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Decreased blood flow to the brain in humans is asso-
ciated with altered Alzheimer’s disease (AD)-related
pathology, although the underlying mechanisms by
which hypoperfusion influences AD neuropathology
remains unknown. To try to address this question, we
developed an oligemic model of cerebral hypoperfu-
sion in the 3xTg-AD mouse model of AD. We bilaterally
and transiently occluded the common carotid artery
and then examined the molecular and cellular path-
ways by which hypoperfusion influenced tau and
amyloid-� proteins. We report the novel finding
that a single , mild, transient hypoperfusion insult
acutely increases A� levels by enhancing �-secretase
protein expression. In contrast, transient hypoperfu-
sion markedly decreases total tau levels, coincident
with activation of macroautophagy and ubiquitin-pro-
teosome pathways. Furthermore, we find that olige-
mia results in a significant increase specifically in tau
phosphorylated at serine212 and threonine214, a tau
epitope associated with paired helical filaments in AD
patients. Despite the mild and transient nature of this
hypoperfusion injury, the pattern of decreased total
tau, altered phosphorylated tau, and increased amy-
loid-� persisted for several weeks postoligemia. Our
study indicates that a single, mild, cerebral hypoper-
fusion event produces profound and long lasting ef-
fects on both tau and amyloid-�. This finding may
have implications for the pathogenesis of AD, as it in-
dicates for the first time that total tau and amyloid-� are
differentially impacted by mild hypoperfusion. (Am J
Pathol 2010, 177:300–310; DOI: 10.2353/ajpath.2010.090750)

Alzheimer’s Disease (AD), a progressive, age-related
neurodegenerative disorder, currently affects more than
5.3 million people in the United States.1 Pathologically,
AD is characterized by the accumulation of two hallmark

brain lesions: amyloid-� (A�) deposits, which can accu-
mulate intracellularly but mainly occur as plaques com-
posed of fibrillar aggregates of the 40- to 42-amino acid
A� peptide, and intraneuronal neurofibrillary tangles,
consisting of hyperphosphorylated and insoluble species
of the microtubule-binding protein tau. The causes of
sporadic AD are poorly understood, as are the factors
that affect disease progression. A combination of life-
style, environmental, dietary, and genetic and epigenetic
factors, in concert with natural changes occurring in the
aged brain, all likely influence the development and pro-
gression of sporadic AD. These factors can be broadly
considered risk factors if they influence the initiation of
disease, and co-morbidities when they influence the pro-
gression of AD.

The effect of mild hypoperfusion on A� has been
largely unstudied, however, it is known that major hypo-
perfusion injuries up-regulate A�.2–6 Although the under-
lying mechanism remains unclear, positron emission to-
mography scans show that patients exhibit cerebral
hypometabolism many years before being diagnosed
with AD.7,8 Work in rodent models of AD indicates that
severe ischemic insults, such as middle cerebral artery
occlusion, increase both A�9–11 and phosphotau lev-
els.12–14 Although the mechanism by which middle cere-
bral artery occlusion induces tau pathology remains to be
defined, the elevation of A� following middle cerebral
artery occlusion is linked to up-regulation of �-secretase
(BACE1), and/or increased levels of the amyloid precur-
sor protein (APP).4,5,15

There is a documented relationship between hypoper-
fusion injuries and the development of dementia and AD
in humans. For example, patients who suffer an ischemic
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stroke are 2 to 5 times more likely to develop AD and
dementia than other patients,16–22 and other insults that
induce cerebral hypoperfusion, such as traumatic brain
injury, also show similar trends.23–25 Although ischemic
strokes are common in aged individuals, mild hypoper-
fusion events are far more prevalent but less studied.
Mild hypoperfusion can result from a number of clinical
conditions including mild ischemic stroke (ie, oligemia),
ischemic stroke penumbra, migraines, traumatic brain
injury, cardiac arrest, atherosclerosis, and excessively
low or high cerebral blood pressure. Oligemia, some-
times called mild ischemia, refers to an episode of low
blood flow that causes molecular changes, but does not
produce an infarct or cell death. These hypoperfusion
insults occur in a large cohort of the elderly popula-
tion,17,26 yet their effects on AD neuropathology have
not been systematically investigated. Understanding
the consequences of mild hypoperfusion on AD pathol-
ogy may help to identify populations that have a high risk
of developing AD and could allow further insight into the
pathogenesis and early treatment of AD.

Here, for the first time, we determined the impact of
mild hypoperfusion injury on both tau and A� in a trans-
genic mouse model. We induced a transient global oli-
gemia event by bilaterally occluding the common carotid
artery in pre-symptomatic 3xTg-AD mice. Our results
clearly show that oligemia elevates brain levels of A�42,
clears intraneuronal total tau, and activates macroauto-
phagy and ubiquitin-proteosomal pathways within the af-
fected brain region for a prolonged period of time. These
findings are critical because they show that oligemia/mild
hypoperfusion produces a long lasting effect on AD-
related proteins, lowering total and select phosphotau
levels via autophagy and ubiquitin-proteosome depen-
dent pathways and increasing A� levels via enhanced
BACE1 expression. Taken together, we show that even a
single, short, mild hypoperfusion event results in pro-
found and long-lasting changes in AD-related proteins
and may influence disease progression.

Materials and Methods

Global Oligemia

Male 3xTg-AD mice, 3 months of age, were deeply anes-
thetized with isoflurane mixed with 20% oxygen, placed
on a temperature-feedback controlled heating pad and
maintained at a core body temperature of 37° � 2°C.
The bilateral common carotid artery occlusion was per-
formed based on previously described global ischemic
injuries.27 Briefly, an incision was made on the skin at
the midline of the ventral neck. The common carotid
arteries were exposed, bilaterally isolated, and tempo-
rarily clamped (Fine Science Tools, Foster City, CA) for
4-minutes to occlude blood flow as confirmed by visual
inspection. After the occlusion, the clips were removed
and the skin sutured. Antibiotic cream was placed on the
wound and the animals were allowed to recover in a
temperature-controlled cage.

Animal Treatments

All rodent experiments were performed in accordance
with animal protocols approved by the Institutional Ani-
mal Care and Use Committee at the University of Califor-
nia, Irvine. The triple-transgenic mice (3xTg-AD) have
been described previously.28 After the treatment, the an-
imals were sacrificed and the brains removed. The brains
were immediately dissected in half sagittally. One-half
was frozen for biochemical analysis and the other fixed in
4% paraformaldehyde; 48 hours later, brains were sliced
into 50 �mol/L sections using a vibratome.

Immunoblotting

Protein extracts were prepared from complete half brain
samples cut sagittally or microdissected hippocampal
samples homogenized in T-per (Pierce Biotechnology,
Rockford, IL) extraction buffer and Complete Mini Pro-
tease Inhibitor Tablets (Roche, Indianapolis, IN) followed
by high-speed centrifugation at 100,000 � g for 1 hour.
The supernatant was taken as the soluble protein extract.
The insoluble fraction was taken by collecting the super-
natant after resuspending the pellet remaining from the
soluble fraction in 70% formic acid and recentrifuging the
sample at 100,000 � g for 1 hour. Protein concentrations
were determined by the Bradford method. Equal concen-
trations of protein were separated by SDS-polyacryl-
amide gel electrophoresis on a 4 to 12%, 12%, or 10%
Bis/Tris gel using 2-(N-morpholino)ethanesulfonic acid
(MES) or 3-(N-morpholino)propanesulfonic acid (MOPS)
running buffer (Invitrogen, Carlsbad, CA) , transferred to
0.2 mmol/L nitrocellulose membranes, blocked for 1 hour
in 5% (v/v) nonfat milk in Tris-buffered saline (pH 7.5)
supplemented with 0.2% Tween20. Antibodies and dilu-
tions used in this study include hypoxia-inducible factor
HIF1� 1:1000 (Novus Biological, Littleton, CO) 6E10 (1:
1000 Signet, Dedham, MA), CTF20 (1:5000 Calbiochem,
San Diego, CA), HT7 (1:3000; Innogenetics, Gent, Bel-
gium), Phosphotau at S212 T214 (AT100), Thr231 (AT180),
and Thr181 (AT270) (1:1000, Pierce Biotechnology, Rock-
ford, IL), phosphotau at S199 S202 (AT8) (1:1000, Pierce
Biotechnology, Rockford, IL & 1:1000 EMD Gibbstown,
NJ), PHF1 (1:1000 Thermo Scientific, Waltham, MA), anti-
BACE (1:1000 Calbiochem, San Diego, CA), anti-ADAM10
(1:1000 Chemicon, Temecula, CA), anti-GGA3 (1:1000
Abcam ab10553), anti-Furin (1:500 Affinity Bioreagents
Rockford, IL), anti-GSK3� (1:1000 Cell Signaling Dan-
vers, MA), anti-PP2A (1:1000 Millipore, Billerica, MA),
anti-HSP70 (1:1000 Calbiochem, San Diego, CA), anti-
CHIP (1:1000 Affinity BioReagents Rockford, IL), anti-LC3
(1:1000 Affinity BioReagents Rockford, IL), FK2 (1:1000
DAKO Carpinteria, CA), anti-Beclin1 (1:1000 Santa Cruz,
CA), anti mTOR (1:1000 Sigma-Aldrich, St. Louis MO),
anti-PmTOR (1:1000 Cell Signaling, Danvers MA), anti-
p62 (1:1000 BIOMOL International, Plymouth Meeting,
PA), anti-ATG12 (1:1000 Novus Biological Littleton, CO),
anti-ATG5 (1:000 Abcam Cambridge, MA), and anti-actin
(1:10,000; Sigma-Aldrich). Quantitative densiometric
analyses were performed on digitized images of immu-
noblots with ImageJ. All error bars represent SEM.
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A� Enzyme-Linked Immunosorbent Assay

A�1-40 and A�1-42 were measured using a sensitive sand-
wich enzyme-linked immunosorbent assay (ELISA) sys-
tem. Soluble and insoluble A� was isolated from entire
half brain homogenates using T-per Extraction Buffer
(Pierce Biotechnology, Rockford, IL) and 70% formic acid
respectively. Soluble fractions were loaded directly onto
ELISA plates and formic acid fractions were diluted 1:20
in neutralization buffer (1 mol/L Tris base; 0.5 mol/L
NaH4PO4) before loading. MaxiSorp immunoplates (Nunc,
Rochester, NY) were coated with mAB20.1 (William Van
Nostrand, Stony Brook, NY) antibody at a concentration of
25 mg/ml in Coating Buffer (0.1 mol/L NaCO3 buffer, pH
9.6), and blocked with 3% bovine serum albumin. Stan-
dards of both A�40 and 42 were made in Antigen Capture
Buffer (ACB; 20 mmol/L NaH2PO4; 2 mmol/L EDTA, 0.4
mol/L NaCl; 0.5 g 3[(3-Cholamidopropyl)dimethylammo-
nio]-propanesulfonic acid (CHAPS); 1% bovine serum
albumin, pH 7.0), and loaded onto ELISA plates in
duplicate. Samples were then loaded in duplicate and
incubated overnight at 4°C. Plates were washed and
then probed with either horseradish peroxidase-conju-
gated anti-A� 35–40 (MM32-13.1.1, for A�1-40) or anti-A�
35–42 (MM40-21.3.4, for A�1-42) overnight at 4°C.
3,3�,5,5�-tetramethylbenzidine was used as the chromo-
gen, and the reaction stopped by 30% O-phosphoric
acid, and read at 450 nm on a Molecular Dynamics plate
reader.

Immunostaining

Light-level immunohistochemistry was performed using
an avidin-biotin immunoperoxidase technique (ABC kit;
Vector Laboratories Inc., Burlingame, CA) and was visu-
alized with diaminobenzidine as previously described.28

The following antibodies were used: anti-A�, 6E10 (Sig-
net Laboratories, Dedham, MA) and anti-Tau HT7 (Inno-
genetics, Gent, Belgium). Primary antibodies were ap-
plied at dilutions of 1:1000.

Confocal Microscopy

Fluorescent immunolabeling followed a standard two-
way technique (primary antibody followed by fluorescent
secondary antibody). Free-floating sections were rinsed
in Tris-buffered saline (pH 7.4) and then blocked (0.25%
Triton X-100, 5% normal goat serum in Tris-buffered sa-
line) for 1 hour. Sections were incubated in primary anti-
body overnight (4°C), rinsed in PBS, and incubated (1
hour) in either fluorescently labeled anti-rabbit (Alexa
555, 1:200; Molecular Probes Inc., Eugene, OR) or anti-
mouse secondary antibodies (Alexa 488, 1:200; Molecu-
lar Probes Inc.). Antibodies were diluted as follows: HT7
(1:1000 Innogenetics, Gent, Belgium), anti-cathepsin D
(1:1000 DAKO Carpinteria, CA), FK2 (Enzo, Plymouth
Meeting, PA) LC3 (1:1000 BioRegents, Rockford, IL).
Nuclear stain TOTO-red (1:1000 Invitrogen) was incu-
bated for 20 minutes. Omission of primary antibody or
use of pre-immune IgG eliminated all labeling (data not

shown). Confocal images were captured on a Biorad
Radiance 2100 (Bio-Rad, Hercules, California) confocal
system. To prevent signal bleed-through, all fluorophores
were excited and scanned separately using lambda
strobing.

Statistical Analyses

Biochemical data were analyzed by Student’s t-tests.
Results were considered significant only when P � 0.05.

Results

Induction of Oligemia in 3xTg-AD Mice

To model a mild hypoperfusion injury, an incomplete
global cerebral oligemic insult was induced by transiently
and bilaterally occluding the common carotid arteries
using removable clamps. The occlusion lasted 4 minutes
and was performed in pre-symptomatic 3-month-old
male 3xTg-AD mice.

To confirm that an oligemic, and not an ischemic, insult
was induced, we sacrificed the mice 48 hours postinjury
to determine whether there was evidence of cell death or
changes in neuronal morphology in the brain. No differ-
ences in cell morphology were evident between sham-
and oligemia-treated mice 48-hours post surgery follow-
ing staining with H&E (Figure 1A sham, B oligemic).
Likewise, fluoro-jade labeling revealed no evidence of
neurodegeneration in oligemic tissue (Figure 1C), as op-
posed to tissue collected from mice 48-hours after a
12-minute ischemic bilateral common carotid artery oc-
clusion (Figure 1D). Immunohistological assessment of
neuronal nuclei using the marker NeuN, also revealed no
quantitative differences between sham- and oligemia-
treated groups (data not shown). In contrast, we did find
significant increases in steady state HIF1� levels by
Western blot analysis of hippocampal lysates (P � 0.05)
(Figure 1, E and F). Under normoxic conditions, HIF1� is
proteolytically degraded, however, under hypoxic condi-
tions it accumulates and it able to bind to HIF1� and
translocate to the nucleus where it acts as a potent tran-
scription factor. The increase we observe in HIF1� levels
indicates that our oligemic surgery successfully oc-
cluded blood flow, and therefore oxygen supply, to the
brain. Together, these results demonstrate that bilaterally
occluding the common carotid arteries for 4 minutes
does not induce cell death or detectable changes in cell
morphology, but does reproducibly alter cerebral blood
flow and oxygenation, consistent with the induction of an
oligemic, and not ischemic, insult.

Oligemia Alters APP Processing and Increases
A�42

Three-month-old, presymptomatic, 3xTg-AD mice were
bilaterally occluded at the carotid arteries for 4 minutes,
to induce an oligemic insult. Mice were left to recover for
48-hours and then sacrificed (n � 10 oligemia 3xTg-AD
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and n � 8 sham 3xTg-AD mice). Half brains from each
animal were collected for immunohistochemistry, while
the other half was taken for biochemical analyses. Micro-
dissection of the hippocampus was performed in five
oligemia and four sham animals, to look at protein deg-
radation, tau phosphorylation, and APP processing path-
ways. The remaining half-brains were homogenized for
analysis of AD-pathological proteins, as expression is
present throughout the hippocampus, cortex, and amyg-
dala. To determine the acute impact of an oligemic event
on AD pathology, both detergent soluble and insoluble
A� levels were measured using a quantitative A� sand-
wich ELISA. These comparisons revealed that both sol-
uble (P � 0.05) and insoluble A�42 levels (P � 0.01)
were significantly increased by 50% and 96%, respec-
tively, in oligemic versus sham-treated 3xTg-AD mice
(Figure 2, A and B). Although A�42 levels were elevated
as measured by ELISA, immunohistochemical labeling
with the antibody 6E10 revealed no differences between
oligemia and sham-treated groups (Figure 2, C and D).
The discrepancy between the histochemical and ELISA
measurements likely reflects the increased sensitivity
and quantitative nature of the ELISA, and because
6E10 antibody detects both A� and APP by histochem-
istry, whereas the ELISA was performed using an A�42-
neopepitope antibody. In agreement with this, levels of
APP were unaltered between oligemic and sham-treated

mice by Western blot analyses in hippocampal lysates
(Figure 2, E and F).

APP is sequentially cleaved, first by either �- or
�-secretase and then by �-secretase. �-secretase pro-
duces a large ectodomain fragment, sAPP�, and the
C-terminal fragment C83, whereas �-secretase cleavage
generates sAPP� and a slightly larger C-terminal frag-
ment termed C99. Importantly, �-secretase cleavage of
APP occurs within the A� sequence, precluding A� for-
mation. As the biochemical data revealed increased A�
levels but no changes in APP expression, we next exam-
ined hippocampal lysates to determine whether levels of

Figure 1. Induction of global oligemia in 3xTg-AD mice. A: Pathological
analysis of H&E staining of sham and (B) oligemic 3xTg-AD mice failed to
reveal any alteration in the gross or microscopic architecture of the brain
(Scale bar � 250 �m). C: Fluoro-jade staining of the oligemic mice did not
reveal any degenerating cells, consistent with the absence of cell death
associated with an oligemic event. D: In contrast, following a global ischemic
event, there was prominent cell loss in the dentate gyrus and hippocampal
subfields (Scale bar � 250 �m). Western blot (E) and quantitative analysis (F)
revealed a dramatic increase in HIF1� in tissue from oligemic mice.

Figure 2. Oligemia led to higher A�42 levels and altered APP processing. A,
B: ELISA measurements of soluble and insoluble A� levels 48 hours after
oligemia, showed a significant increase in A�42 in both the soluble and
insoluble fractions. C, D: Immunohistochemical analysis of sham and olige-
mic 3xTg-AD mice with antibody 6E10 did not reveal any profound alter-
ations (hippocampus Scale bar � 500 �m). Insets show higher magnification
of the CA1 (Scale bar � 62.5 �m) and amygdala (AG) (Scale bar � 125 �m).
E, F: Western blot and quantitative analysis of APP, C99, and C83 showing
increased levels of C99 and C83 in the oligemic samples. G, H: Western blot
and quantitative analysis of proteins involved in APP processing. I, J: Mea-
surement of A� oligomers via dot blot the antibodies A11 and OC failed to
reveal any differences in relative density between sham and oligemic mice.
All Western blots were normalized to actin and represented as a percentage
of sham.
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the C83 or C99 were altered following oligemia. As dem-
onstrated, oligemia paradoxically leads to significantly
higher levels of both C83 (P � 0.01) and C99 (P � 0.05)
48-hours post injury (Figure 2, E and F). An elevation in
both C83 and C99 without a concomitant increase in
holo-APP levels suggests that both �- and �-secretase
activities are increased, or alternatively that the cleavage
of C83 and C99 by �-secretase is impaired.

To further assess the mechanism by which oligemia
elevates A� levels, we examined levels of the putative
constitutive �-secretase; ADAM 10. Levels of mature
ADAM 10 were unaltered by oligemia, but levels of its
immediate precursor; pro-ADAM10, were significantly in-
creased (P � 0.05) (Figure 2, G and H). This finding
could suggest that there is a decrease in the proteinases
that convert the pro-ADAM 10 to the catalytically active
mature form, however we found no changes in furin, a
proteinase known to cleave ADAM10 (Figure 2, G and H).29

BACE-1 is the primary �-secretase that mediates
cleavage of APP to generate C99, thus allowing for the
subsequent generation of A�. Interestingly, we found a
dramatic increase in BACE-1 protein levels in oligemic
versus sham hippocampal lysates (P � 0.05) (Figure 2, G
and H). Further analyses of BACE1 levels in immuno-
stained tissue from sham and oligemia 3xTg-AD mice
also showed increases in the oligemia induced tissue
(data not shown). A previous report found that following
severe focal ischemia, BACE-1 levels are increased via a
reduction in lysosomal degradation of BACE-1 caused by
insufficient GGA3 protein.15 GGA3 traffics BACE-1 to the
lysosome under endogenous conditions but is depleted
following ischemic stress.15 Although we examined levels
of GGA3 following oligemia, we found no significant dif-
ferences indicating that the mechanism by which A� is
elevated following an oligemic insult likely differs from
that observed following a more severe ischemic insult
(Figure 2, G and H). BACE1 levels have also been shown
to increase via HIF1� dependent transcription4—there-
fore, increased HIF1� (Figure 1, E and F) in these mice
could account for the selective elevation in BACE1
steady state levels.

Soluble A� oligomers are strongly implicated in the
development of AD.30 Hence, we investigated whether
levels of A� oligomers are altered following oligemia. We
used A11 and OC antibodies, to examine soluble oli-
gomers and soluble fibrils respectively.31 No significant
changes in soluble A� oligomers or fibrils were detected
48 hours following oligemia (Figure 2, I and J), suggest-
ing that short-term oligemia does not modulate this par-
ticular aspect of AD pathology, despite increases in over-
all A� levels.

Oligemia Decreases Total Tau 48 Hours
Postinsult

The 3xTg-AD model develops both A� and tau patholo-
gies, allowing us to assess the impact of a transient
oligemia on both of these hallmark pathologies of AD.
Hence, we examined total tau protein levels in the olige-
mia versus sham-treated 3xTg-AD mice. Notably, we

found a significant decrease in total tau levels (P � 0.05)
in brain homogenates from mice exposed to transient
oligemia (Figure 3, A and B). The somatodendritic mislo-
calization of tau is an important component of AD-related
pathology; consequently, we assessed the subcellular
distribution of tau within hippocampal CA1 neurons fol-
lowing oligemia by light microscopy. We observed a
marked reduction in the levels of total human tau in the
hippocampus of oligemic mice compared with sham
mice (Figure 3E, HC). Whereas sham-treated mice had
extensive somatodendritic tau staining in the hippocam-
pus, somatodendritic tau was all but absent in the olige-
mia-treated mice (Figure 3E). The tau that remained in the
oligemic tissue was segregated into small puncta within
the pyramidal cells of the hippocampus. We next exam-
ined the distribution of tau within the amygdala, an area
that is unaffected by common carotid artery occlusion but
that demonstrates high tau protein levels in the 3xTg-AD
mice. Tau localization was unaltered within this region
demonstrating the regionally specific influence of olige-
mia on tau distribution (Figure 3E; amygdala).

Figure 3. Global oligemia led to a reduction in total tau levels. A, B: Western
blot and quantitative analysis of total tau (HT7) and phosphorylated tau
(labels indicate phosphorylation site recognized by the antibody) 48-hours
after insult revealed a significant decrease in total tau, tau phosphorylated at
S199,202 and T181 and GSK3ß phosphorylated at Ser9 protein levels. C, D:
Analysis of total and phosphotau epitopes in the formic acid fraction by
Western blot analysis revealed no alterations between sham and oligemic
tissue. E: Immunohistochemical analysis of sham versus oligemic mice
showed a prominent reduction of total tau in the CA1, but not in the
amygdala. HC (hippocampus; Scale bar � 500 �m); CA1 subfield of the
hippocampus (CA1; Scale bar � 62.5 �m) and amygdala (Scale bar � 125
�m). Arrows indicate areas of decreased staining. Western blots were
normalized to actin and represented as a percentage of sham.
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Given these specific effects on tau accumulation within
the hippocampal region we used microdissected hip-
pocampal lysates from sham and oligemia-induced
3xTg-AD mice to examine steady state levels of hyper-
phosphorylated tau via Western blot (Figure 3, A and B).
No changes in tau phosphorylated at Thr214 were seen in
the mice following the oligemic insult, however, signifi-
cant decreases in tau phosphorylated at Ser199, 202 and
Thr181 were detected (Figure 3, A and B; P � 0.05).
These reductions are likely due to the overall reduction in
total human tau, which includes hyperphosphorylated
tau, rather than specific changes in tau phosphorylation/
dephosphorylation. Indeed, analyses of steady state lev-
els of the major tau phosphatase, PP2A, revealed no
changes following induction of oligemia (Figure 3, A and
B). Notably, protein levels of tau phosphorylated at Ser212

and Thr214 were increased following oligemia, indicating
that tau may be specifically phosphorylated post injury or
that this phosphotau epitope may be more resistant to
degradation (P � 0.05). GSK3� is a kinase implicated in
the phosphorylation of tau at this epitope,32 and its ac-
tivity is negatively regulated by its phosphorylation at
Ser9. Consistent with the increase in tau phosphorylated
at Ser212/Thr,214 we found a significant decrease in inac-
tivated GSK3�, indicating increased GSK3� activity (Fig-
ure 3A, B; P � 0.05).

We next sought to account for the robust reduction in
steady state levels of human tau following induction of
oligemia. One possibility is that the oligemic insult was
inducing tau aggregation that would cause it to move into
the detergent-insoluble fraction. Given the stark clear-
ance of somatodendritic tau from hippocampal neurons,
as shown by immunohistochemistry (Figure 3E) which
detects all tau regardless of aggregation state, move-

ment of tau into the detergent insoluble fraction is un-
likely. However, to rule out the possibility, we examined
the levels of tau and phosphotau protein in the insoluble
fraction. In agreement with our immunohistochemical data,
we found no significant alteration of tau or phosphotau
between sham and oligemia-treated animals within formic
acid extracted samples (Figure 3C, D; P � 0.05).

Tau is Associated with Lysosomes in
Oligemia-Induced 3xTg-AD Hippocampi

Given the reduction in steady state levels of tau and the
change in staining pattern from extensive somatoden-
dritic to small puncta following oligemia, we hypothesized
that oligemia may induce increased tau degradation by
lysosomal or ubiquitin-proteosomal targeting and degra-
dation of tau. We first confirmed the reduction in total tau
using immunofluorescence and found a marked de-
crease in HT7 staining 48 hours following oligemia (Fig-
ure 4A; red). We next examined ubiquitinated proteins
using FK2 antibody (Figure 4A; green), which recognizes
only ubiquitinated proteins (mono- and poly-) but not free
ubiquitin. Confocal microscopy revealed a decrease in
the overall level of ubiquitinated proteins within CA1 of
the hippocampus (Figure 4A, arrows) suggesting that
alterations in the ubiquitin-proteosome system may have
occurred.

Autophagy is a process whereby proteins and or-
ganelles are delivered to the lysosome for degradation.
To determine whether alterations in autophagy might also
be involved in the observed reduction in tau protein, we
examined the autophagosome-associated protein, LC3,
by confocal microscopy. LC3 is a protein that localizes to

Figure 4. Hippocampal tau and ubiquitinated
protein immunoreactivity decreased following
oligemia and tau colocalized with lysosomes. A:
Confocal images reveal a decrease in the ubiqui-
tinated protein marker, FK2, in oligemia treated
animals (Scale bar � 40.5 �m; arrows indicate
CA1) and confirmed the decrease in HT7 ob-
served in Figure 3. B: Increased LC3 staining was
found in the hippocampi of animals exposed to
oligemia compared with sham animals, inset
shows the granular nature of the staining (Scale
bar � 20um). C: Confocal microscopy of the
lysosomal marker, (cathepsin D; green), human
tau, (HT7; red), and nuclear marker, toto-red
(blue) demonstrated that tau immunoreactive
puncta colocalized with intraneuronal lyso-
somes (arrows indicate colocalization, yellow
puncta. Inset shows magnification of three
puncta) (Scale bar � 2.5 �m).
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the membrane of autophagosomes and is involved in the
induction of autophagosomes.33 LC3 exists in two
forms—the first is a cytosolic form (LC3 I), which can then
become lipidated and membrane associated (LC3 II) to
form autophagosomes. We detected an increase in total
LC3 staining within hippocampal neuronal cell bodies
between sham- and oligemia-induced animals, which
manifested as increased intensity as well as increased
number of puncta (Figure 4B, inset represents higher
magnification of the puncta).

Lysosomes are at the end stage of the autophagoly-
sosomal pathway and have previously been shown to
degrade tau on exposure to stressors.34,35 Conse-
quently, we performed triple immunofluorescent analysis
of subcellular tau localization using a nuclear marker
(toto-red), an antibody against total human tau (HT7), and
a lysosomal marker (cathepsin-D) (Figure 4C). Z-slice
confocal microscopy imaging revealed many examples
of HT7-positive tau puncta in oligemic CA1 neurons that
either colocalized or were juxtaposed with cathepsin-D
immunoreactivity (Figure 4C, arrows, inset represents
higher magnification). In hippocampal sections from
sham animals, the vast majority of human tau appeared
diffuse and cytosolic, rather than solely in lysosome as-
sociated-puncta. However, some human tau was also
associated with lysosomes suggesting that this associa-
tion is not uniquely induced by oligemia, but that it is
altered by oligemia. Hence, by immunofluorescence,
changes in both macroautophagy and the ubiquitin-pro-
teosome pathway occur following oligemia in areas of the
brain that somatodendritic clearance of human tau was
observed.

Oligemia Induces Markers of Degradation
Pathways

To further examine the putative role of lysosomal and
ubiquitin-proteosomal-dependent pathways in oligemia-
induced tau reduction, we examined both lysosomal and
proteasomal-related co-chaperone and marker proteins.
Degradation of tau by the proteasome is an established
phenomena.36 Hence, we examined 3 markers of protein
degradation involved in the ubiquitin-proteosomal path-
way, ubiquitinated proteins, and known tau chaperones
CHIP and HSP70. Due to the robust clearance of somato-
dendritic tau from hippocampal neurons we performed
these Western blots with microdissected hippocampal
tissue. No changes in steady state levels of CHIP or
HSP70 were seen following oligemia (Figure 5, A and B).
However, in accordance with the previously observed
immunofluorescent reduction in ubiquitinated proteins,
we found significant reductions in overall ubiquitinated
proteins following oligemia (P � 0.01 Figure 5, A and B).
We repeated this experiment with a second antibody that
detects both ubiquitinated proteins, as well as free ubiq-
uitin. Again ubiquitinated proteins were markedly de-
creased in the oligemia-induced animals, but free ubiq-
uitin was unaltered (Figure 5, A and B). Based on the
decrease in ubiquitinated proteins, and the fact that free
ubiquitin was not altered, these data suggest that there is

an increase in ubiquitin-proteosome-related degradation
and that tau could be cleared through this pathway.

Based on the colocalization of total tau with lysosomal
markers we next proceeded to determine the impact
oligemia had on autophagy-related proteins. Given that
much of the tau remaining in the hippocampus at 48
hours after oligemia colocalized with a marker within the
autophagolysosomal pathway, we next determined the
impact of oligemia on LC3. As we previously found an
alteration in LC3 by immunohistochemistry, we next used
Western blot to assess LC3 activity. LC3 can exist in
multiple states; an 18kDa pro-form LC3I or LC3II a 16kDa
membrane-bound active form associated with autopha-
gosomes. Interestingly, Western blot analysis of LC3 re-
vealed a significant increase in both the pro (P � 0.05)
and active forms (p�0.05) of this protein 48 hours pos-
toligemia, again supporting the notion that autophagy is
up-regulated following oligemia (Figure 5, C and E). Fur-
thermore, we found a significantly higher ratio of LC3II to
LC3I in the oligemic animals (P � 0.05, Figure 5D),
suggesting that autophagy may be increased in these
samples. Phosphorylated mammalian target of rapamy-
cin (PmTOR) is a negative inhibitor of autophagy and has
also been widely used as a marker of autophagy. We
observed a significant decrease in PmTOR levels (P �
0.01) following oligemia, without an alteration in total
mTOR protein levels, further indicating that autophagy
pathways were activated (Figure 5, C and E). Lastly, we
examined ATG12 and ATG5 levels. ATG12 covalently
binds to ATG5 during the formation step of autophago-

Figure 5. Oligemia increased autophagy and ubiquitinated protein markers.
A: Western blot analysis comparing levels of proteosome-degradation related
markers in sham versus oligemic mice. B: Quantification of Western blots
normalized to actin and graphed as a percentage of control. C: Western blots
of autophagy-related proteins. D: LC3II/I ratio demonstrates an increase in
LC3II to LC3I levels. E: Quantification of Western blots normalized to actin
and graphed as a percentage of control.
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some elongation. We found a significant decrease in
levels of ATG12 (P � 0.05) but no alterations in ATG5 or
the ATG5/12 complex (Figure 5, C and E). However, we
did not find changes in two other proteins implicated in
autophagy: Beclin1, a protein involved in the induction of
autophagy and p62, a polyubiquitinated protein that is
normally degraded by autophagy (Figure 5, C and E).37

Oligemia Continues to Alter AD-Related Proteins
Three Weeks Postinjury

To determine the impact of oligemia on AD-related pro-
teins after the acute response receded, we induced oli-
gemia in six 3-month-old 3xTg-AD mice with six sham
animals and survived them for 3 weeks post-surgery. We
examined detergent soluble and insoluble A� levels by
sandwich ELISA and found that soluble A�40 levels had
returned to baseline, but that there was still a significant
increase in A�42 levels in the insoluble fraction (P �
0.05) (Figure 6, A and B). In accordance with the 48-hour
survival time point, we did not find any changes in soluble
oligomeric and fibrillar A� by dot blot (Figure 6, C and D).
Notably, total tau levels also remained decreased 3
weeks after oligemia by immunohistochemistry (Figure 6,
E and F). Western blot analysis confirmed these findings
(P � 0.01) (Figure 6, E, G, and H). We also determined
that while tau phosphorylated at Ser181 was still de-
creased at this time point (P � 0.05), all other phospho-
tau epitopes examined were no longer significantly
altered (Figure 6, G and H). Autophagy and ubiquitin-
proteosome markers were also no longer elevated above
sham 3 weeks after injury (Figure 6, I and J), suggesting
that short-term oligemia produces only a transient changes
in ubiquitin-proteosome pathways and macroautophagy.

AD-Related Proteins Return to Baseline Three
Months Postoligemia

To determine the long-term impact of a single mild olige-
mic insult on AD-related proteins, we survived mice for 3
months following the 4-minute transient bilateral common
carotid artery oligemic occlusion (n � 6 for oligemic mice
and n � 6 for sham animals). We found no difference in
A� levels as measured by ELISA between the sham- and
oligemia-treated mice, (Figure 7, A and B). By 3 months
postoligemic insult, we also no longer detected a change
in tau or phosphotau levels by either immunohistochem-
istry (Figure 7, C and D) or Western blot (Figure 7, E and
F), nor did we find any alterations in ubiquitinated pro-
teins (data not shown). Furthermore, we found no
changes in soluble oligomeric and fibrillar A� by dot blot
(Figure 7, G and H). Hence, 3 months after a single
oligemia insult, AD-related protein levels returned to
baseline.

Discussion

Understanding and defining the factors that lead to AD or
impacts its progression is crucial for the development of

strategies to prevent or delay disease onset in patients.
Hypoperfusion injury is implicated both as a risk factor for
AD, as well as a comorbidity that can accelerate cogni-
tive decline.5,38,39 By modeling an oligemic insult in
young male 3xTg-AD mice, we show that even a single,
mild hypoperfusion event has profound and long-lasting
effects on AD-related proteins, highlighting the close re-
lationship between cerebral blood flow and tau and A�
levels.

We show that A�42 levels rise following oligemia, and
that elevated levels are sustained for at least 3 weeks
following the single insult. This is the first time that a
transient oligemic hypoperfusion injury has been system-
atically tested in a mouse model of AD. Furthermore
because the 3xTg-AD mice develop both tau and A�
pathologies the alteration in A� may more accurately
reflect the human disease, in which both proteins accu-
mulate. It should be noted that transgenic mouse models
of AD are based on overexpression of human transgenes
under artificial promoters meaning that any effects of
hypoperfusion on human promoter–dependent APP and
tau expression are not recapitulated. Therefore, we need

Figure 6. At three weeks postoligemia, A� remained increased whereas tau
continued to be decreased. A, B: ELISA measurements of soluble and insol-
uble A� levels three weeks after oligemia, showed a significant increase in
A�42 in the insoluble fractions. C, D: Measurement of soluble A� oligomers,
A11, and A� fibrils, OC, failed to reveal any alteration between sham and
oligemic mice. E, F: Immunohistochemical stains of sham versus oligemic
tissue showed a continued reduction of total tau in the hippocampus (Scale
bar � 340 �m hip and 10 �m CA1). G, H: Western blot analysis revealed
sustained alterations in total tau and one phosphotau protein levels. I, J:
Western blot analysis revealed that autophagy-related markers were no
longer different between sham and oligemic mice. Quantification of all
Western blots was normalized to actin and graphed as a percentage of
control.
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to use epidemiological data from humans combined with
pre-pathological transgenic mice to gain insights into
how hypoperfusion insults can affect pathways leading to
the accumulation of pathologies. For example, here we
have shown robust increases in BACE1, which leads to
increased production of C99 and subsequently A�, com-
bined with striking reductions in tau accumulation.

Clinical data show strong links between hypoperfu-
sion insults, through ischemia and strokes, and the
development of AD. Hence, our data, with a single mild
hypoperfusion event, recapitulates some of these clinical
features. We cannot surmise that a single mild hypoper-
fusion event can increase the risk of developing AD, due
to limitations in rodent models of sporadic AD, however
we can show that such an event can profoundly alter
AD-related proteins in a mouse which, although pro-
grammed to develop extensive pathology over its lifes-
pan, has only very mild pathology at the time of the insult.
Taken together, our data, and that of others, show a
relationship between hypoperfusion insults, both mild

and severe, and changes in AD-related proteins. Indeed,
previous studies using severe and prolonged focal isch-
emia have also highlighted increases in BACE1 protein
and A� following insult, which have been mediated by
reduced clearance of BACE1 by the lysosome,15 and
through increased HIF1� dependent transcription.4 Sim-
ilar results have also been reported in rodents in a hy-
poxic environment,5 as well as chronically hypoperfused
rats.38 The sum of these findings suggest that even mild
changes in blood flow and oxygen availability, is a potent
regulator of BACE levels and hence A� production, and
this is further supported by numerous in vitro experiments
showing hypoxic regulation of A� production.2,3,40 Fur-
thermore, these findings are potentially important as mild
hypoperfusion events are more common in the aging
population than severe ischemic insults, and can occur
from a number of age-related injuries including athero-
sclerosis, diabetes, migraine, chronic obstructive pulmo-
nary disease, transient ischemic attack, and within the
stroke penumbra. As oligemic insults do not produce cell
loss and as such, do not manifest clinically in the same
way as ischemic insults do, they are likely to be under-
reported and underdiagnosed, despite potentially
playing a role in the predisposition to, and the devel-
opment of AD.

Given the evidence that hypoperfusion injury en-
hances the risk for and progression of AD, it is somewhat
counterintuitive to have lower Braak staging in AD pa-
tients who have suffered from hypoperfusion, than pa-
tients with “pure” AD.41–43 Braak staging reflects the
distribution of neurofibrillary tangles. As such, while a
decreased Braak score does not directly indicate lower
tau, a lower Braak score often coincides with less total
tau.44 Hence, altered Braak staging with cerebrovascular
disease could indicate reduced tau levels, as our data
would support, an overall altered distribution of tau, or
that the presence of both tau pathology plus cerebrovas-
cular pathology induces dementia at lower tau levels than
“pure” AD. Notably, we do find an increase in tau phos-
phorylated at Ser212, Thr214, which coincides with in-
creased activity in the tau kinase GSK3�. This phospho-
tau epitope is found mostly in AD tissue,45 and could play
an important role in the long-term formation of neurofibril-
lary tangles. Furthermore, the changes in tau we ob-
served last for at least 3 weeks postoligemia. This long
lasting decrease may be due to the long-lived nature of
microtubule-associated proteins such as tau necessitat-
ing a longer time to accumulate within the somatoden-
dritic compartment.

We show that that the decrease in tau postoligemia is
coincident with increases in specific macroautophagy
markers, and that the remaining tau often colocalizes with
lysosomal marker. We also found a decrease in ubiquiti-
nated proteins following oligemia indicating that the ubiq-
uitin-proteosome pathway may also be involved in the
observed decrease in tau. These findings, taken together
with the previous clinical and cell culture data, indicate
that tau may be cleared via lysosomes and the ubiquitin-
proteosome system following an oligemic hypoperfusion
insult.34,35

Figure 7. At three months postoligemia A� and tau levels returned to
baseline. A, B: ELISA measurements of A� no longer revealed any difference
between sham and oligemic tissue. C–F: Tau immunohistochemistry and
Western blot analyses also failed to reveal differences between sham and
oligemic tissue at this time point hippocampus (Scale bar � 340 �m).
Quantification of all Western blots was normalized to actin and graphed as a
percentage of control. G, H: Measurement of soluble A� oligomers, A11, and
A� fibrils, OC by dot blot failed to reveal any alteration between sham and
oligemic mice.
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In conclusion, this study reports the novel findings that
even a single, mild hypoperfusion injury induces long
lasting changes in AD-related proteins. This provides
further insight into previous clinical data on comorbid AD
and hypoperfusion injuries. Our data clearly demonstrate
that oligemic insults can severely modulate tau and A�
levels and may influence disease progression.
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