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Abstract
The risk of Alzheimer’s disease increases following cerebral hypoperfusion. We studied the long-
term interaction between low blood flow to the brain and Alzheimer’s disease by inducing a
transient global ischemic insult in aged 3xTg-AD mice and determining the effects on AD
pathology 3-months post injury. We found that global ischemia does not increase the levels of
amyloid-β in these mice. However, the injury did lead to enhanced phosphorylation of the amyloid
precursor protein (APP) at the Thr668 site in both the 3xTg-AD mice and wild-type controls.
Furthermore, we found an increase in insoluble total tau 3-months post-injury. Together these
findings further elucidate the long-term impact of cerebral hypoperfusion on Alzheimer’s disease.

Introduction
Alzheimer’s disease (AD) is the leading cause of dementia among the elderly. Evidence
from human studies suggest that the pathogenesis of AD is multi-factorial, and certain co-
morbid insults, such as stroke, heart attack, diabetes and traumatic brain injury may be risk
factors for AD in elderly populations [3, 7, 12, 13, 18, 21–23].

Cerebral hypoperfusion is a major co-morbidity for AD. In AD models, our lab and others
have reported acute post-traumatic effects of cerebral hypoperfusion on APP and BACE1
expression as well as altered APP processing [6, 8–10, 17, 24, 26, 31]. Critically, the long-
lasting influence of cerebral ischemia post-injury on AD-related pathways has not yet been
fully investigated in AD transgenic mice especially in older mice and in AD relevant brain
regions. To elucidate the long-term effects of global ischemia on AD, we analyzed the
impact of a single cerebral ischemic insult on AD-related proteins in the brains of older
3xTg-AD mice 3-months post-hypoperfusion [15].

Methods
Animals

Mouse experiments were performed in accordance with animal protocols approved by the
Institutional Animal Care and Use Committee and the University of California, Irvine. 15
month old male 3xTg-AD mice [15] or non-transgenic age, strain and sex-matched mice
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were exposed to a 12-minute bilateral common carotid artery occlusion as previously
described [28]. The mice were sacrificed and the brains collected 24 and 48-hours post
injury (n=4 sham and 4 ischemic, each). 12-month old mice were sacrificed 3-months post-
ischemia following perfusion with PBS (3xTg-AD n=12 sham and n=14 ischemic, Control
n=4 sham 4 ischemic).

Half brains were cut sagittally, without the hindbrain, and homogenized in T-per extraction
buffer as previously described [10]. Protein concentrations were determined by the Bradford
method. The second half of the brains were placed in 4% paraformaldehyde for 48-hours
then cut into 50 μM sections using a vibratome.

Western Blotting
Western blots were performed as previously described [10]. Western blots were normalized
to GAPDH and represented as a percentage of sham. All error bars represent the standard
error of the mean. We directly analyzed 4 sham animals and 4–5 ischemic animals for
western blots.

Aβ ELISA
Aβ1–40 and Aβ1–42 were measured as previously described using a sensitive sandwich
ELISA system [10].

Immunohistochemical analysis
Light-level immunohistochemistry was performed with an avitin-biotin immunoperoxidase
technique (ABC kit; Vector Laboratories Inc, Burlingame, CA) and visualized with
diaminobenzidine as previously described [10]. Fluorojade staining was performed as
previously described [14].

Confocal Microscopy
Fluorescent immunolabeling was performed using free-floating sections as previously
described [10]. The prevent signal bleed-through, all fluorophores were excited and scanned
separately using lambda strobing.

Antibodies
Primary antibodies were used at 1:1000 unless otherwise noted and are listed below.
HIF1α(Abcam Cambridge, MA), HIF1β(Abcam), HIF2α(Abcam), Synaptophysin(Sigma-
Aldrich, St. Louis MO), VEGF (Abcam), GAPDH(1:10,000, Santa Cruz Biotechnology, Inc.
Santa Cruz, CA), HSP90(Abcam), HSP70(Calbiochem, San Diego, CA), HSP60(Abcam),
Casp3(Promega Madison, WI), HT7(1:3000, Pierce Biotechnology, Rockford, IL), AT8
(Pierce Biotechnology), AT100(Pierce Biotechnology), AT180 (Pierce Biotechnology),
AT270(Pierce Biotechnology), PHF1(Kind gift of P. Davies), Thy1 (Millipore, Billerica,
MA), 6E10(Signet, Dedham, MA), CT20(1:5000, Calbiochem), ADAM10(Calbiochem),
ADAM17(Calbiochem), BACE1(Calbiochem), PS1(Novus, Littleton, CO), PS2(Novus),
Aph1A (Novus), pAPPT668(Cell Signaling Danvers, MA), A H3(Millipore, Billerica, MA),
T H3(Millipore), A H4 L8(Cell Signaling), Fe65(Millipore), MAPK(Cell Signaling),
pGSK3β(Cell Signaling), tGSK3αβ(Cell Signaling), pAKT(Cell Signaling), tAKT(Cell
Signaling)

Statistical Analyses
Data were analyzed by Student’s t-tests. Outliers greater than 3x the standard deviation of
the mean were removed from statistical analysis. Error bars were standard error of the mean.
Results were considered significant only when p<0.05.
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Results
Induction of ischemic changes in an Alzheimer’s disease model

To understand the long-term effects of a single ischemic episode on AD neuropathology, we
induced a transient ischemic insult (12-minutes) by bilateral common carotid artery
occlusion (BCAO) on 15-month old 3xTg-AD mice (Fig. 1A). At this age, the 3xTg-AD
mice start developing Aβ plaques and tau neurofibrillary tangles. To confirm that a 12-
minute BCAO was sufficient to induce an ischemic infarct, mice were sacrificed 24-hours
post-injury and histology performed for degenerating cells using fluorojade. We observed
extensive fluorojade-positive cells throughout the hippocampus and within the cortex of the
ischemia-affected mice (Fig. 1B), whereas no fluorojade-positive cells were detected in the
sham-treated mice (data not shown). These results confirm that a 12-minute BCAO induces
an ischemic infarct.

To assess the long-term effects of this infarct on AD neuropathology, a cohort of male 12
month old 3xTg-AD mice were survived for 3-months post-ischemia. We first looked at cell
death and morphological changes at this time-point using an H&E stain. We found pyknotic
cells within the CA1 of the mice that had been exposed to ischemia but not in the sham mice
(Fig. 1C–D).

Hypoxia inducible factor-1α (HIF1α) is a transcription factor that rapidly accumulates in
response to low oxygen levels, forms a heterodimer with HIF1β and initiates the
transcription of a number of genes, including vascular endothelial growth factor (VEGF)
[27]. We were unable to detect full length HIF1α at the predicted 90–120kDa weight (Fig.
1E–F). However, we found an altered lower molecular weight HIF1α band, which may
represent the accumulation of a breakdown product of HIF1α (Fig. 1E–F). We did not find a
difference in HIF1β or HIF2α. Additionally, we found a decrease in VEGF in the ischemia-
exposed mice 3-months post injury (Fig. 1E–F). Other injury markers, including heat shock
proteins (HSP’s) and caspase3, did not differ between the sham- and ischemia-treated mice
at this time-point, thus no ongoing cell death processes were apparent at this time-point (Fig.
1G–H).

Insoluble tau is increased 3-months post-ischemia
To determine the long-term impact of a transient ischemic insult on AD-related proteins, we
analyzed total tau levels and specific phosphotau epitopes in the 3xTg-AD mice (Fig. 2A–
B). Notably, we found that there was a significant decrease in total tau, detected by the
antibody HT7, consistent with our previous finding that mild, oligemic, hypoperfusion
injury significantly decreased total tau up to 3-weeks post-injury [10]. In addition, we found
that tau phosphorylated at Thr181 (AT270) was significantly decreased 3-months post injury
(Fig. 2A–B). No differences were observed in phospho-tau at both Ser202 and Thr205
(AT8) or S396 andS404 (PHF1 antibody) (Fig. 2A–B).

To determine if the decrease we observed in soluble tau was caused by a shift to the
insoluble fraction, we analyzed detergent-insoluble tau levels, but did not find a change in
tau at the expected molecular weight for aggregates broken down into monomers by the
formic acid (Fig. 2C–D). However, we did find a significant increase in a high molecular
weight, insoluble HT7-reactive tau band, which may represent a tightly aggregated form of
insoluble tau such as tau associated with neurofibrillary tangles, or a post-translationally
modified tau (Fig. 2C–D).

A number of kinases are altered following ischemia and during AD. In our model, we found
a significant increase in phosphorylated AKT (Fig. 2E–F), a kinase involved in GSK3β
inactivation, which, in turn is a known tau-kinase. Consistent with an increase in
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phosphorylated AKT, we found an increase in GSK3β phosphorylated at ser9 – an inhibitory
phosphorylation (Fig. 2E–F). Hence, ischemia induces reductions in GSK3β activity at this
time-point, and may partially explain the reductions seen in tau phosphorylation.

Ischemia induces long-term alterations in APP phosphorylation
We next analyzed the impact of ischemia on Aβ40 and Aβ42 3-months post-injury. We
found no significant difference between ischemia and sham treated mice in any Aβ species
by ELISA (Fig. 3E–F). To determine if the long delay between injury and sacrifice
accounted for the lack of significant difference between the sham and ischemia treated mice
we performed ELISAs on tissue 24-hours (Fig. 3A–B) and 48-hours post-surgery (Fig. 3C–
D). We found no significant differences between sham and ischemia treated mice at any
time point post injury except for a significant decrease in soluble Aβ42 48-hours post
ischemia (Fig 3).

We stained tissue from mice 3-months following ischemia for Aβ-like species (Fig. 4A) and
found that by crude measurement, overall staining in the CA1, there was no significant
difference in staining in the ischemia-treated tissue (Fig. 4B). We did not find any notable
differences between the sham- and the ischemia-treated mice in thioflavin staining (Fig. 4C).

To further explore the impact of ischemia on APP processing, we examined steady-state
levels of APP and the α-secretases ADAM17, ADAM10 and the β-secretase BACE1, but
found no differences in these proteins (Fig. 4D–E). Interestingly, we found a significant
decrease in the protein levels of the γ-secretase components presenlin1 (PS1) and Aph1A,
but not presenilin2 (PS2).

Although we found no change in the levels of C83 or C99, we did observe an upward
protein shift in the APP cleavage fragment C83 in the ischemia-exposed mice (Fig. 4D–E),
which likely represents a post translational modification. APP can be phosphorylated at
Thr668 which alters the conformation of APP, interfering with its binding to the scaffold/
adaptor protein, Fe65, thereby decreasing its ability to activate the transcription of a number
of target genes [1, 2, 16, 25]. Using a specific antibody, we analyzed Thr668-phosphorylated
APP 3-months following ischemia (Fig. 5A–B). We did not find a significant difference in
the 98-kDa band of phospho-APP Thr668. We found a reduction in a 188-kDa band in the
mice exposed to ischemia, and a significant increase in the 120-kDa band (Fig. 5A–B).
Notably, we found a increase in a 100-kDa band of APP Thr668 in control mice suggesting
that this increase in APP phosphorylated at Thr668 occurs ubiquitously following ischemia
and is not constrained to those with AD pathology present (Fig. 5D–E). Notably, we also
found a similar pattern in the mice sacrificed 24-hours post-ischemia, with a significant
increase in 120-kDa band of pAPP and a significant decrease in the levels of the 90-kDa
band (Fig. 5F–G). At the 24-hour time point we did not find a significant change in the
highest molecular weight band (Fig. 5F–G).

To examine whether previous exposure to ischemia altered the relationship between
phosphorylated APP and Fe65, we analyzed steady state levels of Fe65 by western blot in
the 3xTg-AD mice 3-months post-injury. We observed a significant increase in the 98-kDa
and 150-kDa molecular weight band of Fe65 in the ischemia-treated mice possibly due to
altered binding following the phosphorylation of APP (Fig. 5A–B). Because evidence
suggests that APP cleavage fragment AICD and Fe65 form a multimeric complex with the
histone acetyltransferase Tip60 [2,], we examined acetylation of selected histones in the
ischemia- and sham-treated mice. We found a significant decrease in the acetylation of
histone H3 in the post-ischemic mice, suggesting long-term altered chromatin modifications
following ischemia (Fig. 5A–B). We did not find changes in steady-state levels of total
histone H3 or in histone H4 acetylated at lysine 8 (Fig. 5A–B).
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Discussion
Unlike some previous studies we did not find a significant increase in Aβ. We believe that
this discrepancy is due to the age of the mice used in this study, 12–15 months old,
compared to the commonly used 2–8 month olds [4, 24, 29, 30]. Notably, there have been
previous studies that evaluated the impact of ischemia on AD, and did not find changes in
AD-related proteins. A study using double APP/PS1 transgenic mice did not find significant
differences in Aβ deposition 2-months after a 45-minute common carotid artery occlusion
[20]. More recently, a study found that there was a decrease in total APP levels in the cortex
7- and 30-days post-hypoperfusion [6].

Moreover, we found that there was a decrease in total tau and the AT270 phospho-tau
epitope of tau as well as alterations in the kinases pAKT and GSK3β 3-months following
injury. This finding not only extends our previous findings that an oligemic insult resulted in
decreased tau for up to 3-weeks post-injury [10], but also correlates with published clinical
data, showing that patients who have suffered from a hypoperfusion injury often present
with a lower Braak score than “pure” AD patients [5, 11, 19].

In this study, we present evidence that ischemia produces long-lasting impacts on AD
related-pathology. Our finding of increased high-molecular-weight insoluble tau 3-months
post-injury highlights the potential of this type of injury to induce AD-pathology related
aggregation. Furthermore, the altered APP phosphorylation at Thr668 and decreased
histone3 acetylation underlines the complex nature of the long-term molecular relationship
between ischemic injury and Alzheimer’s disease.
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Figure 1. Acute ischemic response has subsided 3-months post-injury
(a) Schematic of the bilateral occlusion of the common carotid artery utilized in the 3xTg-
AD mice. Clamps are highlighted in green. (b) 24-hours post-ischemia there is abundant
fluorojade staining in the hippocampus (n=4 sham, 4 ischemia). (c–d) H&E stain of sham
and ischemic tissue, respectively. (e–f) Hypoxia inducible factors were mostly unchanged 3-
months post-injury although vascular endothelial growth factor (VEGF) was significantly
decreased in the ischemia-treated mice (n=12 sham, 14 ischemia). (g–h) Analysis by western
blot of heat shock proteins (HSP) and caspase3 levels (casp) revealed no differences
between ischemia-and sham-treated mice 3-months post injury (n=4 sham, 5 ischemia).
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Figure 2. Ischemia produces long-term changes in tau solubility in the brain
(a–b) Western blot analysis of soluble levels of total and phospho-tau’s reveal long-lasting
decreases in total tau as well as the Thr181 phospho-tau. (c–d) Western blot analysis of
formic-acid-insoluble tissue from 3xTg-AD mice 3-months post-injury revealed a significant
increase in a high molecular weight total tau. (e–f) Active AKT, phosphoAKT and inactive
phosphoGSK3β are significantly increased. (n=4 sham, 5 ischemia)

Koike et al. Page 9

Neurosci Lett. Author manuscript; available in PMC 2012 May 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Ischemia does not increase Aβ levels in older 3xTg-AD mice
ELISA was used to measure soluble and insoluble Aβ40 and Aβ42. All results were
normalized to protein concentration. (a–b) 24-hours after injury, ischemia does not lead to
an alteration in Aβ40 or 42 (n=4 sham, 4 ischemia). (c–d) 48-hours after injury, ischemia
does not lead to an increase in Aβ40 or 42 (n=4 sham, 4 ischemia). (e–f) 3-months post-
injury there is no significant alteration in Aβ (n=12 sham, n=14 ischemia).
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Figure 4. Ischemia alters APP C-terminal fragments
(a–b) Aβ-like staining, by 6E10 antibody, is not altered by immunohistochemistry 3-months
post-ischemia. Quantification was performed using ImageJ and selecting an elliptical area of
the CA1 (c) We did not find a difference in thioflavin staining. Arrows indicate areas of high
thioflavin staining. (d–e) Western blot analysis of APP and APP-related proteins revealed a
weight shift in the APP C-terminal fragment C83, but no changes in ADAM10, ADAM17 or
BACE-1. We found a significant decrease in the γ-secretase components PS1 and Aph1 but
not in PS2 (n=4 sham, 5 ischemia).
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Figure 5. Ischemia induces long-term changes in APP phosphorylation and altered histone
acetylation
(a–b) Western blot analysis revealed a decrease in 180kDa APPT668 post-ischemia and an
increase in 120kDa APPT668 in 3xTg-AD mice. Histone H3 acetylation was decreased in
ischemia treated 3xTg-AD mice. We found a significant decrease in 60kd Fe65 and an
increase in two higher molecular weight bands of Fe65, quantification included separately
due to the scale(c). (d–e) APPT668 was increased in non-transgenic (Non-Tg) mice 3-months
post ischemia. (f–g) 120kDa APPT668 was increased and 90kDa APPT668 was decreased in
3xTg-AD mice 24-hours post-ischemia.
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