1±0.1, APP:4.2±0.8%, APP-STZ: 6.8±0.9%*, p<0.001 using 2-
way ANOVA followed by Bonferroni's post hoc test). Analysis of the percentage of the
neuropil covered by immunoreactive plaques revealed a significant increased in the
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hippocampus of APP-STZ mice when compared to all groups (Fig. 7C). The increased
percentage area of plaques in the combined APP-STZ model correlates with the increased
levels of soluble Aβ protein detected by western blot and ELISA. Figure 7G, H illustrates
neuritic plaques stained with Thioflavine-S in cortex and hippocampus of APP and APP-STZ
mice.

Diabetes combined with AD reduces Insulin-Degrading Enzyme and synaptophysin protein
levels

Insulin-Degrading Enzyme (IDE) protein expression was significantly reduced (p<0.05) in the
combined APP-STZ group after 3 months of diabetes (Fig. 8A). Synaptophysin, a marker of
synapse integrity, was quantified by Western blot. After 3 months of diabetes, synaptophysin
protein levels were significantly reduced (p<0.05) in the brain of mice with combined AD and
diabetes (Fig. 8B). Analysis of neuronal loss, using NeuN immunoreactivity, showed a
significant (p<0.05) decrease in the hippocampus of APP-STZ mice when compared to WT
mice (Number of NeuN immunolabeled cells × 102: WT: 267.5±7.5, STZ: 252.5±12.3, APP:
227.5±8.5, APP-STZ: 205±31.9*).

Discussion
There is growing evidence of links between AD and diabetes (Leibson, et al., 1997, Ott, et al.,
1996, Sima and Li, 2006, Xu, et al., 2007), with AD patients showing impaired insulin function
(Frolich, et al., 1998, Steen, et al., 2005), while cognitive deficits and increased risk of
developing AD occur in both Type 1 and Type 2 diabetic patients (Biessels, et al., 2008, Ryan,
et al., 1985). The reasons for the increased risk are not known. Both diseases have a
neurodegenerative pathology and may share common mechanisms that culminate in
neurodegeneration. Recent studies of disturbances of the insulin-signaling pathway by
ourselves and others (Jolivalt, et al., 2008, Li, et al., 2007) have revealed new perspectives on
the links between AD and Type 1 diabetes. The systemic insulin deficiency in STZ-diabetic
mice promotes reduced insulin-signaling pathway activity and increased GSK3 activity in the
brain, associated with behavioral and biochemical features of AD (Jolivalt, et al., 2008). In the
present study, we demonstrated similar, but exaggerated, effects in the brain of APP-STZ mice,
suggesting that peripheral insulin deficiency may enhance aspects of AD pathology in the brain.

Pathological changes in AD brain include tau hyperphosphorylation and Aβ accumulation.
Several pieces of evidence implicate GSK3 as playing a role in APP processing leading to the
formation of Aβ, (Su, et al., 2004) (Lee, et al., 2003). The role of GSK3 in Aβ production is
supported by studies using lithium, an inhibitor of GSK3 activity that showed reduced Aβ
production and amyloid plaque load in hAPP transgenic mice (Phiel, et al., 2003, Su, et al.,
2004). In our current study, consistent with our prior data (Rockenstein, et al., 2001), hAPP
overexpressing transgenic mice displayed a significant increased of Aβ levels and Aβ-
immunoreactive plaques in the hippocampus compared to WT. These increased levels of
soluble Aβ, and more specifically Aβ1-42, and increased number of immunoreactive plaques
were significantly exaggerated by the superimposition of insulin-deficient diabetes to mutant
APP overexpression, suggesting that diabetes and the disturbances associated with it in the
brain contribute to the enhanced progression of AD pathology. The contribution of local insulin
deficiency was also demonstrated by studies in which STZ was injected directly into the brain,
resulting in downregulation of mRNA for both insulin and the insulin receptor and a concurrent
increase of GSK3 activity and Aβ accumulation in the brain (Lester-Coll, et al., 2006, Salkovic-
Petrisic, et al., 2006). In addition to increased processing of APP by GSK3, the accumulation
of soluble and insoluble Aβ in the diabetic-APP transgenic mice brain may result from reduced
degradation. The Insulin-Degrading Enzyme (IDE) degrades insulin but also a number of other
small proteins, including Aβ (Chesneau, et al., 2000). IDE protein levels and activity are
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reduced in AD brains (Perez, et al., 2000). Although not usually described as part of the insulin-
PI3K-GSK3 pathway, IDE upregulation requires insulin-mediated AKT activation (Zhao, et
al., 2004). Therefore, insulin deficiency and a decreased signaling via the PI3K pathway may
contribute to decreased IDE expression and thus contribute to increased Aβ protein levels as
a result of a reduced degradation.

Tau pathology is often disregarded as an initiator of AD pathology and rather considered a
consequence. However, the severity and the progression of AD correlates better with tau
hyperphosphorylation and tangle formation than with amyloid plaques (Braak and Braak,
1991). Moreover, a recent study demonstrated the role of tau in Aβ excitoxicity (Roberson, et
al., 2007). Tau can be phosphorylated by GSK3, facilitating its accumulation into
neurofibrillary tangles (Jope and Johnson, 2004). In our study, there is co-incidence of activated
GSK3β and increased tau phosphorylation in the brain of mice with combined mutant APP
overexpression and diabetes. Supporting the role of active GSK3 in tau phosphorylation,
studies showed increased GSK3β activity associated with increased tau phosphorylation in the
brain of neuron-specific insulin receptor knock-out mice (Schubert, et al., 2004), of transgenic
mice overexpressing active GSK3 (Brownlees, et al., 1997), of transgenic mice conditionally
overexpressing GSK3β (Lucas, et al., 2001) and of rats exposed to intracerebral STZ that
exhibit increased brain GSK3β activity (Grunblatt, et al., 2007, Lester-Coll, et al., 2006). In
contrast, systemic STZ injection acutely induced an increase of tau phosphorylation without
increased GSK3 activity in the mice brain 3 days after STZ injection (Clodfelder-Miller, et al.,
2006). Activation of several pathways may results in tau phosphorylation and to definitively
link the observed increased GSK3 activity with the observed increased tau phosphorylation in
our study, pharmacological studies will be necessary. However, in vivo and human studies
bring additional support to our results. For example, lithium treatment to reduce GSK3 activity
also reduces tau hyperphosphorylation and formation of tangle-like lesions in tau transgenic
mice (Noble, et al., 2005, Perez, et al., 2003, Phiel, et al., 2003), and in the human AD brain,
active GSK3 colocalizes with phosphorylated tau in pretangle neurons (Pei, et al., 1999).

Aβ and hyperphosphorylated tau contribute to the neurodegeneration and neuronal loss that
characterizes AD. In the present study both are significantly increased in the combined APP
overexpression/insulin-deficient diabetes model, suggesting an enhanced neurodegeneration
that was illustrated by a significant neuronal loss and significant reduced level of synaptophysin
protein, a marker of synapse loss. The limited reduction of synaptophysin protein level in these
relatively young hAPP transgenic mice is in agreement with prior work (Rockenstein, et al.,
2003, Rockenstein, et al., 2001), which showed that a significant reduction of synaptophysin
immunoreaction occurred only after 9-11 months of age. APP-STZ mice exhibited a significant
reduction in brain synaptophysin protein levels by 7-8 months of age when compared to WT
mice. This suggests that diabetes hastens or enhances the synaptic failure and the neuronal loss
that occurs in AD brains and is consistent with the concomitant increase of Aβ accumulation
and increased tau phosphorylation.

Accumulation of tau and/or Aβ has been shown to lead to cognitive impairments. Recently,
reducing tau levels in the brain was shown to ameliorate Aβ-induced deficits in AD mouse
model (Roberson, et al., 2007), demonstrating the interaction of both Aβ and tau in onset of
behavioral deficits. In addition, Aβ oligomers injected into mouse hippocampus significantly
slowed the spatial learning of mice only when concomitant with hyperglycemia induced by
STZ injection (Huang, et al., 2007). Similarly, diabetes induced by STZ injection promotes
impaired memory formation and retention in presymptomatic human APP/presenilin
transgenic mice (Burdo, et al., 2008). In our study, both increased tau phosphorylation and
Aβ accumulation were present and significantly increased in the combined disease mouse
model and may contribute to cognitive impairments, that were assessed using the Barnes maze
(Barnes, 1979, Jolivalt, et al., 2008). This task takes advantage of the natural preference of
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rodents for dark environment and relies minimally on motor skills (Pompl, et al., 1999). In the
Barnes maze, WT and APP transgenic mice performed similarly in the learning phase of the
test while APP transgenic mice performed significantly worse during the memory phase,
consistent with their water maze performance (Rockenstein, et al., 2003). Similar results have
been obtained in the Barnes maze test for other AD mice models (Pompl, et al., 1999, Reiserer,
et al., 2007). Superimposition of diabetes on mutant APP overexpression induced learning
deficits in the transgenic mice similar to those observed in diabetic mice when compared to
WT and APP mice. Pharmacologic interventions, such as lithium, specific GSK3 inhibitors or
insulin treatment, will be necessary to confirm the link between insulin-deficient diabetes,
GSK3β activity, AD-like neuropathology and cognitive performance deficits in the combined
APP overexpression/insulin-deficent diabetes model. Nevertheless, this association is strongly
supported by our previous studies, in which APP/dominant negative GSK3 transgenic mice
and APP transgenic mice treated with lithium, that inhibited GSK3β activity, displayed
improved cognitive performance, reduced Aβ immunoreactive plaques, and decreased tau
phosphorylation (Rockenstein, et al., 2007). Moreover, as insulin treatment prevented learning
deficits, GSK3 activation and increased tau phosphorylation in STZ-diabetic mice (Jolivalt, et
al., 2008), these disorders can be attributed to insulin deficiency and its consequences rather
than any direct STZ neurotoxicity.

In patients with early stage AD, higher plasma insulin levels were associated with less whole
brain and hippocampal atrophy and with better global cognitive performance, whereas plasma
glucose levels did not correlate well (Burns, et al., 2007). Our current study shows that the
severity of the pathologic features of AD is increased in APP transgenic mice that have
concurrent insulin-deficient diabetes. In addition to our previous study (Jolivalt, et al., 2008),
our data suggest that dysregulation of the insulin-signaling pathway during type 1 diabetes
may provide a convergent mechanism of CNS damage and dysfunction in AD and diabetes
that underlies reports that untreated diabetes increases the risk of AD (Xu, et al., 2009).
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Figure 1. Barnes maze task
A: Time course of the learning and memory assessment using the Barnes maze test. B: Time
to find the escape box at day 4 and 9: Learning was assessed on day 4 after 4 consecutive testing
sessions and memory was assessed on day 9 after 3 days without testing. Data are represented
as median ± interquartiles. * p< 0.05 and # p<0.05 by Kruskal-Wallis for nonparametric data
followed by Dunn's post hoc test vs WT and APP group, respectively. n=8 for WT and STZ
groups, n=5 for APP and APP-STZ groups.
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Figure 2. Phosphorylation level of insulin receptor in mouse brain
A: Intensity of bands corresponding to phosphorylated insulin receptor (pIR) and insulin
receptor (IR) normalized to the intensity of bands corresponding to actin. Data are represented
as mean+sem. *p<0.05 vs WT, #p<0.05 vs APP by one-way ANOVA followed by Bonferroni's
post hoc test. n=8 for WT and STZ groups, n=5 for APP group and n=4 for APP-STZ group.
B: Western blots of brain homogenates from Wild type (W), STZ-diabetic (S), APP (A) and
APP-STZ (AS) mice for phosphorylated insulin receptor (pIR), total insulin receptor (IR) and
actin.
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Figure 3. Phosphorylation level of GSK3β in mouse brain
A: Intensity of bands corresponding to phosphorylated GSK3β (pGSK3β) and GSK3β
normalized to the intensity of bands corresponding to actin. Data are represented as mean+sem.
*p<0.05 vs WT by one-way ANOVA followed by Bonferroni's post hoc test. n=8 for WT and
STZ groups, n=5 for APP group and n=4 for APP-STZ group B: Western blots of brain
homogenates from Wild type (W), STZ-diabetic (S), APP (A) and APP-STZ (AS) mice for
phosphorylated GSK3β (pGSK3β), total GSK3β (GSK3β) and actin.
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Figure 4. Phosphorylated tau in mouse brain
A: Intensity of bands corresponding to phosphorylated tau at threonine 231 (p T231)
normalized to the intensity of bands corresponding to total tau (pan Tau). Data are represented
as mean+sem. **p<0.01 vs WT by one-way ANOVA followed byBonferroni's post hoc test.
n=8 for WT and STZ groups, n=5 for APP group and n=4 for APP-STZ group B: Western
blots of brain homogenates from Wild type (W), STZ-diabetic (S), APP (A) and APP-STZ
(AS) mice for phosphorylated tau at threonine 231 (p T231) and total tau (pan Tau).
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Figure 5. Phosphorylated tau in mouse brain
A-D: Phosphorylated tau (PHF1) immunoreactivity in mouse hippocampus illustrating
somatodendritic accumulation of phosphorylated tau in APP-STZ mice brain (D), bar=40 μm.
E: Phosphorylated tau immunoreactivity associated with neuritic plaque in APP-STZ mice
hippocampus. F: Quantitative analysis of phosphorylated tau immunoreactivity in brain from
Wild type (WT), STZ-diabetic (STZ), APP and APP-STZ mice. **p<0.01, ***p<0.01 by one-
way ANOVA followed by Bonferroni's post hoc test.
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Figure 6. Amyloid β level in mouse brain
A: Intensity of bands corresponding to full length APP (FL-APP), C terminal fragment-APP
(CTF-APP) and amyloid β (Aβ) normalized to the intensity of bands corresponding to actin.
Data are represented as mean+sem. *p<0.05 vs APP by unpaired t test. n=5 for APP group and
n=4 for APP-STZ group. B: Western blots of brain homogenates from Wild type (W), STZ-
diabetic (S), APP (A) and APP-STZ (AS) mice for full length APP (FL-APP), amyloid β
(Aβ) and actin. C: Aβ1-40 levels in brain homogenates from APP and APP-STZ mice using an
Elisa assay for human amyloid β1–40. Data are represented as mean+sem. D: Aβ1-42 levels in
brain homogenates from APP and APP-STZ mice using an Elisa assay for human amyloid β1–
42. Data are represented as mean+sem. *p<0.05 vs APP by unpaired t test. n=5 for APP group
and n=4 for APP-STZ group.

Jolivalt et al. Page 18

Exp Neurol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Amyloid β-immunoreactive plaques in mice hippocampus
Amyloid β-immunoreactive plaques in hippocampus from Wild type (A), STZ-diabetic (STZ,
B), APP (D) and diabetic-APP (APP/STZ, E) mice after 12 weeks of diabetes. Arrows point
at amyloid β-immunoreactive plaques, bar=200μm. Inset in A: Specificity of immunostaining
by omission of the primary antibody, bar=200 μm. Insets in D and E: magnification of amyloid
β-immunoreactive plaques in APP and APP-STZ mice hippocampus, respectively, bar=40μm.
C: Quantification of amyloid β-immunoreactive plaques as percent area occupied by plaques
in mouse hippocampus. Data are represented as mean+sem. ***p<0.001 by one-way ANOVA
followed by Bonferroni's post hoc test. n=8 for WT and STZ groups, n=5 for APP group and
n=4 for APP-STZ group. F: Amyloid β-immunoreactive plaques in the brain from a patient
diagnosed with late stage AD, bar=40μm. G-H: Mature plaques were intensively labeled with
Thioflavine-S in hippocampus and cortex from APP and APP/STZ mice, respectively but not
in Wildtype (I), bar=200 μm. Insets in G, H and I: Magnification of hippocampus containing
plaques for APP (G) and APP/STZ (H) mice and no plaques for WT mouse (I).
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Figure 8. IDE and synaptophysin protein level in mouse brain
A: Intensity of bands corresponding to IDE normalized to the intensity of bands corresponding
to actin. Data are represented as mean+sem. *p<0.05 vs WT by one-way ANOVA followed
by Bonferroni's post hoc test. Western blots of brain homogenates from Wild type (W), STZ-
diabetic (S), APP (A) and APP-STZ (AS) mice for IDE and actin. B: Intensity of bands
corresponding to synaptophysin normalized to the intensity of bands corresponding to actin.
Data are represented as mean+sem. *p<0.05 vs WT by one-way ANOVA followed by
Bonferroni's post hoc test. Western blots of brain homogenates from Wild type (W), STZ-
diabetic (S), APP (A) and APP-STZ (AS) mice for synaptophysin and actin. n=8 for WT and
STZ groups, n=5 for APP group and n=4 for APP-STZ group.
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Table 1

Physiological parameters of wild type, diabetic (STZ), APP and diabetic-APP (APP-STZ) mice before and after
12 weeks of diabetes. Data are given as mean ± sem, **p<0.01 by one-way ANOVA vs Wild type followed by
Bonferroni's post hoc test.

n Starting weight
(g)

Final weight
(g)

Final blood
sugar (mg/dl)

Wild type 8 32.9 ± 1.4 35.9±1.3 158 ± 7

STZ 8 34.0 ± 2.2 33.4 ± 2.6 506 ± 37**

APP 5 26.4 ± 0.9 29.1 ± 1.6 141 ± 10

APP-STZ 5 31.6 ± 2.9 27.0 ± 2.3 498 ± 72**
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