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Abstract

Multiple lines of evidence link the incidence of diabetes to the development of Alzheimer’s
Disease (AD). Patients with diabetes have a 50 to 75% increased risk of developing AD. In
parallel, AD patients have a higher than normal tendency to develop type 2 diabetes or impaired
fasting glucose. Tau is the major component of neurofibrillary tangles (NFT), one of the hallmarks
of AD pathology. The current study examined the effect of hyperglycemia on tau modification.
Glucose treatment of rat embryonic cortical neurons results in concentration-dependent apoptosis
and caspase-3 activation. These changes are well correlated with glucose time- and concentration-
dependent tau cleavage. Ap treatment induces tau cleavage and when added together with glucose
there is an additive effect on caspase activation, apoptosis and tau cleavage. Tau cleavage is
partially blocked by the caspase inhibitor, ZVVAD. Cleaved tau displays a punctate staining along
the neurites and colocalizes with cleaved caspase-3 in the cytoplasm. Both type 1 and type 2
diabetic mice display increased tau phosphorylation in the brain. In agreement with the effects of
glucose on tau modifications /n vitro, there is increased tau cleavage in the brains of ob/ob mice;
however, tau cleavage is not observed in type 1 diabetic mouse brains. Our study demonstrates that
hyperglycemia is one of major factors that induce tau modification in both /in vitroand in vivo
models of diabetes. We speculate that tau cleavage in diabetic conditions (especially in type 2
diabetes) may be a key link for the increased incidence of AD in diabetic patients.
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INTRODUCTION

Alzheimer's disease (AD) affects 4.5 million Americans and the incidence is expected to
reach over 13 million by 2050 [1]. At the same time, over 20 million Americans have
diabetes and this incidence is increasing by 5% per year [2]. Multiple studies report that
patients with diabetes have a 50 to 75% increased risk of developing AD compared to age-
and gender-matched control groups [3-7]. In parallel, a recent study of the Mayo Clinic AD
Patient Registry reveals that 80% of AD patients have either type 2 diabetes or impaired
fasting glucose [8].
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Two of the most prominent pathological characteristics of AD are the accumulation of -
amyloid (AB) in extracellular plagues and the appearance of intracellular neurofibrillary
tangles (NFT) containing hyperphosphorylated tau [9, 10]. Tau undergoes various post-
translational modifications, hyperphosphorylation being the most prominent and studied
changes [10]. Mounting evidence suggests that not only the hyperphosphorylation, but also
tau cleavage plays an important role in the progression of AD [11, 12]. N- and C-terminal
fragmentation induces toxic tau aggregation in N2a cells [13]. When cleaved at Asp421 by
caspase, tau assembles more rapidly and more extensively into tau filaments /n vitro[14],
suggesting that cleaved tau enhances polymerization kinetics and serves as a nucleation
center, promoting the pathologic assembly of tau filaments [15, 16]. Caspases [11, 12, 17],
the ubiquitin-proteasome system [18], and calpains [19, 20] are all implicated in tau
cleavage.

One of the most prominent characteristics of diabetes is elevated blood glucose levels [21,
22]. Our laboratory has consistently demonstrated that hyperglycemia results in neuronal
injuries, leading to eventual death of neurons and supporting Schwann cells and the
development of diabetic neuropathy [reviewed in [21, 23]]. Hyperglycemia is also associated
with impaired cognitive performance and an increased number of mental subtraction errors
in individuals with diabetes [6].

Recently we reported age-dependent tau modification in the diabetic mouse brain [24]. This
current study expands our previous study and examines the effect of hyperglycemia using
embryonic cortical neurons as an /n vitro model. We also confirm our findings using
different mouse models of type 1 and type2 diabetes. We report here that glucose treatment
of E15 rat embryonic cortical neuron cultures results in concentration- and time-dependent
tau cleavage and neuronal apoptosis. When the cortical neurons are treated with both
glucose and AP together there is an additive effect on apoptosis and tau cleavage. Inhibition
of caspases, but not calpain or the proteasome, prevents apoptosis and tau cleavage. Tau
cleavage was also observed in brains from type 2, but not type 1 diabetic mice. Our results
demonstrating hyperglycemia-induced tau cleavage provide a novel mechanism for the
increased incidence of AD in diabetic patients.

MATERIALS AND METHODS

Antibodies and chemicals

Polyclonal antibodies against phosphorylated tau (pTau, pS199/202, pS396, pT231) were
purchased from Biosource International (Camillo, CA). Anti-amyloid B (AB1-42) was also
from Biosource. AT8 monoclonal antibody detecting phosphorylated Ser202 was from
Pierce (Rockford, IL) and anti-TauC3 (detecting cleaved tau) was from Millipore (Billerica,
MA). Taul (recognizing dephosphorylated tau), Tau5 (for total tau) and anti-GAPDH
antibodies were from Chemicon (Temecula, CA). Anti-tau46 (detecting total tau) was from
Abcam (Cambridge, MA). The antibody against cleaved caspase-3 was purchased from Cell
Signaling (Beverly, MA).

Inhibitors of caspases, calpain and the proteasome were purchased from Calbiochem (La
Jolla, CA). D-(+)-glucose and 2-deoxy-D-glucose (a non-metabolizable glucose analog)
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were purchased from Sigma (St. Louis, MO). All other chemicals were purchased from
either Sigma or Fisher Scientific (Fair Lawn, NJ).

Cortical neuron preparation

Cortical neurons were prepared from E15 embryos of Sprague Dawley rats. The cortex was
dissected and dissociated using trypsin and plated in 12-well tissue culture plates coated
with poly-L-lysine (PLL). For immunohistochemistry (IHC), cells were plated on glass
cover slide coated with poly-L-lysine (PLL) in 24-well culture plates. Cells were maintained
in feed media (Neurobasal media, Invitrogen, Grand Island, NY) supplemented with 1X B27
without antioxidant (Invitrogen), antibiotics (penicillin, streptomycin, and neomycin;
Sigma), 2.5 pg/ml albumin, 10 pg/ml apo-transferin, 0.1 pg/ml biotin, 15 ug/ml D-galactose,
7 ng/ml progesterone, 16 pg/ml putrescine, 4 ng/ml selenium, 3 ng/ml B-estradiol, 4 ng/ml
hydrocortisone, 3 pg/ml catalase and 2.5 pug/ml SOD. Cells were cultured for 6 days before
being used in experiments. Culture media was changed to treatment media (feed media
without B27 and antibiotics) for 3—-4 h prior to glucose, AB, and/or inhibitor treatment.

Induction of diabetes and mouse brain preparation

Wild type C57BI/6J and ob/ob mice (B6.V-Lep®P/J, JAX Mice # 000632) were purchased
from Jackson Laboratory (Bar Harbor, ME) and used as a model of type 2 diabetes. Mice
were sacrificed at 12 wk of age (approximately 8 wk of diabetes). Type 1 diabetes was
induced by streptozotocin (STZ) injection when mice (DBA/2J, JAX Mice #000671)
reached a weight of 25 g (~13 wk old). STZ was injected at the concentration of 50 mg/kg
for 5 consecutive days (http://www.amdcc.org/shared/Protocols.aspx) [25]. Mice were
sacrificed at 38 wk of age (25 wk diabetes). At least 6 animals were used for each group.
Fasting blood glucose levels were measured every 4 wk using a standard Glucometer
(OneTouch; LifeScan Inc., Milpitas, CA). All mice were housed in a pathogen-free
environment, and cared for following the University of Michigan Committee on the Care
and Use of Animals guidelines.

The mice were euthanized per our published protocols with an overdose of sodium
pentobarbital. For Western blotting analyses, brains were cut in half and the cortex and
hippocampus separated and then snap frozen in liquid nitrogen and stored at —80°C until
use. For immunohistochemistry (IHC), mice were perfused intracardially with 30 ml of 2%
PLP (paraformaldehyde-lysine-periodate) following euthanasia. After perfusion, whole
brains were removed and processed for the cryosecton as previously described [22, 26].
Brain sections were mounted on SuperFrost glass slides (Fisher Scientific, Pittsburgh, PA)
and stored at —20°C until use.

Western immunoblotting

Western immunoblotting was performed as described previously [27]. Cortical neuron
cultures were lysed in RIPA buffer (Pierce) containing 1 pg/ml of aprotinin and leupeptin
and 100 pg/ml phenylmethylsulfonyl fluoride (PMSF). Lysates were collected, briefly
sonicated and centrifuged at 13,000 rpm for 15 min at 4 °C. Mouse cortex and hippocampus
were homogenized using a plastic pestle in a microcentrifuge tube in T-PER tissue protein
extraction reagent (Pierce) containing aprotinin, leupeptin and PMSF. Samples were briefly
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sonicated and centrifuged at 13,000 rpm for 20 min at 4°C and supernatants were collected.
Protein concentration of the cortical neuron or brain lysates was measured by DC protein
assay reagent (Bio-Rad Laboratory, Hercules, CA). The lysates were separated by SDS-
PAGE and transferred to nitrocellulose (NC) membranes. After blocking with Superblock
solution (Pierce) with 0.1% Tween-20, NC membranes were incubated with the appropriate
primary antibodies followed by secondary antibodies conjugated with horseradish
peroxidase (Santa Cruz). The incubations with primary and secondary antibodies were
carried out either at RT for 2 h or at 4°C overnight. The signal was visualized using
enhanced chemiluminescence reagents (ECL, Amersham Bioscience, Piscataway, NJ) or
SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) depending on the signal
strength. Images were captured using the Chemidoc XRS system and analyzed by Quantity
One software (Bio-Rad Laboratory). In some experiments, the NC membranes were
incubated at 60°C for 15 min in stripping solution (2% SDS, 100 mM dithiothreitol and 100
mM Tris, pH6.8) whereupon they were utilized for immunoblotting with another antibody.
All experiments were repeated at least 3 times and representative results are presented in the
figures.

Immunohistochemistry (IHC)

The slides with brain sections were heated on a slide warmer (55°C) for 10 min followed by
hydration in PBS. Cortical neurons grown on cover slides were fixed with 2 %
paraformaldehyde (PFA) in PBS for 10 min. The slides were permeabilized and incubated in
primary antibody diluted in PBS with 1% BSA/1% normal goat serum/0.1 % Triton X-100
in a humidified chamber at RT overnight. After rinsing with PBS 3 times for 5 min each, the
cells were incubated with the appropriate secondary antibody conjugated with AlexaFluor
594 or 488 (Molecular Probes, Eugene, OR) for 2 h at RT. After rinsing with PBS, the
samples were mounted with ProLong Gold anti-fade mounting media containing DAPI
(Molecular Probes). The digital images were captured using a Spot-RT camera (Diagnostic
Instruments Inc., Sterling Heights, MI) attached to a Nikon Microphot-FXA microscope.

Measurement of apoptosis, TdT mediated dUTP-biotin nick end labeling (TUNEL)

TUNEL staining labels fragmented DNA, which is a characteristic of apoptotic cells.
Cortical neurons grown on glass cover slides were fixed in 4% paraformaldehyde prior to
staining. Samples were labeled with digoxygenin-dUTP and followed by horseradish
peroxidase-conjugated anti-digoxygenin antibody using a kit according to the
manufacturer’s instructions (Intergen, Gaithersburg, MD).

Measurement of apoptosis, Annexin V staining

During apoptosis, phosphatidylserine (PS), which is normally located on the cytoplasmic
surface, translocates to the outer leaflet of the plasma membrane [28]. Annexin V binds to
the exposed PS in a Ca**-dependent manner [29]. Annexin V conjugated with Alexa Fluor
488 was purchased from Molecular Probes. After treatment, cells were labeled with Annexin
V (1:20 dilution) in binding buffer (10 mM HEPES, pH7.5, 150 mM NaCl, 5 mM KClI, 1
mM MgCl,, 1.8 mM CaCl,) for 10 min at RT. The resulting fluorescence was measured
using a Fluoroskan Ascent FL fluorimeter (Labsystems, Thermo Fisher Scientific Inc.,
Waltham, MA).
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RESULTS

Tau cleavage by high glucose and A in primary rat embryonic cortical neurons

Our laboratory demonstrated that hyperglycemia mimicking diabetes induces diabetic
neuropathy /n vivo[21, 23] as well as neuronal apoptosis /7 vitro in both neuroblastoma cell
lines and primary neuron cultures [26, 30, 31]. Recent reports demonstrate tau dysfunction
in both type 1 and type 2 diabetic animal models [32-34], suggesting that tau modification is
a link between increased AD in diabetic patients. Therefore, we examined whether high
glucose treatment induces neuronal apoptosis and tau modification 7n vitro using primary rat
embryonic cortical neurons as the model system. Consistent with our previous reports,
glucose treatment resulted in a concentration-dependent increase in neuronal apoptosis (Fig
1A) detected by TUNEL staining. Activation of the caspase family of cell death proteases is
essential for most types of apoptosis [35]. We and others have shown that activation of
caspase-3 by a variety of neuropathological insults, including hyperglycemia, plays an
important role in apoptosis in neuronal cells [30, 36]. In agreement with the apoptosis
results, there was a glucose concentration-dependent increase in caspase-3 cleavage (i.e.
activation) after 24 h of hyperglycemia (Fig 1B). Treatment with an equimolar concentration
of mannitol, however, failed to induce caspase-3 activation (Fig 1C). Treatment of the
cortical neurons with as much as 250 mM mannitol or 2DG resulted only minimal caspase-3
cleavage, suggesting that the effect of glucose was not the result of hyperosmotic stress.

We next examined tau modification during glucose-mediated apoptosis. Tau cleavage was
detected by the appearance of cleavage products recognized by Taul immunoblotting.
Treatment of the embryonic cortical neurons with 100 mM glucose resulted in a time-
dependent increase in tau cleavage (Fig 2A) with the appearance of the prominent ~14 kDa
fragment starting at 24 h (arrow). Glucose treatment for 48 h resulted in the appearance of
more cleavage fragments ranging from ~40 kDa to ~10 kDa (Fig 2A, asterisks). The time
course of tau cleavage was very well correlated with caspase-3 cleavage (Fig 2A), with
continued increase in both tau and caspase-3 cleavage at 48 h. However, the levels of tau and
caspaspe-3 cleavage in cells not exposed to hyperglycemic conditions were also increased at
48 h. The cleaved tau at 14 kDa was also detected by the Tau5 antibody when the blot was
overexposed (Fig 2A); however, the immunoreactivity was not as prominent when detected
by the Taul antibody. Total tau levels, detected by short exposure with the Tau5 antibody, or
tau phosphorylation, detected by the antibody against phosphorylation at the Ser199/202
residues, were not significantly changed at 48 h of glucose treatment. The effect of glucose
on the appearance of cleaved tau fragments was also concentration-dependent up to 250 mM
glucose treatment (Fig 2B, arrow) and was well-correlated with apoptosis and caspase-3
cleavage (Fig 1). In agreement with the effect on caspase-3 cleavage, mannitol treatment up
to 250 mM had a minimal effect on the appearance of the 14 kDa tau fragment even though
40 kDa fragments were present (Fig 2B, asterisks). Tau cleavage was also confirmed by
TauC3 immunoblotting (Fig 2C), which detects tau cleaved at Asp421.

Studies demonstrate that Ap treatment results in apoptosis of embryonic cortical or
hippocampal neurons [17, 37]. We next tested the hypothesis that hyperglycemia accelerates
neuronal injury induced by AB. Treatment of cortical neurons with glucose or A for 24 h
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resulted in concentration-dependent tau cleavage as seen by the decrease in Tau46
immunoreactivity (Fig 3A upper panel) and the appearance of cleaved fragments (Fig. 3A,
arrowhead), and an increase in cleaved caspase-3. When the cells were treated with both
glucose and Ap there was an additive effect on tau cleavage and caspase-3 activation (Fig
3A). Even though there is a tendency for increased total tau levels by glucose and/or A, the
changes were not statistically significant (data not shown). In agreement with caspase-3
activation, cell death was also increased when examined by Annexin V staining, with an
additive effect when glucose and AP were added together (Fig 3B). Apoptosis was also
measured by examining fragmented apoptotic nuclei after staining the cells with DAPI. The
cells treated with glucose or AR display increased staining of fragmented nuclei (Fig 3C,
arrowheads), which became more frequent when both treatments were added together.

Caspases [11, 17], the proteasome [18] and calpain [19, 20] are all implicated in tau
cleavage during AD progression. Therefore, we next examined the possible proteases
responsible for tau cleavage during glucose/Ap treatment using protease inhibitors. Glucose-
and AB-mediated tau cleavage and caspase-3 activation were partially blocked by the pan-
caspase inhibitor, ZVAD, and almost completely blocked by IGF-I (Fig 4A), which was used
as a positive control. This result suggests the involvement of other proteases. Calpain
inhibitor 111 and lactacystin (proteasome inhibitor), however, could not prevent tau cleavage
since they augmented caspase activation and cell death (Fig 4B). A recent study also
reported similar results with calpain inhibitor (MDL28170)-treated SH-SY5Y cells [38]. We
also observed similar results using other calpain (ALLN) and proteasome (MG-132)
inhibitors (data not shown).

We conducted immunohistochemistry (IHC) to better understand the subcellular changes of
tau modification during glucose-mediated apoptosis. Embryonic cortical neurons grown on
cover slips were treated with glucose, AB, or both for 24 h. The cells were fixed with 2%
PFA and then stained with the TauC3 antibody to examine the distribution of cleaved tau. In
agreement with the increase in apoptosis and caspase expression (Fig 3 & 4) there was a
decrease in the number of neurites in the cells treated with glucose or A and it was more
prominent when the cells were exposed to both glucose and Ap (Fig 5, insets). In contrast
there was a strong labeling of TauC3 in the cytoplasm of apoptotic neurons (Fig 5, arrows).
TauC3 staining also displayed a punctate pattern of labeling along the neurites (Fig 5,
arrowheads), which was more numerous when glucose and AP were treated together. We
next examined the distribution of cleaved caspase-3 after glucose and A treatment in the
cortical neurons. There was increased immunostaining for cleaved caspase-3 in the
cytoplasm when the cells were treated with glucose and AB. TauC3 IHC showed labeling in
the cytoplasm (Fig 6, arrows) as well as a punctate pattern along the neurites (Fig 6,
arrowheads), which were not detected in control cells. When the images were merged we
could detect the colocalization of cleaved caspase-3 with cleaved tau in the cytoplasm (Fig
6, arrows). There was similar colocalization when the cells were treated with glucose or Af
alone (data not shown). These results, along with the biochemical data, strongly suggest that
caspase is the key protease involved in tau cleavage during glucose- and AB-mediated
neuronal apoptosis.
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Tau hyperphosphorylation and cleavage in diabetic mice

Our results from the embryonic cortical neurons strongly suggest the direct role of
hyperglycemia on tau modification. Recently we reported age-dependent tau
phosphorylation and cleavage in type 1 (STZ-injected) and type 2 (db/db) diabetic mice
[24]. Here we employ different models of diabetes to confirm our previous reports as well as
the /n vitroresults.

B6.V-Lep®/J mice, commonly known as ob/ob, are used as a type 2 diabetes model. ob/ob
mice express a homozygous mutation of leptin and their characteristics are well described in
the Jackson laboratory web site (http://jaxmice.jax.org/strain/000632.html). Wild type (WT)
C57BI/6J mice are used as controls. We examined tau phosphorylation in 12 wk WT and
ob/ob brains. We observed increased tau phosphorylation in the cortex of ob/ob mice
compared to WT at several residues including Ser199/202, Ser262 and Thr231 (Fig 7). We
also detect a decreased immunoreactivity by Taul antibody, which detects dephosphorylated
tau. Total tau levels, examined with Tau5 and Tau46 antibody, were not different between
WT and ob/ob. We observed, however, a decrease in the mobility and increased diffusion of
the tau band from ob/ob mouse brains in SDS-PAGE, which represent high Ser/Thr
phosphorylation levels in these animals.

Mounting evidence suggests that not only the hyperphosphorylation, but also tau cleavage
plays an important role in the progression of AD [11]. Therefore, we next examined whether
tau cleavage is enhanced in ob/ob mice. The tauC3 antibody detects tau cleaved at Asp421
[14]. When the brain lysates were immunoblotted with the TauC3 antibody, we detected an
increased expression of a band representing cleaved tau in the cortex ob/ob mice (Fig 7). In
addition, we detected a smaller band by longer exposure of the Taul immunoblots, which
may represent a cleaved fragment of tau. These results from TauC3 and Taul antibodies are
in agreement with our previous report using db/db mice [24]. We observed similar changes
in tau phosphorylation and cleavage in the hippocampus (data not shown).

STZ-injected DBA/2J mice were used as a type 1 diabetes model. Fasting glucose levels
were significantly higher at 38 wks of age (25 wks of diabetes) in STZ injected groups
(501.5 = 77.7 mg/dL) compared to control (112.6 + 23.4 mg/dL). In agreement with the
published reports [24, 33, 34], we detected increased tau phosphorylation in the cortices of
STZ-injected mice at all residues examined (Fig. 8). In contrast to ob/ob mice, however, we
did not detect tau cleavage in STZ-injected mouse brains (data not shown).

DISCUSSION

The abnormal aggregation of tau into NFT is one of the hallmarks of AD [9]. Both the
cleavage and hyperphosphorylation of tau lead to aggregation and NFT formation [11, 13].
When cleaved by caspases, tau aggregates more easily and extensively /in vitro [14]. In the
current report, we present results strongly suggesting that caspase-mediated cleavage of tau
due to hyperglycemic conditions is a potential mechanism for the increased risk of AD in
diabetic patients [6, 7].
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Our laboratory has reported that hyperglycemia resembling the high blood glucose levels in
diabetes results in neuronal apoptosis /n vivoand in vitro [21-23]. Consistent with our
theory, glucose treatment induced concentration-dependent apoptosis in rat embryonic
cortical neuron cultures. Apoptosis was well-correlated with the appearance of cleaved
caspase-3 (i.e. activation), suggesting the involvement of caspases during apoptosis.
Equimolar concentrations of mannitol or 2DG did not induce caspase-3 activation,
demonstrating that the effect of glucose is not due to hyperosmorality.

Previous studies demonstrated modulation of tau phosphorylation and cleavage during
apoptosis in cortical neurons [39, 40] and our current results clearly show that tau is altered
by glucose-mediated apoptosis. Tau cleavage was glucose time- and concentration-
dependent and well-correlated with the appearance of cleaved caspase-3 and apoptosis. Our
IHC data of TauC3 staining further support glucose-mediated tau cleavage in cortical
neurons. A similar pattern of the TauC3 immunostaining along neurites has been
demonstrated in hippocampal/cortical neuron cultures during staurosporine-induced
apoptosis [11]. Consistent with the apoptosis results, mannitol or 2DG did not induce tau
cleavage, demonstrating a specific effect of glucose. To our knowledge, our data are the first
to demonstrate glucose-mediated tau cleavage both /n vitroand in vivo.

In our study, tau cleavage is demonstrated by the appearance of fragments using a Taul
antibody both for /n vitro (cortical neuron) and /7 vivo (ob/ob mice brain). Tau cleavage was
also confirmed by the increase in TauC3 immunoreactivity. Despite the significant increase
in Taul immunoreactivity, tau phosphorylation was not significantly changed, suggesting tau
cleavage precedes changes in tau phosphorylation, at least /n vitro. However, the sequence of
tau cleavage and phosphorylation during neuronal apoptosis remains controversial and
depends on the experimental model or apoptotic stimuli used [41-43].

Studies demonstrate that treatment of embryonic cortical or hippocampal neurons with Ap
results in apoptosis [17], tau cleavage [14, 41], and activation of proteases, including
caspases [19, 44] and calpain [19, 20, 45], all findings present in AD [46, 47]. In transgenic
animal models, tau pathology is exacerbated by coexpression of Ap [48-50]. Asp421-
cleaved tau expression in primary cortical neurons enhances mitochondrial dysfunction
induced by A treatment [51]. Our results also demonstrate AB-induced tau cleavage,
caspase activation, and apoptosis by Western immunoblotting and IHC. In addition, we show
the additive effects of glucose and A on these changes, suggesting that glucose- and Ap-
induced neuronal injury are mediated by parallel pathways. Our results clearly demonstrate
that glucose directly induces tau cleavage and supports our hypothesis that hyperglycemia,
in combination with A toxicity, augments AD pathology by accelerating tau modifications.

The current study does not elucidate the exact nature of the tau cleavage products; however,
studies show the formation of various sizes of tau fragments during neuronal apoptosis [38,
52-54]. One study demonstrated the generation of a similar size tau fragment to our current
study in hippocampal neurons during AB-mediated apoptosis using the same Taul antibody
[55]. The cleavage fragments, when directly added to the culture, are toxic to the neurons
and induce apoptosis [38, 55]. Truncated tau, without mutation or hyperphosphorylation, can
facilitate NFT formation /in vivo [16]. Therefore, it is possible that glucose and Ap induce
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the apoptotic pathway, generating tau fragments that facilitate the process by a feed-forward
mechanism.

Several proteases including caspases [11, 17], proteases associated with the proteasome [18],
and calpains [19, 20] are implicated in tau cleavage. Tau cleaved at Asp421 by caspase-3 is
detected in AD brains and neurons treated with Ap [56, 57]. Calpain is abnormally activated
in AD patients compared to age-matched controls [58] and colocalized with NFT in AD
[59]. The role of the proteasome in tau degradation remains controversial [60, 61]. We
demonstrate in this report the activation of caspase-3 during glucose and Ap treatment,
which show an additive effect when both are used together. Furthermore, our IHC data
demonstrating the colocalization of cleaved tau with active capase-3 strongly support the
important role of caspase-3 in tau cleavage. Similar colocalization of active caspase-3 and
cleaved tau has been reported from post-mortem AD brains [41]. However, the pan-caspase
inhibitor, ZVAD, did not completely inhibit caspase-3 activation or tau cleavage as much as
IGF-I treatment did, suggesting the involvement of other proteases. Unfortunately, calpain or
proteasome inhibitors augmented cell death and increased caspase-3 activation. A recent
report by Caliaano and colleagues showed similar results using a different calpain inhibitor,
MDL28170 [38]. Therefore, we could not exclude the possibility of the contribution of
calpains or the proteasome. These results support the idea that different and/or additional
proteases may be operational /n vivo.

In agreement with in vitro results, tau cleavage was also observed in the brains of the ob/ob
mouse model of type 2 model of diabetes, but not in WT mice, confirming our recently
published report [24]. Unlike the effect of glucose on cortical neuron culture, tau cleavage in
ob/ob mouse brains was accompanied by increased tau phosphorylation. Our results are in
agreement with several recent reports of AD-like changes in type 1 and type 2 diabetic
animal models [32, 33, 62]; however, all studies so far focus on tau hyperphosphorylation.
Our current and previous [24] results show clear evidence of increased tau cleavage in type 2
diabetic animals. In spite of the increased glucose level and tau phosphorylation, however,
tau cleavage was not observed in STZ-injected DBA/2J (current study) or C57BI/6J mice
[24]. These results suggest that type 1 and type 2 diabetes affect tau modifications
differently regardless of genetic background. The difference of tau cleavage in type 1 and
type2 diabetes may be due to the IR observed in type 2 diabetes. Insulin resistance is the
major feature of the cluster of related physiologic dysfunctions known as the metabolic
syndrome (glucose intolerance, obesity, dyslipidemia and hypertension) [63, 64]. IR and
metabolic syndrome are major risk factors for the development of type 2 diabetes [65]. We
recently published a series of manuscripts demonstrating the development of IR in neurons
[66—68]. We proved that, like the peripheral tissues, neurons develop IR upon chronic
hyperinsulinemia which is observed only in type 2 diabetes. We further demonstrated the
neuronal IR disrupts Akt-mediated signaling, which is critical for cell survival and glucose
transport [69, 70]. Therefore, even though our in vitro results clearly demonstrate that
hyperglycemia is critical for tau cleavage with acute treatment, additional factors (such as
IR) may be required for chronic long term effects in vivo for tau modification.

In summary, we demonstrate the possible contribution hyperglycemia on tau modification /in
vitroand in vivo. Our hypothesis is presented in Figure 9. Hyperglycemic conditions in
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diabetes (along with IR in type 2 diabetes) may initiate the apoptotic pathway, including
caspase activation, which leads to tau cleavage. This process may prime the neurons to be
more susceptible for later A insults. The combined effects of glucose and Ap further
facilitate the apoptotic pathway, generating toxic tau cleavage fragments, which can augment
the process by a positive feedback mechanism. Recent reports demonstrate a clear
correlation between AD and diabetes. Considering the steady increase in the number of
diabetic and AD patients, it is becoming more important to elucidate the mechanisms linking
these two diseases. Our results present a new mechanism for increased AD incidence in
diabetic patients: hyperglycemia-induced tau cleavage, in combination with Af pathology,
facilitates AD pathogenesis.
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Fig 1. Glucose-mediated apoptosis of cortical heurons
(A) E15 rat embryonic cortical neurons cultured /n vitro for 6 d were treated with 0, 50 or

100 mM glucose for 24 h and apoptosis was measured using TUNEL staining. Arrows show
the apoptotic cells. Glucose treatment significantly increased the number of TUNEL positive
cells. p<0.05 by #test. (B, C) Cortical neurons were treated with the indicated
concentrations of glucose (Glu), 2-deoxyglucose (2DG, 100 mM) or mannitol (Man, 100
mM) for 24 h. Cell lysates were prepared in RIPA buffer and immunoblotted with an
antibody against cleaved caspase-3 (B) or total caspase-3 (C). The blots were stripped and
reprobed with an anti-GAPDH antibody. These experiments were repeated at least 3 times
and a representative result is shown.
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(A) E15 rat embryonic cortical neurons were treated with 100 mM glucose for 8, 24 or 48 h.
Cell lysates were immunoblotted with the indicated antibodies. For Taul and Tau5

antibodies the blots were exposed for a short time using ECL or a longer time using
SuperSignal West Femto to examine various cleavage products (asterisks). Arrow indicates
the major cleavage products of 14 kDa. (B) Cortical neurons were treated with increasing

concentrations of glucose or mannitol for 24 h. Tau cleavage was examined as in (A). Tau
cleavage also confirmed by TauC3 antibody immunoblotting (C). The Western blots were

repeated at least 3 times and representative results are shown.
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E15 rat embryonic cortical neurons were cultured for 6 d prior to treatment with glucose, Ap
or both for 24 h. (A) The cell lysates were immunoblotted with the indicated antibodies. The
arrowhead indicates the 14 kDa cleaved tau fragment. These experiments were repeated at
least 3 times and representative results are shown. (B) Apoptosis was measured by Annexin
V staining. *, p<0.05 compared to no treatment. #, p<0.05 compared to 100 mM glucose or
10 uM Ap treatment. (C) The cortical neurons were grown on PLL-coated glass coverslips
before treatment. The cells were fixed with 2% PFA and mounted with ProLong Gold anti-
fade mounting media containing DAPI. The arrowheads indicate apoptotic nuclei. The bar

represents 15 pm.

J Alzheimers Dis. Author manuscript; available in PMC 2017 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 17

A - ZVAD B Glu+ ApB
CG AGAG AGA - — IGF-
——— -n-f-» % Tau1 - % Tau1l
—— cleaved cleaved
WS wmew caspase-3 ™= Caspase-3

- = w= e — GAPDH ~——— GAPDH

C Glu+ Ap

— Z ClL

— cleaved
' _—— Caspase-3

e e o v GAPDH

Fig 4. Tau cleavage in cortical neuronsis prevented by caspase inhibitors
(A) E15 rat embryonic cortical neurons were treated without (C) or with 100 mM glucose

(G), 10 uM AB (A) or both (GA) for 24 h in the presence or absence of 20 uM ZVAD. The
cell lysates were immunoblotted for the indicated proteins. The asterisk indicates the 14 kDa
fragment of tau recognized by the Taul antibody. (B) Cortical neurons were treated without
or with 100 mM glucose + 10 pM A for 24 h in the presence or absence of 10 nM IGF-I.
The cell lysates were immunoblotted for the indicated proteins. The asterisk indicates the 14
kDa fragment of tau recognized by Taul antibody. (C) Cortical neuron lysates were treated
with glucose and Ap in the presence of 20 pM ZVAD (2), calpain inhibitor 111 (CJ), or
lactacystin (L) for 24 h and the cell lysates were immunoblotted with the indicated
antibodies. These experiments were repeated at least 3 times and representative results are
shown.
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Fig 5. TauC3 immunostaining of rat embryonic cortical neurons
E15 rat embryonic cortical neurons were grown on PLL-coated glass coverslips for 6 days

and then treated with 100 mM glucose, 10 uM A or both for 24 h. The cells were fixed
with 2% PFA and stained for TauC3. Arrowheads indicate TauC3 staining along the neurites
and arrows indicate staining in the cytoplasm. Insets: cells were stained with anti-
neurofilament antibody (red) and DAPI (blue). Arrows in insets indicate the neurites. The
bar represents 100 pum.
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Fig 6. TauC3 is colocalized with cleaved caspase-3
E15 rat embryonic cortical neurons were treated without (top panel) or with 100 mM

glucose + 10 uM AB (bottom 2 panels) for 24 h. The cells were simultaneously stained for
TauC3 (green) and cleaved caspase-3 (red). Nuclei are stained with DAPI (blue).
Arrowheads indicate the TauC3 staining along the neurites and arrows indicate the
colocalization of TauC3 and cleaved caspase-3 in the cytoplasm. The bars represent 50 pm.
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Fig 7. Increased Tau hyper phosphorylation and cleavage in 12 wk ob/ob mouse cortex
Cortex lysates from 12 wk old wild type (WT) and ob/ob male mice were immunoblotted

with the indicated antibodies for phosphorylated, total or cleaved tau. Taul immunoblot was
exposed for a short time to detect tau (de)phosphorylation or overexposed to detect tau
cleavage (arrows). The blots were stripped and reprobed with the anti-GAPDH antibody as a
loading control. We observe similar results using hippocampus lysates (data not shown).
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Fig 8. Tau phosphorylation isincreased in the cortices of STZ-injected mice
Brains were prepared from DBA/2J mice 25 wk after STZ injection (38 wk of age). The

cortex was homogenized in T-PER buffer and the lysates were immunoblotted with the
indicated antibodies. The relative density of phosphorylated tau over total tau (Tau5) was
measured after immunoblotting. *, p<0.05 and **, p<0.01 by t-test
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Fig 9. Model
Hyperglycemia, possibly along with IR (diabetes pathology) may initiate the apoptotic

pathway, including caspase activation, and tau cleavage. This process may prime neurons to
be more susceptible to Ap insults (AD pathology). The combined effects of glucose and Ap
further facilitate the apoptotic pathway, generating toxic tau cleavage fragments which can
augment the process by a positive feedback mechanism.
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