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Alzheimer's disease (AD) is the leading cause of dementia in the world. Progressive
decline in memory and language skills, altered cognition and other psychiatric conditions
such as mood changes, paranoia and delusions are all common features of the disease.
The current consensus is that the central pathogenic event is the synthesis of the beta (p)
amyloid peptide (AP) and its availability as a toxic soluble oligomer or fibril. In addition
to soluble amyloid, post-mortem examination of AD brains shows aggregation of betaamyloid in the brain in the form of plaques· and deposition in the walls of cerebral blood
vessels. This cleaved peptide is derived from a larger intact protein, the amyloid
precursor protein. It is a transmembrane protein that is ubiquitously expressed in many
tissues throughout the body, although, its normal functions are not known. The primary
toxic isoforms, API -42 and API -40, are generated after cleavage of APP by two sets of
matrix metalloproteases: beta and gamma secretase (Figure 1).

While the cause of the disease is thought to be multi-factorial, including hereditary,
environmental, and spontaneous mutations, it is becoming clear that the pathogenesis of
the disease involves significant inflammatory processes and oxidative stress (Grammas et
al 2001, Miranda eta! 2000, Calingasan eta 2001, Rhodin et al 2001, Bamberger eta!
2002, Aliev et al 2002). Focus has turned to identification of the targets of this
inflammation and oxidative stress and one potential candidate is the
cerebromicrovasculature.

I

2

Numerous studies show that there are consistent morphological and inflammatory
changes associated with the vasculature in AD (de Ia torre 1993, de Ia torre 1994, de Ia
torre 1999, de Ia torre 2000, Breteler 2000, Rhodin and Thomas 200 I, Aliev et a! 2002,
Miao eta! 2005, Finch 2005, Christov eta! 2004, Paris eta! 2003). Such changes include
increased endothelial cell up-regulation of surface adhesion molecules (ICAMI, VCAM,
e-selectins) and increased lipid peroxidation (Macintyer et a12003, Verbeek eta! 1996,
Verbeek et all994, Frohman et a11991 ). Up-regulation of cell surface adhesion
molecules is especially important in the inflammatory process, as their expression are key
events in transendothelial migration of white blood cells such as neutrophils, monocytes,
and lymphocytes (Girl et al2002, Girl et a12000, Fiala eta! 1998, Bamberger eta! 2003)
into the brain parenchyma. Many of these cells can produce reactive oxygen species,
which can cause further damage to the brain.

The brains of AD patients also show increased up-regulation of Heme Oxygenase-! (HOI) (Kimpara eta! 2000, Premkumar eta! 1995, Schipper et al2000, Schipper eta! 1995).
HO-I is the rate-limiting step in the catabolism of heme. This up-regulation of HOI by
neuronal cells in the brain suggests exposure to free heme. This is supported by evidence
that bilirubin, a breakdown product of heme, is increased in the cerebral spinal fluid of
AD patients (Kimpara et a! 2000). HO-I may also be up-regulated by exposure to
oxidants; UV-A irradiation and agents such as cytokines, hormones, and heavy metals.
Heme has been shown to be toxic to a variety of different cell types including endothelial
cells and neurons (Balla eta! 1992, Balla eta! 2003, Balla et a! 1995, Vercelloti eta!
1994, Jeney eta! 2002, Kumar et al2005). The inflammatory pathways activated by
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endothelial cell heme exposure, including upregulation ofH0-1, surface adhesion
molecules such as ICAM I, lipid peroxidation, basement membrane thickening, luminal
buckling, and pericyte degeneration, resemble the inflammation seen in the
cerebromicrovasculature of AD patients.

Studies have shown that there is increased hemoglobin, or hemoglobin fragments, in
specific brain regions of AD patients compared to controls (Oyama eta! 2000, Schonberg
et a! 2001, Slemmon et a! 1994, Hill et a! 2001 ). While it may be argued that this is a
result of increased intravascular hemoglobin levels, this is unlikely since AD brains have
significantly decreased microvascularity and hypoperfusion (Grammas et al 2000). The
finding of increased hemoglobin in AD brains supports the idea of blood brain barrier
damage in AD with subsequent leakage of plasma proteins into the parenchyma.
Additionally, epidemiological studies have linked an increased incidence of anemia with
AD (Beard et a! 1997 and Milward et al 1999). This suggests premature lysis of red blood
cells and increased free hemoglobin release. These vascular events may be linked by
common processes suggested by the findings that exposure of red blood cells to the AP
peptide can cause lysis of red blood cells (Mattson et al 1997).

In addition to finding that amyloid can injure red blood cells our laboratory has also
shown that hemoglobin, in particular methemoglobin, is a specific binding partner for
API-42 (Hill and Gearhart 2001). While the binding of hemoglobin to Ap may be a
method of AP clearance from the body it is possible that this interaction may affect the
binding of heme to the globin chains of hemoglobin thereby causing heme to be released
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and potentially become cytotoxic to surrounding cells, especially endothelial cells. This
provides potential mechanisms that may explain the observed oxidative damage to
cerebral vascular endothelium, microvascular pathologies, initiation of inflammatory
responses, and disruption of the blood-brain-barrier. Thus, the vascular damage and
associated inflammatory markers seen in AD can in part be accounted for by chronic
heme mediated injury to the vascular endothelium. Therefore we propose the following:

Hypothesis:
The vascular damage and associated vascular inflammatory markers seen in AD can in
part be accounted for by chronic heme mediated injury to the endothelium. Therefore, I
propose the following specific hypothesis:
1.

A~

mediated lysis of red blood cells is responsible for an increase in the level of

intravascular free hemoglobin in AD. The free hemoglobin is then available to be
oxidized and release heme.

2. In addition to "spontaneous" release of heme from oxidized hemoglobin
(methemglobin) A~ binding to methemoglobin facilitates the release of the heme
groups generating increased levels of free heme.

3. An increase of free heme levels in serum results in heme mediated damage to the
vascular endothelium leading to up-regulation of heme catabolic pathways and
activation of the endothelium including initiation of inflammatory pathways.

Methods
Red Blood Cell Lysis.
Lysis of red blood cells was determined according to methods from previous studies
(Mattson et a! 1997). In brief, red blood cells were obtained and washed 3 times in
physiological buffer (Locke's solution (154 mM NaCI2, 5.6 mM KCI, 2.3 mM CaCI2, 1
mM MgCI2, 3.6 mM NaHC03, 5 mM d-glucose)) and were re-suspended in 3 times the
volume of original sample with this buffer. 200 J.ll of this cell suspension was used for
experimentation in studies where washed red blood cells were used). In other studies
whole blood was used directly. After exposure to experimental conditions the samples
were centrifuged at low speed (1000 rpm) to reduce any lysis that may occur as a result
of mechanical damage during centrifugation. 100 J.ll of supernatant was assayed for
hemoglobin spectrophotometrically at 540 mn. Each experiment was repeated at least 3
times

Osmotic Fragility Assays.
We used a modification of Parpart et al's (1947) method for measurement of osmotic
fragility of red blood cells. Briefly, 7.5 J.ll of washed red blood cell suspension was
exposed to the indicated condit\ons and were added to 375 J.li of a saline solution of
different concentrations (0.6%, 0.5%, 0.49%, and 0.48%). 0.6% Saline is closest to the
more physiological and isotonic 0.9% saline situation for the red blood cell. The cells
were incubated in these solutions for 30 min after which they were centrifuged at 1000
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rpm. The supernatant was quantified for hemoglobin content spectrophotometrically at
540 run. Note: see method for obtaining and washing red blood cells (Parpart et al 1947).

Quantification of Total Free Hemoglobin in Plasma of AD and Control Patients.
Plasma samples from 33 AD and 14 control patients were analyzed for total free
hemoglobin content using a hemoglobin ELISA (Hamelinck eta! 2005, Norwitz eta!
2005, Gomez-Sanchez et a! 2004, Orchekowski et a! 2005). First, a 96 well plate was
coated with affinity purified anti-human hemoglobin. The capture antibody was diluted
(1:100) into 50 mM sodium carbonate (pH 9.6). 100 J.!l of this capture antibody was
added to each well. The plate was sealed and placed on a Jitterbug plate mixer at speed
#I for 2 hrs at ambient temperature. 100 J.!l of standards and samples were added to each
well. The plate was sealed with parafilm and mixed for 2 hrs at ambient temperature. The
plate was then washed with wash buffer (50 mM Tris, 100 mM NaCI, and 0.05% (v/v)
Tween 20, ph 8.0). For antibody detection 100).!1 of detection antibody (diluted 1: I 0000
or 1:20000) was added to each well. The plate was washed again with wash buffer. 100).!1
ofTMB substrate (KPL) was added to each well and mixed briefly. The reaction was
developed for 5-30 min. Color development was monitored at 620 run. The reaction was
stopped with I 00 Jll of 1 M H3P04. This causes the color to change from blue to yellow.
The absorbance was measured at 450 nm.

Heme Release Studies.
Oxyhemoglobin and methemoglobin (Sigma), was prepared as a I 00 J.!M stock solution
in I x PBS. The final concentration (5 J.!M) of hemoglobin (Hb) was attained by dilution
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from the stock. We used a modification ofLiu et al's (1988) method for measurement of
free heme. In brief, an anion exchange resin (AG I-X8, BioRad) to bind free heme from
hemoglobin. The resin was prepared as a slurry mixed in 2 M NaCI. Fifty mg/200 ~I of
this slurry was used for the experiments. Our sample volume was 200 ~1. Initial
hemoglobin samples (freshly prepared hemoglobin samples) were applied to the resin to
remove any heme that had been spontaneously lost prior to use. The sample. and resin was
incubated for I hr. After this initial incubation the Hb samples were removed and assayed
spectrophotometrically at 540 nm (hemoglobin), 405 nm (heme) and 280 nm (protein).
This established a baseline for hemoglobin and heme content. The samples were then
exposed to the indicated experimental conditions, after which they were again applied to
the resin to bind heme that may have been released as a result of those conditions. After
resin exposure, the samples were spun down at 1000 rpm for I min and the supernatant
was removed. Any resin bound heme was eluted off with I 0% SDS. The elutions were
assessed for heme content spectrophotometrically at 405 nm. The absorbances obtained
were compared to those from a heme standard curve to establish concentration of heme
released.

Heme Oxygenase-! (H0-1).
Cells were lysed using the specialized lysis buffer that is included in the HO-I ELISA kit.
Levels of heme oxygenase-! were determined by ELISA following the manufacturer's
directions (Stressgen (cat#EKS-800)). We used the HOI kit which is based on Kravets
and Philippidis's HOI assay (Kravets eta! 2004 and Philippidis eta! 2004). Briefly,
samples and standards were diluted in sample diluent. I 00

~I

of samples and standards
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were added to the wells of an anti-HOI immunoassay plate in duplicate. The plate was
covered and incubated at room temperature for 30 min. The plates were then washed 6
times with IX wash buffer using a tecan plate washer. One hundred microliters of antiHuman HOI antibody was added to each well. The plate was then incubated for I hour at
room temperature. The plate was then washed again for 6 times using I X wash buffer.
Anti-Rabbit-IgG:HRP conjugate (IOO Ill) was added and the plate was incubated at room
temperature for 30 minutes. The plate was then washed 6 times using I X wash buffer.
TMB substrate (I 00 Ill) was added and the plate was allowed to incubate for 15 minutes
to allow for color reaction to take place. Then I 00 Ill of acid stop solution was added to
stop the reaction and the absorbance's of each well was measured spectrophotometrically
at 450 nm using a Tecan spectroflour plus. Normalization for protein was performed as
indicated.

ICAM-1 ELISA.
After exposure of the cells to experimental conditions the media was removed and
discarded. Cell surface expression ofiCAM-1 on the intact cells was determined using an
ELISA. A cell surface ICAM I assay was used as previously described (Hess I994).
Briefly, cells were washed once with Hank's Balanced Salt Solution (HBSS). To each
well 500 up of2% paraformaldhyde (dissolved in water) was added and incubated at 25
degrees Celsius for IS min to fix the cells. Cells were again washed with HBSS (300 Ill
/well). Cells were then blocked with 2% bovine serum albumin (BSA) dissolved in HBSS
for I hr. The BSA is removed and the cells were not washed after this. Mouse anti-ICAMI antibody diluted to I :7000 in blocking buffer was added to each well and incubated for
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45min at 25 degrees Celsius. Cells were then Washed 3 times with HBSS. Secondary
antibody (anti-mouse Gig labeled with HRP) at a dilution of 1:4000 was added to each
well and incubated for 45 min at 25 degrees Celsius. The cells were then washed 3 times
in PBS. Finally, tetramethylbenzadine (TMB) substrate (Sigma cat#T8665) was added to
each well. The reaction was stopped with 3 M Sulfuric Acid. Absorbance was read at 450
nm using a Tecan Spectraflour Plus plate reader.

Cell Culture.
Primary human brain endothelial cells were maintained in 100 mm collagen-coated
culture dishes in medium M199 (Gibco) containing 10% fetal bovine serum, 5% Iron
supplemented calf serum (Gibco), 0.016 mg/m1 thymidine (Sigma), 0.15 mg/ml
Endothelial Cell Growth Factor (ECGF), 15 units/ml heparin, 250 11g/ml fungizone
(Sigma), 10,000 ug/ml penicillin/streptomycin. The medium was changed every three
days. Cells were grown to confluency and split 1:3. Cells used for experimentation were
of the third passage.

Cell Culture for Experimental Conditions.
Human brain endothelial cells originally maintained in 100 mm culture dishes were
disassociated using 0.05% trypsin-EDTA solution. Plates (24 well) were seeded with
these cells at a density of200,000 cells per well and grown to confluence (2-3 days). The
cells were maintained in serum-free Ml99 medium for 24 hours prior to exposure to
experimental conditions.
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~-Amyloid

Preparation.

Amyloid peptides (American Peptide Company), A~ 1-42 or A~ 42-1, were prepared as
a 200 f.LM stock in water. The concentrations used in experiments were obtained by
dilution from this stock. Peptide oligomirization and fibril formation are generated by
incubation at 3 7° C for 24 hrs.

Obtaining and Handling Blood Samples.
Blood samples were obtained under HAC file numbers 98-04-251 or 00-08-041. Blood
was drawn by a phlebotomist and stored in 10 ml purple top EDTA tubes to prevent
coagulation. Samples were spun witbin half an hour of blood draw to separate the cellular
elements from tbe serum. Serum was removed leaving a buffer layer of serum on top of
undisturbed cells. Samples were kept refrigerated and transported on ice if necessary
until they could be frozen at -80° C within a few hours.

For Specific Aim 1A where we determined red blood cell lysis upon amyloid exposure
the blood samples were obtained under HAC# 98-04-251. These were "obtained froin
"young" healthy volunteers. For Specific AimlB where we determined red blood cell
fragility between AD vs. control, samples were obtained under HAC# ·oo-08-041
(NDDR). Also, for Specific Aim 1B where we determined serum levels offree
hemoglobin and free heme some oftbe samples were obtained under HAC# 00-08-041
and 98-04-251.
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Washing Red Blood Cells.
\Isolated red blood cells were prepared according to the method of Mattson et a! 1997.
Briefly, red blood cells were separated from plasma by centrifugation at 1000 rpm for 10
minutes. The cells were then washed three times with Locke's solution using a yolume
equivalent to 3 times that of the blood cell volume. The cells were centrifuged at 1000
rpm for 10 minutes between each wash. After the last wash, the cells were re-suspended
in Locke's solution and this cell suspension was used for experiments.

AD Transgenic Mice Studies.
Blood samples were obtained by retro-orbital bleeding from 12 Mo/Hu APPswe PS 1dE9
double transgenic mice and 12 control mice. The double transgenic mice express a
mutant human preseqilin (Delta E9) and a chimeric mouse/human amyloid precursor
protein (APPswe). The mouse prion protein promoter directs expression of both
transgenes. The Delta E9 mutation of the human presenilin 1 gene is a deletion of exon 9
and corresponds to a form of early-onset Alzheimer's disease. As a result, these mice
over express and secrete human-beta amyloid protein (Jankowsky et al2004).
Heterozygous mice were crossed with wild type (null) mice. The resulting population
was 50% heterozygous for the mutation or 50% wild type.

Statistics.
One way analysis of variance (AN OVA) was used to determine statistical significance for
data shown in all experiments. This analysis determines statistical significance between
means of data sets.

Results
Amyloid based Red Blood Cell Lysis
The Effect ofAmyloid on Isolated and Washed Red Blood Cells.
Human red blood cells (RBCs) were isolated, washed and exposed to amyloid as detailed
in the methods section. Briefly, human blood was obtained, centrifuged, and the plasma
removed. The packed RBCs were then re-suspended in Lock's solution equal to 4 times
the cell volume to create an isotonic red blood cell suspension. In Figure 2a, aliquots of
the RBC suspension were incubated with either 0.4J.!M, 4 J.!M, and 20 J.!M A~l-42 and
A~42-1,

vehicle (water), or only isolated, washed RBCs were incubated for 24hrs at 37

degrees Celsius. Lysis was determined by spectrophotometric measurement of released
hemoglobin in the supernatant at 540 nm. Red blood cell lysis occurred in a dose
dependant manner upon exposure to A~ 1-42 but not with the controls (RBCs +water and
suspension of isolated, washed RBCs). Lysis was most pronounced with 20

J.!MA~l-42

(p=O.OOO!). To determine if red blood cells exposed to amyloid are more susceptible to
lysis under stress conditions the cells were added to increasingly hypotonic solutions
(0.6%, 0.5%, 0.49%, 0.48% NaCl) to determine their osmotic fragility (Kolanjiappan et
a12002, Manoharan et al2002). Figure 2b shows that at 0.6% (p<O.Ol) and 0.5% NaCl
(p<O.Ol) red blood cells exposed to 20 J.!M A~l-42 are more susceptible to lysis relative
to controls. A solution 0.6% NaCl is minimally osmotically stressful to RBC as very little
hemoglobin is lost; however, 0.5% NaCl is much more stressful to RBCs overall.
Therefore, even when most cells are not affected by 0.6% NaCl the ABI-42 20 J.!M cells
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are sensitive. Similar results were observed for the other saline concentrations, but for
simplicity only the 0.6% and 0.5% NaCl are shown here. These experiments were
repeated 3 separate times with similar results.

Amyloid (Afil-42) Exposure Causes a Time-dependent Increase in RBC lysis.
To determine if there is a time dependant effect of amyloid exposure to red blood cells,
washed red blood cells were exposed as before to 0.4 JlM, 4 JlM, and 10 JlM A~ 1-42 or
A~42-l,

and vehicle for 24 hrs, 48 hrs, and 72 hrs. Figure 3a shows increasing amounts

oflysis over time for both cells exposed to vehicle, A~1-42, or A~42-1; however, the
lysis is more pronounced with A~1-42 especially at 10 JlM (p=O.OOOl). By 48 hrs in
addition to 10 JlM (p<O.OOI) a significant hemolysis of the 4 JlM A~1-42 samples
(p=0.001) also occurs. Autolysis of control RBCs is minimal through 48 hrs, but by 72
hrs there is significant autolytic breakdown of RBC membrane without other treatment
(see vehicle and reverse peptide). In addition, if the differences are calculated.between
the means of amount of lysis with A~ 1-42 and A~42-1 at each time point, the data
suggests that amyloid mediated lysis peaks at 48 hrs (Figure 3b ). Osmotic fragility
assays were also performed on these cells. Figure 3c shows that more lysis is seen with
10 JlM A~1-42 relative to controls (p<0.05) and the lysis amounts seem to be the greatest
at 48 hrs. While not significantly different 4 JlM A~l-42 also is showing a trend to be
elevated at 48 hrs. Again for simplicity only the 0.6% saline data are shown.
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AfJI-42 Exposure Increases Lysis ofRBCs in Whole Blood.
To determine the lysis of red blood cells upon exposure to amyloid under physiologically
relevant conditions, whole blood (RBCs in plasma) was incubated at 37 degrees Celsius.
Whole red blood cells (200 J.!l aliquots) were incubated with 4 J.!M and 10 )lM A~l-42 or
A~42-l,

and vehicle. The experiment was performed at different times (24, 48, and 72

hrs) to determine if any time dependant response exists. Figure 4 shows that even in
whole blood, the red blood cells exposed to

A~ 1-42

exhibit more lysis relative to controls

(p=O.OO 1). Osmotic fragility assays were also performed on these cells; however, no
differences were seen in levels oflysis between experimental conditions and control (data
not shown). Note that with whole blood by 72 hrs all treatments including the control are
equivalent. This is different from the effect seen with isolated RBCs.

A Sub-Population ofAD Patients Shows Increased Total Plasma Hemoglobin.
We analyzed 31 AD and 14 control plasma samples for free hemoglobin levels from
individuals who were matched for age and Mini Mental State Examination scores. An
ELISA assay was performed to quantify total hemoglobin in the plasma. Figure Sa
suggests that in this initial analysis there is increased amounts of free hemoglobin in AD
cases relative to controls; however, the data was not at the level of statistical significance
(p=0.3493) due to high variability especially within the AD population. The controls
have a tight grouping (see Figure Sb) while the AD cases have a similar grouping plus
what maybe a subset of cases with high levels of free hemoglobin. This same sub-group
among the AD cases also demonstrates a difference in the level of serum antibodies to

A~
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(p= 0.045) and RAGE in that their levels are lower than those exhibited by the subset of
samples that had low levels of free hemoglobin (Figure Sc and Sd respectively).

Transgenic AD Mice Relative to Controls Show Higher Levels ofFree Plasma
Hemoglobin.
We analyzed 12 transgenic mice and 12 control plasma samples for free hemoglobin. The
analysis was by absorbance measurements of diluted plasma samples at 540 nm. The
absorbance measurements were converted into J.!M amounts of hemoglobin using a
standard curve. Figure Se demonstrates that transgenic mice have higher levels of free
plasma hemoglobin relative to controls (p<O.OOO 1).

Heme Release from Hemoglobin Upon Exposure to Amyloid.
We exposed both methemoglobin and normal oxyhemoglobin to amyloid and determined
free heme release using an anion exchange chromatography method (see methods). In 3
initial experiments, Figure 6, we were able to show that more heme was released from
both met and oxyhemoglobin relative to control (p=O.OOO 1). However, in subsequent
assays no significant amount of heme 'release could be detected.

Human Brain Endothelial Cells are Activated Upon Exposure to Hemoglobin and
Amyloid as Determined by Cell Surface /CAMJ Upregulation.
To determine if endothelial cells are activated by amyloid-hemoglobin interactions, cell
surface ICAM1 expression was used as a surrogate marker of endothelial cell activation.
Initial experiments exposing cultured human brain endothelial cells to amyloid alone,
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hemoglobin alone or a combination of hemoglobin and amyloid show a significant
increase in !CAM! up-regulation upon exposure to a combination of3 f!M
Methemoglobin and 3 f!M Amyloid (p<O.OOO!) and 3 f!M MetHb alone (p<0.0003)

(Figure 7a). The same effect was not seen with the cells exposed to oxyhemoglobin
alone or a combination of oxyhemoglobin and amyloid. Likewise there was a trend for
0.25 f!M Met+ 3 f!M A~. TNFa was used a positive control for ICAM I upregulation
while cells cultured in serum free media were used as a negative control. These results
showed that methemoglobin causes brain endothelial cells to become activated, initiating
an inflammatory response. This effect is more pronounced in the presence of amyloid and
is synergistic rather than additive since 3 f!M

A~

does not increase ICAM I expression by

itself.

Heme Oxygenase-] Upregulation.
Another marker that was used to determine endothelial cell activation upon exposure to
hemoglobin and amyloid is heme oxygenase-!. Figure 7b suggests that endothelial cells
exposed to either oxyhemoglobin or methemoglobin exhibit increased levels of HOI
upregulation relative to those exposed only to amyloid or vehicle (p<O.OOO I).
Methemoglobin exposure caused a significantly greater increase in HOI upregulation
relative to oxyhemoglobin (p<O.OOOI). Neither A~l-42 or the reverse peptide alone
(0.004 f!M to 20 f!M) affected HOI levels. Further, increasing levels of A~ in
combination with 5 f!M MetHb or OxyHb did not show any increase in HOI over that of
the hemoglobin alone, although there may be an interaction with the reverse peptide.
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Exposure of the cells to increasing concentrations of hemin (Figure 7c) do result in upregulation of HOI in a dose dependent manner.

Discussion
Cerebrovascular damage is a hallmark of Alzheimer's disease pathology. This damage
includes, basement membrane thickening, endothelial compression, luminal "buckling"
and narrowing, and pericyte degeneration (de Ia Torre 2002). In addition, inflammatory
processes, mediated in part by the upregulation of endothelial cell surface molecules (e.g.
ICAM-1, PECAM-1 and p-selectin) are considered to be important in the pathogenesis of
AD. These endothelial cell surface molecules allow for the attachment of monocytes and
lymphocytes to the blood vessel wall at sites of injury and for exiting the vascular system
(Huber et a! 2006). They are up-regulated by oxidative stress injury to the endothelium.
One source of oxidative damage in AD may be the A~ peptide (Kouznetsouva et a! 2006,
Folin eta! 2005). Endothelial cells exposed to A~ exhibit decreased endothelial cell
proliferation and initiation of endothelial cell inflammatory responses (Ardenarsh eta!
1999, Blanc eta! 1997, Crawford eta! 1997, Cuzzocrea eta! 2000, Dahiyat eta! 1999,
Grammas eta! 2000, Hase eta! 1997, Kalaria eta! 1995, Liu eta! 2000, Paris eta! 2000,
Preston et a! 1998, Price et a! I 997, Su et a! 1999, Su et a! 1997, Suo et a! I 998, Sutton
eta! 1997, Tan eta! 1999, Van Nostrand et al1996). Another source of oxidative stress
may be red blood cell hemoglobin that has been converted into methemoglobin once
outside the confines of the red blood cell. Methemoglobin is a source of superoxide
which can cause cytotoxicity (Misra and Fridovich I 972, Romero and Radi 2005)
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especially to cerebrovascular endothelial cells, a major candidate for attack by oxidative
radicals. Damage to the cerebromicrovasculature can cause a loss of integrity of the blood
brain barrier. The blood brain barrier (BBB) is considered to be a highly efficient barrier
against the leakage of plasma protein and migration of cells, such as leukocytes and
monocytes, into the central nervous system (Stamatovic eta! 2005, Floris eta! 2004).
Under normal conditions relatively few of these circulating inflammatory cells are
observed in the CNS. However, the BBB can be disrupted as in many neurological
disorders where an excess of pro-inflammatory cytokines and/or reactive oxygen species
are implicated (Ancuta et al2004, Dietrich et al2002). The cause of this damage is not
clear. However, our findings suggest at least part of the AD vascular pathology may be
accounted for by Af3 interactions with RBCs and subsequent heme mediated endothelial

il'\iury.

We originally hypothesized that free heme, released from hemoglobin upon interaction
with Af3, served as a source for the damage to the cerebromicrovasculature seen in AD.
Initial studies (Gearhart and Hill 1999, Perry eta! 2006) in the laboratory were focused
on protein interactions with Af3 where utilization of phage display techniques showed that
hemoglobin bound to Af3. Other studies (Oyama eta! 2000) also suggest and interaction
between hemoglobin and amyloid. To characterize this binding surface plasmon
resonance studies were performed. These studies suggest that binding to hemoglobin
seems to be, in part, based on the oxidation state of the heme iron as methemoglobin
bound with greater affinity than did oxyhemoglobin. In fact, the naked globin chain,
without heme, had the greatest affmity.for Af3. This is important because it suggests that

•
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the thermodynamically favored binding is to heme free globin chains and that the globin
binding site may be close to the heme binding domains. We performed experiments to
determine if heme is released upon hemoglobin's exposure to A~ . Initial experiments
(Figure 6 is one of three experiments) suggest that heme release from hemoglobin does

occur when hemoglobin is exposed to A~. In two other initial experiments using different
assays for measuring heme release these results were supported (data not shown).
However, subsequent experiments failed to show this result could be reliably repeated
(data not shown). While it may be possible that heme release from hemoglobin is
mediated by A~ peptide, we were not able to gather further evidence to support that
hypothesis.

However, free heme does have deleterious effects on endothelial cells (Kumar et a! 2005,
Balla eta! I 992), neurons (Goldstein et al2003), and neocortical cultures (Regan et al
1993, I 996 and Sarzadeh eta! I 987). Heme groups can be released from free hemoglobin
derived from lysed RBC hemoglobin via "spontaneous" pathways (Gattoni eta! 1996,
Bunn and Jandl 1967; Chiu and Lubin 1989). This can also yield vascular injury. Several
studies have shown that there is increased RBC damage in AD (De Franceschi et a! 2004,
Mattson eta! 1997, Bosman eta! 1991). Injury to the RBS plasma membrane has the
potential to permit increased hemolysis and release of hemoglobin into the serum. As
such, hemoglobin can serve as a source of endothelial ceiJ injury and inflammation (Balla
eta! 2005, Balla eta! 1995, Hayashi eta! 1999, Yoshida eta! I 988, Wagner et al 1997)
resulting in the upregulation of inflammatory markers such as heme oxygenase-! and
ICAM-1. Our original hypothesis sought to determine if red blood cell lysis could be
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mediated by A~ peptide, increasing free hemoglobin and heme mediated endothelial
injury, this is supported by our experimental results.

Studies have shown that A~ does cause lysis to red blood cells (Clementi eta! 2004,
Jayakumar et al2003, Mattson et al1997). Mattson et al's experiments showed that the
25-35 fragment of A~ is damaging to red blood cell membranes, while A~1-42 was less
so. Our experiments are significant in that they revealed that A~, specifically the A~1-42
isoform, causes isolated (washed) red blood cells to become more fragile and to lyse
more readily than normal. We chose to use this isoform as it is more physiologically
relevant. We chose concentrations of A~ that are super-physiological because we w~ted
to observe an effect over relatively short incubation periods. In the serum of AD patients,
red blood cells are exposed to lower concentrations, but over the life span of the red
blood cell, which can be up to 120 days. Consequently, the effect of high concentrations
of A~ on red blood cells in vitro may be similar to the effect of physiological
concentrations of A~ on red blood cells in the serum over a longer period of time. This is
supported by the in vivo finding of increased free hemoglobin levels in AD transgenic
mice that over express circulating A~ 1-42 and in human AD where a subset have
increased free hemoglobin while controls do not. In the in vitro studies red blood cells
were more susceptible to lysis with increasing concentrations of A~ peptide (Figure 2a).
These same cells were then stressed with varying concentrations of saline solutions. Red
blood cells are stable over 24 hrs and do not lyse in a 0. 9% saline solution, which is an
isotonic situation since the amount of ionic salt concentrations within and outside the
cells are equivalent. Lower concentrations of saline are hypotonic relative to the inside
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of the red blood cell and can cause the cells to lyse due to the entrance of excess water
from the outside solution. When stressed with increasingly hypotonic solutions (0.6% and
0.5% saline solutions) the cells exhibited lysis at more modest isotonic saline
concentrations (Figure 2b) relative to controls. The A~ mediated red blood cell lysis was
examined over time as well (Figure 3a). Both A~I-42 and A~42-1 exposed cells showed
increased lysis over time, but it was more pronounced with A~ 1-42 and showed dose
dependency. When the differences between the means of the amount oflysis exhibited by
isolated red blood cells treated with A~ I -42 and A~42-1 over time are calculated (Figure
3b) the results show that most lysis up to the 48hr time point is driven by an AB mediated

process. By 72 hrs it appears that more of the lysis is due to time-mediated autolysis of
red blood cell membranes rather than A~ mediated lysis. After 72 hrs all groups are
maximally auto-lysed. Osmotic fragility assays on these A~ exposed red blood cells
reveal that more lysis is seen with I 0 J.LM A~ 1-42 relative to controls and the lysis·
amounts seem to be the greatest at 48 hrs (Figure 3c). Interestingly, when whole blood
was incubated with A~ I -42, A~42- I or vehicle, again more lysis was seen with A~ I -42
relative to controls (Figure 4). This suggests that A~ peptide that does not bind to plasma
proteins may interact at the level of the red blood cell and causes membrane

i~ury

that

results in premature lysis. These results are relevant since studies suggest that in AD
patients there are increased levels of A~ peptide free in the circulation as well as bound to
plasma proteins including hemoglobin (Assini eta! 2004, Metha eta! 2000, Kuo eta!
I 999). The levels of A~ in plasma have been reported to be 236 ng/ml for AD and 38
ng/ml for control (Kuo et a! 1999). However, there are conflicting reports as to the actual
concentration of free unbound A~. While some studies state that there is an increase in
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plasma A~ levels between AD patients and control, other studies suggest that there is no
difference (20.6 ng/ml for AD and 21.4 ng/ml for control) (Kuo et al 2000). The apparent
discrepancy in A~ levels may be due to sensitivity issues. The concentration of A~ may
be too low and may fall in the bottom range of sensitivity for most of the ELISA
employed in those studies. In our experiments we chose levels that were at or close to
what is pathophysiologically relevant, about 4.5 nM, in Tg2576 AD transgenic mice,
which over express A~ (Deane et al2003, Kawarabayshi et al2001, Demattos et al
2002). We obtained plasma samples from 31 AD and 14 control patients who were
matched for age and MMSE score. The samples were analyzed for free hemoglobin
levels using an ELISA. The data in figure Sa suggest that there is more free hemoglobin
in the plasma of AD patients, but the differences were not statistically significant. This
may be due to this specific population of patients and perhaps analysis of samples from
larger or more geographically wide ranging population pool would be of value. However,
when the current results were further analyzed (Figure Sb), it was clear the AD group
was more complicated than the controls. In addition to a cluster of values similar to the
controls there was a subset of about 12% of the AD patients with significantly higher
values, and these individuals differed in their auto antibody levels to A~ from the patients
with lower Hb levels. There is evidence of an increased autoimmune response to the A~
peptide in AD patients. Specifically, there are increased levels of antibodies to both A~
and the Receptor for Advanced Glycation End Products (RAGE), which can bind the A~
peptide (Yan et al1996, Giri et al2002, Deane et al2003), and possibly act as an A~
clearance mechanism. This would result in less free A~ in the serum; thus, less would be
available to interact with other entities such as red blood cells. Less interaction with red
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blood cells would mean less lysis and decreased amounts of free plasma hemoglobin.
Levels of anti-A~ peptide and anti-RAGE antibody were previously determined in the
same data set (Mruthinti et al2004). We analyzed the data for the subset of AD serum
samples that showed increased hemoglobin levels relative to those with levels similar to
the control cases (see figure 4b). Figure Sc and Sd show that the high Hb subset in the
AD population had lower levels of serum antibodies to A~ peptide and RAGE. This
suggests that they had a lower ability to clear AB and consequently more

A~

was

available to interact with red blood cells possibility resulting in increased red blood cell
lysis and increased levels of plasma hemoglobin.

Analysis of AD transgenic mice also support the idea that increased A~ levels result in
increased RBC lysis and higher plasma levels of free hemoglobin. We analyzed plasma
samples from 12 AD transgenic and 12 control mice for levels of free hemoglobin
(Figure Se). The AD transgenic mice overproduce A~ peptide. If our hypothesis is

correct we would expect that for these mice with higher levels of A~ in their circulation,
more would be therefore be available for interaction with red blood cells resulting in
increased lysis and consequently more free plasma hemoglobin. Indeed, we demonstrated
significantly more hemoglobin present in the plasma of the AD transgenic mice relative
to controls. This supports the hypothesis that the red blood cells of these mice are more
fragile and susceptible to lysis due to interaction with A~ peptide.

Excessive exposure of endothelial cells to hemoglobin can cause the upregulation of
inflammatory markers such as HOI and ICAMI( Soares et al2004, Wagner et ali999,
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Hayashi eta! 1999, Wagener eta! 1997, Balla eta! 1995, Yoshida et al 1988) . These
markers are also upregulated in the cerebromicrovasculature of AD patients (Kimpara et
a! 2000, Premkumar eta! 1995, Schipper et al2000, Schipper et al 1995). Initially, we
were interested if :f;"ree heme may be involved in this inflammation. Our experiments
involved comparing the effects of a mixture of hemoglobin and AP peptide. We reasoned
that AP would cause heme to be released from hemoglobin at an accelerated rate and this
free heme would be available to cause damage to cultured endothelial cells. With this in
mind we first wanted to determine if human brain endothelial cell surface expression of
ICAM I is upregulated in response to a combination of hemoglobin and AP. We exposed
the cells to both oxyhemoglobin or methemoglobin alone, oxyhemglobin or
methemoglobin combined with AP peptide, or AP alone. Figure 7a suggests that
Methemoglobin combined with AP peptide upregulates ICAMl cell surface to a greater
extent relative to Methemoglobin alone, oxyhemoglobin alone, or AP alone. This may be
suggestive of AP mediated heme release from methemoglobin. The data also shows that
methemoglobin alone upregulates ICAM I. cell surface expression to a greater extent than
oxyhemoglobin alone. Because HO 1 is increased in the presence of increased free heme
and hemoglobin (Soares et al2004, Wagner et al1999, Hayashi et all999, Wagener et al
1997, Balla et all995, Yoshida et all988) we also sought to determine if the heme
degrading enzyme, heme oxygenase-! (HOI) is upregulated in the presence of
hemoglobin (oxy and met), AP peptide, or a combination of both. Using our original
hypotheses, we believed that cells exposed to a combination of hemoglobin and AP
would exhibit the .greatest upregulation of HO 1 relative to hemoglobin alone or AP alone.
We also believed that the combination of methemoglobin and AP peptide would show the
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greatest increase in HOI upregulation since methemoglobin is unstable and tends to
readily release its heme group on its own. The combination of methemoglobin and A~
may result in an interaction of A~ with methemoglobin and cause the rate of heme release
to be accelerated. While our heme release studies where equivocal on the point of a
synergistic release of heme with A~ exposure of hemoglobin, our ICAMI study does
support this idea. However, the results shown in figure 7b suggest that the combination
of hemoglobin (oxyhemoglobin or methemoglobin) and

A~

peptide do not exhibit

increased upregulation of HOI relative to hemoglobin alone or hemoglobin exposed to
control A~ peptide (A~ 42-1 ). However, human brain endothelial cell exposure to either
oxyhemoglobin or methemoglobin alone resulted in a significant increase in HOI upregulation with methemoglobin exposure resulting in greater upregulation of HOI than
oxyhemoglobin. These results do not support A~ mediated release of heme although the
response to 3

J.1M hemoglobin may have masked any heme release mediated response.

Exposure of these cells to free hemin (Figure 7c) does show a dose dependant response
in the expression of HOI. This suggests that hemin does cause inflammatory changes to
endothelial cells and that if were to be released from hemoglobin that it would induce
such a response.

The results of the ICAM I and HOI assays are significant to our hypothesis because
hemoglobin that is released as a result of red blood cell lysis can be converted to
methemoglobin either spontaneously or through reaction with nitric oxide (NO) (Minneci
et al2005, Reiter et al2002, Hobbs et al2002, Jeney et al2002, Joshi et al2002, Wolffet
a! 1997, Larfars and Gyllenhammar 1995, Zhen eta! 1993). In some infectious or
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inflammatory states, different cells, such as endothelial cells (Wang et a! 2004) can
produce large amounts of nitric oxide. Scavenging of NO by hemoglobin can effectively
reduce the concentration of available NO; thus, resulting in increased vasoconstriction
and decreased vascular tone which results in hypoperfusion to the brain and neuronal cell
death (Luth et al2001). Additionally, the conversion of hemoglobin to methemoglobin
can occur within the red blood cell and cause the cell to be more rigid and thus, less
deformable (Jayakumar et al2003, Bateman eta! 2001, Gow eta! 1999, Huang eta!
2001, Titheradge et al·1999). Less deformability of red blood cells may cause them to be
more susceptible to lysis under certain situations and result in the release of cell free
hemoglobin and methemoglobin. Interaction of red blood cells with AP peptide in AD
patients may be a source of added stress and a factor in premature red blood cells lysis. '
Additionally, it has been reported that AP binding to red blood cells induces oxidative
damage to the red blood cell and that this damage may involve hydrogen peroxideinduced heme degradation (Jayakumar et a! 2003). Other studies suggest that AP induced
red blood cell lysis results from ion channel formation and calcium influx (Mattson et al
1997). Whatever the mechanism may be, free methemoglobin in circulation is cytotoxic
to endothelial cells lining blood vessels as endothelial cells are the first potential targets
of free hemoglobin, methemoglobin and their derivatives. These cytotoxic effects may
also occur in the cerebrornicrovasculature and cause the damage that is commonly seen in
AD patients.

While both oxyhemoglobin and methemoglobin show effects, methemoglobin is the more
potent of the two. Methemoglobin has an oxidized heme iron (Fe +3). While the heme
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iron in oxyhemoglobin is in the reduced (Fe +2) state. Hemoglobin, especially
methemoglobin, has been shown previously to be a potent activator of endothelial cells
through NF-kappa~ mediated upregulation of cell adhesion molecule expression and
chemokine and cytokine expression. (Liu and Spolarics 2003, Yeh and Alaysh 2004).
Our results support these and other studies, but offer a new perspective on a novel
potential factor in AD pathogenesis. The results suggest that a potential source for
increased levels of free hemoglobin and methemoglobin in the circulatory system is A~
mediated red blood cell lysis. This is supported by both in vitro experiments where RBCs
were exposed to A~ peptide and by in vivo patient and AD transgenic mouse studies
showing the presence of increased levels of hemoglobin. We originally hypothesiszed
that amyloid may further interact directly with methemoglobin causing increased heme
release as a result of interference with the globin chain's heme binding domain. However,
this element was not fully supported and follow-up investigation is needed to clarifY this
issue.

In conclusion, neurological damage to the brain in AD may be a result of A~ mediated
RBC lysis leading to tissue hypoperfusion, endothelial injury, endothelial cell activation,
inflammatory response and ultimately disruption of the blood brain barrier. The exact
causes of the vascular damage seen in AD are not clear, but may be multifactorial. We
believe that increased free hemoglobin in the serum of at least a subset of AD patients
may, in part, account for this damage. This is supported by studies showing that
hemoglobin, especially methemoglobin, can negatively affect a variety of cells including
endothelial cells and by our own results where endothelial cell exposure to hemoglobin
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causes the up-regulation of such inflammatory markers as HOI and ICAM I (Balla eta!
2005, Balla et al I 995, Hayashi eta! 1999, Yoshida eta! 1988, Wagner eta! 1997). Our
results also show support for A~ mediated red blood cell lysis as being a potential source
for this free hemoglobin in AD patient serum. These results are correlated with reports of
an association between increased anemia and AD (Beard eta! 1997, Milward et al 1999,
Pandev eta! 2004) as well as reports of increased RBC iqjury in AD (De Franceschi eta!
2004, Mattson et a! I 997, Bosman et a! I 99 I). In addition, free heme may be a factor in
the development of cerebrovascular pathology in AD as methemoglobin releases its heme
groups regardless of whether or not other entities, such as amyloid, interact with it and
cause it to be released at an accelerated rate (Gattoni eta! 1996, Bunn and Jandl 1967,
Chiu and Lubin 1989). Future studies should focus on clarifying whether heme release is
indeed accelerated upon hemoglobin exposure to A~. Additional follow-up studies should
also include,assaying human AD patient and AD transgenic mouse serum samples for
levels of free heme.

References
Aliev, G., Smith, MA., Seyidov, D., Neal, ML., Lamb, BT., Nunomura, A., Gasimov,
EK., Vinters, HV., Perry, G., LaManna, JC., Friedland, RP. (2002). "The role of
oxidative stress in the pathophysiology of Alzheimer's disease." Brain Pathol. 12(1): 21-

35.
Ancuta, P., Moses, A., Gabuzda, D. (2004). "Transendothelial migration ofCD16+
monocytes in response to fractalkine under constitutive and inflammatory conditions."
Immunobiology 209(1-2): 11-20.
Assini, A., Cammarata, S., Vitali, A., Colucci, M., Giliberto, L., Borghi, R., Inglese, ML.,
Volpe, S., Ratto, S., Dagna-Bricarelli, F., Baldo, C., Argusti, A., Odetti, P., Piccini, A.,
Tabaton, M. (2004). "Plasma levels of amyloid beta-protein 42 are increased in women
with mild cognitive impairment. ."Neurology. 63(5): 828-831.
Balla, G., Jacob, HS., Balla, J., Rosenberg, M., Nath, K., Apple, F., Eaton, JW.,
Vercelotti, GM. (1992). "Ferritin: a cytoprotective antioxidant strategem of endothelium.
." J. Bioi. Chern. 267: 18148-18153.
Balla, J., Nath, KA., Balla, G., Jucket, MB., Jacob, HS., Vercolotti, GM. (1995.).
"Endothelial cell heme oxygenase and ferritin induction in rat lung by hemoglobin in
vivo." Am.J. Phys. and Heart and Circ. And Mol. Phys. 12: L321-L327.
Balla, J., Vercolotti, GM., Nath, K., Yachie, A., Nagy, E. Balla, G. (2003). "Haem, haem
oxygenase and ferritin in vascular endothelial cell injury." Dial. Transplant. 18: v18-v12.
Balla, J., Vercellotii, GM., Jeney, V., Yachie, A., Varga, Z., Eaton, JW., Balla, G. (2005).
"Heme, heme oxygenase and ferritin in vascular endothelial cell injury." Mol. Nutr. Food
Res. 49(11): 1030-1043.
Bamberger, M., Harris, ME., McDonald, DR., Husemann, J., Landreth, GE. (2003). "A
cell surface receptor complex for fibrillar beta-amyloid mediates microglial activation." J.
Neuroscience. 23(7): 2665-2674.
Bateman, R., Jagger, JE., Sharpe, MD., Ellsworth, MI., Meth, S, and Ellis CG. (2001).
"Erythrocyte de formability is a nitric oxide-mediated factor in decreased capillary density
during sepsis." Am. J. Physiol. Heart Circ. Physiol. 280: H2848-H2856.
Beard, C., Kokmen, E., 0 'Brien, PC., Ania, BJ ., Melton, LJ. (1997). "Risk of
Alzheimer's disease among elderly patients with anemia: population-based investigations

30

31
in Olmsted County, Minnesota" Ann. Epidemiol. 7(3): 219-224.
Blanc, EM., Mark RJ., Hennig, B., Mattson, MP. (1997). "Amyloid beta-peptide induces
cell monolayer albumin permeability, impairs glucose transport, and induces apoptosis in
vascular endothelial cells." J Neurochem. 68(5): 1870-1881.
Bosman, G., Bartholomeus, A.J. de Man, PJ., van Kalmthout and. de Grip, WJ. (1991).
"Erythrocyte membrane characteristics indicate abnormal cellular aging in patients with
Alzheimer's disease." Neurobiol. Aging 12: 13-18.
Breteler, M. (2000). "Vascular involvement in cognitive decline and dementia:
epidemiologic evidence from the Rotterdam Scan Study." Ann. N.Y. Acad. Sci. 903:
457-465.
Bunn, HF and Jandt, J. (1967). "Exchange of heme among hemoglobins and between
hemoglobin and albumin." J. Biochem. 243:465-475.
Calingasan, NY. (2000). "Vascular endothelium is a site of free radical production and
inflammation in areas of neuronal loss in thiamine-deficient brain." Ann NY Acad Sci.
903: 353-356.
Chiu, D., Lubin, B. (1989). "Lipid peroxidation in human red cells." Semin. Hematol. 26:
128-135.
Christov, A, Grammas, P. (2004). "Vascular inflammatory, oxidative and protease-based
processes: implications for neuronal cell death in Alzheimer's disease." Neurol Res.
26(5): 540-546.
Clementi, M., Martorana, GE., Pezzotti, M., Giardina, B., Misiti, F. (2004). "Methionine
35 oxidation reduces toxic effects of the amyloid beta-protein fragment (31-35) on human
red blood cell." lnt._J. Biochem. & Cell Bioi. 36(10): 2066-2076.
Crawford, F., Suo, Z., Fang, C., Mullan, M (1997). "beta-amyloid peptides and
enhancement ofvascoconstriction by endothelin-1." Ann. N.Y. Acad. Sci. 826: 461-462.
Cuzzocrea, S., McDonald, MC., Mazzon, E., Siriwardena, D., Costantino, G., Fulia, F.,
Cucinotta, G., Gitto, E., Cordaro, S., Barberi, 1., DeSarro, A., Caputi, AP., Thiemermann,
C. (2000). "Effects of tempo!, a membrane-permeable radical scavenger, in a gerbil
model of brain injury." Brain Res. 875(1-2): 96-106.
Dahiyat, M., Cumming, A., Harrington, C., Wischik, C., Xuereb, J., Corrigan, F., Breen,
G., Shaw, D., StClair, D. (1999). "Association between Alzhiemer's disease and the
NOS3 gene." Ann. Neurol48(4): 664-667.
De Franceschi, L., Olivieri, 0., Corrocher, R (2004). "Erythrocyte aging in
neurodegenerative disorders." Cell Mol. Bioi. 50(2): 179-185.

•

32

de La Torre, J. (1993). "Can disturbed brain microcirculation cause Alzheimer's disease?"
Neurol. Res. 15: 146-153.
de La Torre, J. (1994). "Impaired brain microcirculation may trigger Alzheimer's
disease." Neurosci. Behav. Rev. 18: 397-401.
de La Torre, J. (1999). "Critical threshold cerebral hypoperfusion causes Alzheimer's
disease." Acta Neuropathol. 98: 1-8.
de La Torre, J. (2000). "Critically-attained threshold of cerebral hypoperfusion: the
CATCH hypothesis of Alzheimer's disease." Neurobiol Aging. 21: 331-342.
Deane, R., Yan, SD., Submamaryan, RK., LaRue, B., Jovonavich, S., Hogg, E., Stem, D.,
Zlokovic, B. (2003). "RAGE mediates amyloid-beta peptide transport across the bloodbrain barrier and accumulation in brain." Nature Medicine.
DeMattos, RB., Cummins, DJ., Paul, SM., Holtzman, DM. (2002). "Brain to plasma
amyloid-beta efflux: a measure of brain amyloid burden in a mouse model of Alzheimer's
disease." Science 295(5563): 2264-2267.
Dietrich, J. (2002). "The adhesion molecule ICAM-1 and its regulation in relation with
the blood brain barrier." J. Neuroimmunol. 128(1-2): 58-68.
Fiala, M., Zhang, L., Gan, X., Sherry, B., Taub, D., Graves, MC., Hama, S., Way, D.,
Weinand, M., Witte, M., Lorton, D., Kuo, YM., Roher, AE. (1998). "Amyloid-beta
induces chemokine secretion and monocyte migration across a human blood-brain barrier
model." Mol. Med. 4(7): 480-489.
Finch, C. (2005). "Developmental origins of aging in brain and blood vessels: an
overview." Neurobiol Aging. 26(3): 281-291.
Floris, S., Blezer, EL., Schreibelt, G., Dopp, E., van der Pol, SM., Schadee-Eestermans,
IL., Nicolay, K., Dijkstra, CD., de Vries, HE. (2004). "Blood-brain barrier permeability
and monocyte infiltration in experimental allergic encephalomyelitis: a quantitative MRI
study." Brain. 127: 616-627.
Folin, M., Baiguera, S., Tommasini, M., Guidolin, D., Conconi, MT., De Carlo, E.,
Nussdorfer, GG., Parnigotto, PP. (2005). "Effects of beta-amyloid on rat
neuromicrovascular endothelial cells cultured in vitro." Int. J. Mol. Med. 15(6): 929-935.
Frohman, E., Frohman TC., Gupta, S., de fougeroulles, A., van den Noort, S (1991).
"Expression of intercellular adhesion molecule I (ICAM-1) in Alzheimer's disease.":!.
Neurol Sci 106(1): 105-111.
Gattoni, M., Boffi, A., Sarti, P., Chiancone, E. (1996). "Stability of the heme-globin

33
linkage in alphabeta dimers and isolated chains of human hemoglobin. A study of the
heme transfer reaction from the immobilized proteins to albumin." J. Bio. Chern.
271(17): 10130-10136.
Gearhart, D., Hill, WD. (1999). "Xrnnl G-garnma globin polymorphism shows increased
association with Alzheimer's disease." Soc. Neurosci. Abstr. 25: 835.
Girl, R., Shen, Y., Stins, M., Du Yan, S., Schmidt, AM., Stem, D., Kim, KS., Zlokovic,
B., Kalra, VK (2000). "beta-amyloid-induced migration ofmonocytes across human
brain endothelial cells involves RAGE and PECAM-1." Am. J. Cell Physiol. 279(9):
C1772-1781.
Girl, R., Selvaraj, S., Miller, C., Hofman, F., Yan, SD., Stem, D., Zlokovic, B., and
Kalra, V. (2002). "Effect of endothelial cell polarity on beta-amyloid-induced migration
ofmonocytes across normal and AD endothelium." Am. J. Cell Physiol. 283: C895C904.
Goldstein, L., Teng, ZP., Zeserson, E., Patel, M., Regan, RF. (2003). "Hemin induces an
iron-dependent, oxidative injury to human neuron-like cells." J. Neurosci. Res. 73(1):
113-121.
Gomez-Sanchez, E., Ahmad, N., Romero, DG., Gomez-Sanchez, CE. (2004). "Origin of
Aldosterone in the Rat Heart." Endocrinology 145(11): 4796-4802.
Gow, A., Luchsinger, BP., Pawloski, JR., Singe!, DJ., and Stamler, JS. (1999). "The
oxyhemoglobin reaction of nitric oxide." Proc Natl. Acad. Sci. 96: 9027-9032.
Grarnmas, P. (2000.). "A damaged microcirculation contributes to neuronal cell death in
Alzheimer's disease." Neurobiol Aging. 21(2): 199-205.
Hamelinck, D., Zhou, Heping., Li, L., Verweij, C., Dillon, D., Feng, Z., Costa, J., Haab,
BB. (2005). "Optimized Normalization for Antibody Microarrays and Application to
Serum-Protein Profiling." Molecular & Cellular Proteomics. 4: 773-784.
Hase, M., Araki, S., Hayashi, H. (1997). "Fragments of amyloide beta induce apoptosis in
vascular endothelial cells." Endothelium 5(4): 221-229.
Hayashi, S., Takamiyu, R., Yamaguchi, T., Matsumodo, K., Tojo, SJ., Kitajima, M.,
Ishimura, Y., Suematu, M. (1999.). "Induction of heme oxygenase- I suppresses venular
leukocyte adhesion elicited by oxidative stress: role of bilirubin generated by the
enzyme." Circulation Research. 85(8): 663-671.
Hess, D., Zhao, W., Caroll, J., McEachin, M., Buchanan, K. (1994). "Increased
expression ofiCAM1 during reoxygenation in brain endothelial cell." Stroke 25: 14631467.

34
Hill, W., Gearhart, DA, Kutlar, F., Kutlar, A., Green, RC., Zamrini, E., Doetsch, A.,
Roger, J., Beach, T., and Roher, A. (2001.). Submitted J. Neurosi.
Hobbs, A., Gladwin, M., Patel, R., William, DL., Butler, A. (2002). "Haemoglobin: NO
transporter, NO inactivator or NOne of the above?" Trends in Pharm. Sci. 23: 406.
Huang, KT., Hyduke, DR., Vaughn, MW., Van Herle, H., Hein, TW., Zhang, C., Kuo, L.,
and Liao, JC. (2001). "Modulation of nitric oxide bioavalability by erythrocytes." Proc.
Nat!. Acad. Sci USA 98: 11771-11776.
Huber, J., Fuernkranz, A., Bochkov, VN., Patricia, MK., Lee, H., Hedrick, CC., Berliner,
JA., Binder, BR., Leitinger, N. (2006). "Specific monocyte adhesion to endothelial cells
induced by oxidized phospholipids involves activation of cPLA2 and lipoxygenase." J.
Lipid Res.
Jankowsky, J., Fadale, DJ., Anderson, J., Xu, GM., Gonzales, V., Jenkins, NA.,
Copeland, NG., Lee, MK., Younkin, LH., Wagner, SL., Younkin, SG., Borchelt, DR.
(2004). "Mutant presenilins specifically elevate the levels of the 42 residue beta-amyloid
peptide in vivo: evidence for augmentation of a 42-specific gamma secretase." Hum.
Mol. Genet. 13(2): 159-170.
Jayakumar, R., Chrest, FJ., Demehin, AA., Murali, J., Wersto RP., Nagababu, E., Ravi,
L., Rifkind, JM (2003). "Red cell perturbations by amyloid beta-protein." Biochim.
Biophys. Acta 1: 20-28.
Jeney, V., Balla, J., Yachie, A., Vecolotti, GM., Balla, G. (2002). "Pro-oxidant and
cytotoxic effects of circulating heme." Blood.100: 879-887.
Joshi, M., Ferguson, TB., Han, TH., Hyduke, Bryan, N., Feelisch, M. (2002). "NO is
consumed, rather than conserved, by reaction with oxyhemoglobin under physiological
conditions." PNAS. 99(16): 10341-10346.
Kalaria, R., Hedera, P. (1995). "Differential degenreation of the cerbral microvasculature
in Alzheimer's disease." Neuroreport. 6(3): 477-480.
Kawarabayashi, T., Saido, TC., Shoji, M., Ashe, KH., Younkin, SG. (2001). "Agedependent changes in brain, CSF, and plasma amyloid (beta) protein in the Tg2576
transgenic mouse model of Alzheimer's disease." J Neurosci. 21(2):. 372-81.
Kimpara, T., Takeda, A., Yamaguchi, T., Arai, H., Okita, N., Takase, S., Sasaki, H.,
ltoyoma, H. (2000). "Increased bilirubins and their derivatives in cerebrospinal fluid in
Alzheimer's disease." Neurobiol Aging. 21(4): 551-4.
Kolanjiappan, K., Monharan, S., Kayalvizhi, M. (2002). "Measurement of erythrocyte
lipids, lipd peroxidation, antioxidants and osmotic fragility in cervical cancer patients."
Clin Chim Acta. 326(1-2): 143-149.

35

Kouznetsova, E., Klinger, M., Sorger, D., Sabri, 0., Grossman, U., Steinbach, J.,
Scheunemann, M., Schliebs, R. (2006). "Developmental and amyloid plaque-related
changes in cerbral cortical capillaries in transgenic Tg2576 Alzheimer mice." Int. J. Dev.
Neurosci. 24(2-3): 187-193.
Kravets, A., Hu, Z., Miralem, L., Torno, MD., Maines, MD. (2004). "Biliverdin
reductase, a novel regulator for induction of activation transcription factor-2 and heme
oxygenase-!." J. Bioi. Chern. 279: 19916-19923.
Kumar, S. Bandyopadhyay, U.(2005). "Free heme toxicity and its detoxification systems
in human." Toxicology Letters 157: 175-188.
Kuo, Y., Kokjohn, TA., Kalback, W., Luehrs, D., Galasko, DR. Chevallier, N., Koo, EH.,
Emmerling, MR., Roher, AE. (2000). "Amyloid-beta peptides interact with plasma
proteins and erythrocyts: implications for their quantification in plasma." Biochemical &
Biophysical Research Communications. 268(3): 750-760.
Kuo, YM., Lampert, HC., Hempelman, SR., Kokjohn, TA., Woods, AS., Cotter, RJ.,
Roher, AE. (1999). "High levels of circulating Abeta42 are sequestered by plasma
proteins in Alzheimer's disease." Biochem Biophys Res Commun. 257(3): 787-91.
Larfars G.(1995). "Measurement of methemoglobin formation from oxyhemoglobin. A
real-time, continuous assay of nitric oxide release by human polymorphonuclear
leukocytes." J lmmunol Methods. 184(1): 53-62.
Liu, F., Lau, B., Peng, Q., Shah, V. (2000). "Pycnogenol protects vascular endothelial
cells from beta-amyloid-induced injury." Bioi. Phram. Bull. 23(6): 735-737.
Liu, S., Zhai, S., Palek, J. (1988). "Detection of hemin release during hemoglobinS
denaturation." Blood. 11(6): 1755-1758.
Liu, X., and Spolarics, Z. (2003). "Methemoglobin is a potent activator of endothelial
cells by stimulating IL-6 and IL-8 production and E-selectin membrane expression." Am.
J. Physiol Cell Physiol. 285: C1036-C1046.
Luth, HJ, Holtzer, M., Gartner, U., Staufenbiel, M., Arendt, T. (2001). "Expression of
endothelial and inducible NOS-isoforms is increased in Alzheimer's disease, in APP23
transgenic mice and after experimental brain lesion in rat: evidence for an induction by
amyloid pathology." Brain Res. 913(1): 57-67.
Macintyre, A., Hanunond, CJ., Hudson, AP., Arking EJ., Little, CS., Appelt, DM., Balin,
BJ. (2003). "Chlamydia pneumoniae infection promotes the transmigration ofmonocytes
through human brain endothelial cells." J Neurosci Res. 71(5): 740-50.
Manoharan, S., Kolanjiappan, K., Kayalvizhi, M., Sethupathy, S. (2002). "Lipid

36
peroxidation and antioxidant status in cervical cancer patients." J. Biochem. Mol. Bioi.
Biophys. 6(3): 225-227.
Mattson, M., Begley, JG., Mark, R., Furukawa, K. (1997). "Abeta25-35 induces rapid
lysis of red blood cells: contrast with Abeta!-42 and examination of underlying
mechanisms." Brain Research 771: 147-153.
Mehta, PD., Fedor, B., Patrick BA,. Emmerling, M., Dalton, AJ. (2000). "Plasma
amyloid beta protein 1-42 levels are increased in old Down Syndrome but not in young
Down Syndrome." Neurosci Lett. 342(3): 155-158.
Miao, J., Xu, F., Davis, J., Otte-Holler, I., Verbeek, MM., Van Nostrand, WE. (2005).
"Cerbral microvascular amyloid beta protein deposition induces vascular degeneration
and neuroinflammation in transgenic mice expressing human vasculotropic mutant
amyloid beta precursor protein." Am. J. Pathology. 167(2): 505-515.
Milward, E., Grayson, DA., Creasey, H., Janu, MR., Brooks, WS., Broe, GA. (1999).
"Evidence for association of anaemia with vascular dementia." Neuroreport. 10(11):
2377-2381.
Minneci, PC., Zhi, H., Yuen, PS., Star, RA., Banks, SM., Schechter, AN., Natanson, C.,
Gladwin, MT., Solomon, SB. (2005). "Hemolysis-associated endothelial dysfunction
mediated by accelerated NO inactivation by decompartmentalized oxyhemoglobin.",[
Clin Invest. 115(12): 3409-3417.
Miranda, S., Larrondo, LF., Munoz, FJ., Ruiz, F., Leighton, F., lnestrosa, NC. (2000).
"The role of oxidative stress in the toxicity induced by amyloid beta-peptide in
Alzheimer's disease." Prog Neurobiol. 62(6): 633-648.
Misra, H., Fridovici, I. (1972). "The generation of superoxide radical during the
autoxidation of hemoglobin.. " J Bioi Chern. 247: 6960-6962.
Mruthinti, S., Buccafusco, JJ., Hill, W., Waller, JL., Jackson, TW., Zarnrini, EY., Schade,
RF. (2004). "Autoimmunity in Alzheimer's disease: increased levels of circulating IgGs
binding AB and RAGE peptides." Neurobiology of Aging. 24: 1023-1032.
Norwitz, E., Tsen, LC., Park, JS., Fitzpatrick, PA., Dorfman, DM, Saade, GR.,
Buhimschi, CS., Buhirnschi, lA. (2005). "Discriminatory proteomic biomarker analysis
identifies free hemoglobin in the cerbrospinal fluid of women with severe preeclampsia."
Am. J. Obstet. Gynecol. 193: 957-964.
Orchekowski, R., Hamelinck, D., Li, L., Gliwa, E., VanBrocklin, M., Marrero, JA.,
Vande Woude, GF., Feng, Z., Brand, R., Haab, BB. (2005). "Antibody microarray
profiling reveals individual and combined serum proteins associated with pancreatic
cancer." Cancer Research 65: 11193-11202.

37
Oyama, R., Yamamoto, H., Titani, K. (2000). "Glutamine synthetase, hemoglobin alphachain, and macrophage migration inhibitory factor binding to amyloid beta-protein their
identification in rat brain by a novel affinity chromotagraphy and in Alzheimer's disease
brain by irnmunoprecipitation." Biochim. Biophys. Acta.1470(1-2): 91-102.
Pandav, RS., Dodge, HH., DeKosky, ST., Gangul,i M. (2004). "Hemoglobin levels and
Alzheimer disease: an epidemiologic study in India." Am J Geriatr Psychiatry.12(5): 523526.
Paris, D., Town, T., Parker, T., Humphrey, J., Mullan, M. (2000). "A beta-vascoactivity:
an inflanunatory reaction." Ann. N.Y. Acad. Sci. 903: 97-109.
Paris, D, Quadros, A., Patel, N., Crescentirti, R., Crawford, F., Mullan M. (2003).
"Vasoactive effects of A beta in isolated human cerebrovessels and in a transgenic mouse
model of Alzheimer's disease: role ofinflanunation." Neurol Res. 25(6): 642-651.
Parpart, A., Lorenz, PB., Parpart, ER., Gregg, JR., Chase, AM. (1946). "The osmotic
resistance (fragility) of human red cells." 636-640.
Perry, R., Gearhart, DA., Wiener, HW, Harrel, LE., Barton, JC., Kutlar, A., Kutlar, F.,
Ozcan, 0. (2006). "Hemoglobin binding to AB abd HBG2 SNP association suggest a role
in Alzheimer's disease." Submitted Neurobiology of Aging.
Philippidis, P., Mason, JC., Evans, BJ., Nadra, I., Taylor, KM., Hoskard, DO., Landis,
RC. (2004). "Hemoglobinn scavenger receptor CD163 mediator interleukin-1 release and
heme oxygenase-! synthesis: antiinflanunatory monocyte-macrphage response in vitro, in
resolving skin blisters in vivo, and after cardiopulmonary bypass surgery." Circulation
Research. 94: 119-126.
Premkumar, D., Smith, MA., Richey, PL., Petersen, RB., Castellani, R., Kutty, RK.,
Wiggart, B., Perry, G., Kalaria, RN. (1995 ). "Induction of heme oxygenase-! mRNA and
protein in neocortex and cerebral vessels in Alzheimer's disease .. " J Neurochem. 65(3):
1399-1402.
Preston, J., Hipkiss, AR., Himsworth, DT., Romero, IA., Abbott, JN. (1998). "Toxic
effects of beta-amyloid (25-35) on immortalised rat brain endothelial cell: protection by
carnosine, homo carnosine and beta-amyloid." Neursosci. Lett. 242(2): I 05-108.
Price, JM., Hellermann, A., Thomas, T. (1997). "beta-Amyloid induces cerebrovascular
endothelial dysfunction in the rat brain." Neurol Res. 19(5): 534-538.
Regan, R., Panter, HS., Balla, G., Nath, K., Eaton, JW., Vercellotti, GM (1993).
"Neurotoxicity of hemoglobin in cortical cell culture." Neurosci. Lett. 153:219-222.
Reiter, C., Wang, Xunde., Tanus-Santos, JE., Hogg, N., Cannon, RO., Schechter, AN.,
Gladwin, M. (2002). "Cell-free hemoglobin limits nitric oxide bioavailability in sickle-

38
cell disease." Nature Medicine. 8(12): 1383-1389.
Rhodin, J., Thomas, T. (2001). "A vascular connection to Alzheimer's disease."
Microcirculation 8(4): 207-220.
Romero, N., Radi, R (2005). "Hemoglobin and red blood cells as tools for studying
peroxynitrite biochemistry." Methods Enzymol. 396:229-245.
Sadrzadeh, S., Graf, E., Panter, SS., Hallaway, PE., Eaton, JW. (1987.). "Hemoglobin
potentiates central nervous system damage." J. Clin. Invest. 79: 662-664.
Schipper, H., Cisse, S., Stopa, EG. (1995). "Expression of heme oxygenase-! in the
senescent and Alzheimer-diseased brain." Ann Neurol. 37(6): 758-768.
Schipper, R. (2000). "Heme oxygenase-!: role in brain aging and neurodegeneration."
Exp Gerontol. 35(6-7): 821-830.
Schonberg, S., Edgar, PF., Kydd, R, Faull, RLM, and Cooper. (2001.). "Proteomic
analysis of the brain in Alzheimer's disease: molecular phenotype of a complex disease
process." Proteomics.1: 1519-1528.
Slemmon, J., Hughes, CM., Campbell, GA., Flood, DG. (1994.). "Increased levels of
hemoglobin-derived and other peptides in Alzheimer's disease cerebellum." J.
Neuroscience.14(4): 2225-2235.
Soares, MP., Gregoire, IP., Vassilevskaia, T., Berberat, PO., Yu, J., Tsu,i TY., Bach, FH.
(2004). "Heme oxygenase-! modulates the expression of adhesion molecules associated
with endothelial cell activation." J Immunol. 172(6): 3553-3563.
Stamatovic, S., Shakui, P., Keep, RF., Moore, BB., Kunkel, SL., Van Rooijen, N.,
Andjelkovic, AV. (2005). "Monocyte chemoattractant protein-! regulation of blood-brain
barrier permeability." J Cereb Blood Flow Metab. 25(5): 593-606.
Su, GC., Kalaria, RN., Bjugstad, KB., Mullan, M. (1999). "Intravascular infusions of
soluble beta-amyloid compromise the blood-brain barrier, activate CNS glial cells and
induce peripheral hemorrhage." Brain Res. 818(1): 105-117.
Suo, Z., Humphrey, J., Kundtz, A., Sethi, F., Placzek, A., Crawford, F., Mullan, M.
(1998). "Soluble Alzheimer's disease beta-amyloid constricts the cerebral vasculature in
vivo." Neurosci. Lett. 257(2): 77-80.
Sutton, E., HeUermann, GR., Thomas, T. (1997). "beta-amyloid-induced endothelial
necrosis and inhibition of nitric oxide production." Exp. Cell Res. 230(2): 368-376.
Tan, J., Town, T., Suo, Z., Wu, Y., Song, S., Kundtz, A., Kroeger, J., Humphrey, J.,
Crawford, F., Mullan, M. (1999). "Induction of CD40 on human endothelial cells by

39
Alzheimer's beta-amyloid peptides." Brain. Res. Bull. 50(2): 143-148.
Titheradge, M. (1999). "Nitric Oxide in septic shock." Biochim Biophys Acta. 1411:437455.
Van Nostrand; W., Davis-Salinas, J., Saporito- Irwin, SM. (1996). "Amyloid beta-protein
induces the cerbrovascular cellular pathology of Alzheimer's disease and related
disorders." Ann. N.Y. Acad. Sci. 17: 297-302.
Verbeek, MM., Westphal, JR., Wesseling, P., Ruiter, DJ., de Waal, RM. (1994).
"Accumulation of intercellular adhesion molecule-1 in senile plaques in brain tissue of
patients with Alzheimer's disease." 144(1): 104-116.
Verbeek, MM., Wesseling, P., Ruiter, DJ., de Waal, RM. (1996). "Differential expression
of intercellular adhesion molecule-1 (ICAM-1) in the A beta-containing lesions in brains
of patients with dementia of the Alzheimer type." Acta Neuropathol (Ber!). 91(6): 608615.
Wagener, F., deWitte, T., Abraham, NG. (1997). "Heme induces ICAM-1, VCAM-1 and
E selectin expression in endothelial cells (Abstract)." Hypertension. 30: 47.
Wagener, FA., Farley, T., de Witte, T., Kappas, A., Abraham, NG. (1999). "Differential
effects of heme oxygenase isoforms on heme mediation of endothelial intracellular
adhesion molecule 1 expression." J Pharmacol Exp Ther. 291(1): 416-423.
Wallace, MN., Farquhar, DA., Masson, MR. (1997). "Nitric oxide synthase in reactive
astrocytes adjacent to beta-amyloid plaques." Exp Neurol. 144(2): 266-272.
Wang Y., Debnath, ML., Huang, GF., Holt, DP., Shao, 1., Mathis, CA. (2004).
"Development of a PET/SPECT agent for amyloid imaging in Alzheimer's disease."1
Mol Neurosci. 24(1): 55-62.
Wolff, DJ., Neulander, MJ., Southan, G. (1997). "Inactivation of nitric oxide synthase by
substituted arninoguanidines and aminoisothioureas." J Pharmacol Exp Ther. 283(1):
265-273.
Yan, S., Chen, X., Chen, M., Zhu, A., Roher, A., Stem, DM. (1996). "RAGE and
amyloid-beta peptide neurotoxicity in Alzheimer's disease." Nature. 382: 685-691.
Yeh, 1., an Alayah, AI. (2004). "Effects of cell-free hemoglobin on hypoxia-induced
factor (HIF-1alpha) and heme oxygenase !(HOI) expression in endothelial cells
subjected to hypoxia." Antioxid. Redox Signal. 6: 944-953.
Yoshida, T., Biro, P., Cohen, T., Muller, RM;., Shibahara, S. (1988.). "Human heme
oxygenase eDNA and induction of its mRNA by hemin." Eur. J. Biochme. 171: 457-461.

40
Zhen, LX., Taketa, K., Ogata, M. (1993). "Inhibitory effect of alpha-tocopherol on
methemoglobin formation by nitric oxide in normal and acatalasemic mouse
hemolysates." Physiol Chern Phys Med NMR. 25(4): 253-260.

Figures
Figure 1

APP Processing
NH2

Non-mnyloidgenic
.
~

ainyloidgenic

,.

l
l!

6?1

f3-secretase-........

cit?.

C99

a.~secretase-.

710

CO()H

Figure 1. The amyloid precursor protein and its enzymatic cleavage and processing. The
amyloid precursor protein is a 770 amino acid long transmembrane protein that is
expressed ubiquitously in many tissue types. Its normal function is not known. It may be
cleaved by three different enzymes. If it is cleaved by a a-secretase and a y-secretase two
non-toxic fragments, APPs-a and p3, are formed. However, if it is cleaved by P-secretase
and y-secretase an APPs-B and the toxic P-amyloid are produced.
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Figure 2a
Lysis of Isolated Red Blood Cells Exposed to Amyloid Peptide
for 24hrs.
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Figure 2A. Isolated red blood cells were exposed to varying concentrations of A~ 1-42,
A~42-l, or vehicle (water) for 24 hrs.Lysis of the red blood cells was determined by
spectrophotmetric measurements of the red blood cell suspension supernatant 540nm for
quantification of free hemoglobin levels.)*, p<O.OOOl ANOVA analysis
RBCs+20 11M A~l-42 > RBCs +vehicle, RBCs Alone, RBCs + 0.4 11M A~l-42,
RBCs+0.4 11M A~42-1, RBCs + 4 11M A~l-42, RBCs+4 !!M A~42-1, RBCs + 20 11M
A~42-1. (n=3)
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Figure2b
Osmotic Fragility of Isolated Red Blood Cells Exposed to
Amyloid Peptide
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Figure 2b. Amyloid-exposed red blood cells were subjected to osmotic stress to test the
fragility of the red blood cell membranes. Aliquots of the red blood cell suspension from
the experiment exposing the cells to amyloid were taken and applied to saline solutions of
varying concentrations. Shown here are the data for the cells exposed to 0.6% and 0.5%
saline.*, p<O.Ol, ANOVA, RBCs + 20 ~M A~l-42>RBCs Alone, RBCs +Vehicle,
RBCs + 0.4 ~M A~l-42, RBCs + 0.4 ~M A~42-1, RBCs+4 ~M A~l-42, and RBCs + 4
~M A~42-1.**, p<O.Ol, ANOVA RBCs + 20 ~M A~l-42>RBCs Alone, RBCs +
Vehicle, RBCs + 0.4 ~M A~l-42, RBCs + 0.4 ~M A~42-l, RBCs+4 ~M A~l-42, and
RBCs + 4 ~M A~42-1, RBCs + 4 ~M A~42-1. (n=3)
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Figure3a

Lysis of Isolated Red Blood Cell Exposed to Amyloid over
Time

Figure Ja. Red blood cell suspensions were exposed to varying concentrations of amyloid
for varying time periods (24hrs, 48hrs, and 72hrs). Lysis of the red blood cells was
determined by spectrophotometric measurements of the supernantant from the
suspensions at 540 nm, the wavelength at which hemoglobin absorbs.*, 24hrs, p<O.OOOl .
10 11M A~l-42 significantly greater than 0.4J.!M A~l-42, 0.4J.!M A~42-l, 4J.!M A~l-42,
41lM A~42-l and vehicle.**, 48hrs, p<O.OOl, 41lM A~l-42 significantly greater than
0.4J.!M A~l-42, 0.4J.!M A~42-l, 4J.!M A~42-l, 10 11M A~42-l and vehicle.***, 48hrs,
p<O.OOl, 10 11M A~l-42 significantly greater than 0.4J.!M A~l-42, 0.4J.!M A~42-l, 4
J.!M A~l-42, 4J.!M A~42-l and 10 11M A~42-l. #, 72hrs, p<O.Ol, 10 11M A~l-42
significantly greater than 0.4J.!M A~l-42, 0.4J.!M A~42-l, 41lM A~l-42, 4J.!M A~42-l,
and vehicle.##, 72hrs, p<O.Ol, 4J.!M A~l-42 significantly greater than 0.4J.!M <A~l-42.
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Figure3b
Difference Between the Means of Isolated Red Blood Cells Tre~ted with AB1-42
and the Control Peptide AB42-1 over Time
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Figure 3b. The data represents the difference between the means of amount oflysis of
isolated red blood cells treated with amyloid peptide (A~ 1-42) and reverse peptide
(A~42-1) at different time points.
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Figure3c
Osmotic Fragility of Isolated Red Blood Cells Exposed to
Amyloid Peptide

Figure 3c.Red blood Cells exposed to amyloid peptide (APl-42), reverse peptide (AP42l), or vehicle (water) for 24hrs, 48hrs, and 72hrs were subsequently exposed to osmotic
challenge to determine fragility and susceptibility to lysis over time. Quantity of lysis was
determined as before. One way ANOVA analysis,*, p<O.OS, 10 1-1M APl-42 significantly
greater than 0.4!lM APl-42 and vehicle.**, p<0.05, 10 1-1M APl-42 significantly greater
than vehicle, 0.4!lM APl-42, 4!lM AP42-l and 10 1-1M AP42-1.
***, p<0.05, 10 1-1M APl-42 significantly greater than vehicle. (n=3)
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Figure4

Red Blood Cell Lysis from Whole Blood Upon Exposure to Amyloid
Peptide
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Figure 4. Whole red blood cells were incubated with varying concentrations of amyloid
peptide (A~ 1-42) and reverse peptide (A~ 42-1) or vehicle (water) for 24hrs, 48hrs, and
72hrs. Lysis of red blood cells was determined by spectrophotometric measurements of
the plasma supernatant @540nm. *, p=0.037, RBCs + 41-!M A~1-42(24hrs)>RBCs + 4
1-1M A~42-1(24hrs). **, p=0.008, RBCs + 10 1-1M A~1-42(48hrs)>RBCs +
vehicle(48hrs), and RBCs + 10 1-1M A~42-1(48hrs), p=0.033. ***, p=0.014, RBCs + 4
1-1M A~l-42> RBCs +vehicle. (n=3)
·
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Figure Sa
Plasma Hemoglobin in AD vs Control Patients
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Figure Sa. Total plasma hemoglobin in AD (n=33) vs Control Patients (n=l4) was
determined by ELISA.
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Figure5b

Free Hemoglobin in Human Plasma from AD vs Control Patients
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Figure 4b. Scatterplot representation of hemoglobin presence in human plasma from AD
vs Control patients. Data was obtained by ELISA of serum samples from patients.
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Figure5c

Serum Levels of anti-Amyloid Peptide Antibodies
p=0.045

Low.HbADs

•

HighHbADs

Controls

0

0.3

0,6

0,9

1.2

1.5

AmylqicJ Peptide Antibody 00

Figure 5c. Serum levels of anti-Amyloid peptide antibodies in AD vs Control Patients.
Subsets of samples showing high hemoglobin levels from analysis of hemoglobin in
serum of AD vs Contol patients were picked out and referenced to data produced by
Mruthiniti et a! 2004 where levels of anti-amyloid antibody were determined by ELISA.
Levels of anti-amyloid antibody are presented as absorbance at 450nm.
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Figure5d

Serum Levels of Anti-Rage Antibody
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Figure 5d. Serum Levels of anti-Rage Antibody in AD vs Control Patients. Subsets of
samples showing high hemoglobin levels from analysis of hemoglobin in serum of AD vs
Contol patients were picked out and referenced to data produced by Mruthiniti et a! 2004
where levels of anti-RAGE antibody were determined by ELISA. Levels of anti-RAGE
antibody are presented as absorbance at 450 nm.
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Figure Se

Figure 5e. Total free plasma hemoglobin in AD transgenic and Control mice. Serum
samples from AD transgenic and control were analyzed for total plasma hemoglobin by
spectrophotometric absorbance measurement at 570 nm. Absorbance measurements were
converted to J.!M hemoglobin values based on a standard curve of prepared hemoglobin.
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Figure 6
Heme Release from Hemoglobin Upon Exposure to Amyloid
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Figure 6. Heme release from hemoglobin upon exposure to amyloid. The A~ 1-42 peptide
was diluted to a concentration of20!!M and hemoglobin samples were exposed to vehicle
(water) or amyloid or the reverse peptide (A~42-1) at room temperature for periods of 1hr
or 24 hrs. * significantly greater than Methemoglobin + A~42-1 (p<O.OOO 1),
Methemoglobin+ vehicle (water) (p<0.0001). ** significantly greater than
Oxyhemoglobin+ A~42-1 (p<0.0001), oxyhemoglobin+ vehicle (water) (p<O.OOOI).
#significantly greater than Oxyhemoglobin+ A~42-1 (p<0.0001 ), oxyhemoglobin+
vehicle (water) (p<0.0001). *** significantly greater than Methemoglobin+ A~42- I
(p<O.OOOI). (n=6), [hemoglobin]= S11M, [A~ peptides] = 2011M).
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Figure 7a

Cell Surface Expression of ICAM1 by Human Brain Endothelial
cells

Figure 7a. Upregulation ofiCAMl on cultured human brain endothelial cells upon
exposure to hemoglobin and amyloid. Human brain endothelial cells were exposed to
either hemoglobin alone, amyloid alone, or a combination of amyloid and hemoglobin for
an incubation period of24 hrs. Levels ofiCAMl expression were determined by ELISA
directly on the surface of the cells. The assay was done in triplicate and error bars
represent standard errors.* significantly greater than 3 jlM A~l-42 (p<0.0003), 0.25uM
Methemoglobin (p<O.OOO I), serum free (p<O.OOO 1), or normal media (p<O.OOO I),
controls (p<O.OOOI), and all oxyhemoglobin conditions (p<O.OOOI)
**significantly greater than 3 !lM A~l-42 (p<O.OOOI), 3 jlM Methemoglobin
(p<O.OOOI), 0.25 jlM Methemoglobin (p<O.OOOI), 0.25 jlM Methemoglobin+ 3 j.!M
A~I-42 (p<O.OOOI), control media (p<O.OOOI) and all oxyhemoglobin conditions
(p<O.OOOI). (n=3).
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Figure7b

Human Brain Endothelial H01 Expression
Following Exposure to Amyloid Peptide and Hemoglobin
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Figure 7b. Human brain endothelial cell expression ofheme oxygenase- I following
exposure to amyloid peptide and hemoglobin. Cultured human brain endothelial cells
were exposed to either amyloid alone, reverse peptide alone, or a combination of amyloid
or reverse peptide and hemoglobin for an incubation period of24hrs. The cells were
subsequently lysed and levels of HOI were determined by ELISA. Error bars represent
standard errors.*,**,***,#,##,###,*#, p<O.OOOOI, 5 ~M MetHb alone, 5 ~M MetHb
+ A~l-42, and 5~M MetHb + A~42-1 significantly greater than A~l-42 alone, A~42-1
alone, 5 ~M OxyHb alone, 5 ~M OxyHb + A~l-42, 5 ~M OxyHb + A~42-1. (n=3)
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Figure 7c

Human Brain Endothelial Cell Expression of H01 Following
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Figure 7c. Human brain endothelial cells were exposed to hemin or vehicle for 24 hrs and
levels ofHOl expression were quantified by ELISA.

Appendix A: Research Design
Statement ofthe Problem.
Damage to the cerebromicrovasculature in Alzheimer's disease appears to be an early
event in the development of AD occurring prior to neuronal loss (de Ia Torre 2002, de Ia
torre 1993, de Ia torre J 994, de Ia torre 1999, de 1a torre 2000, Breteler eta! 2000, Rhodin
JA and Thomas T 2001, Mullan et a12003, Aliev et al2002). We believe that free
hemoglobin released from red blood cells as a result of amyloid mediated red blood cell
lysis may, in part, account for this damage. A number of processes may be involved in
the vascular pathogenesis including endothelial cell and blood vessel injury mediated by
the A~ peptide. These processes appear to include hypoperfusion, local inflammatory
response at the level of the blood vessel, membrane damage to blood cells, and disruption
of the integrity of the blood brain barrier. Vascular injury in turn may account for a
significant portion of the overall AD pathogenic process leading to neuronal injury and
loss. Our hypothesis that circulating A~ peptide leads to red blood cell membrane injury
resulting in increased red blood cell lysis and free hemoglobin can account for all of the
vascular pathologies.

Hypothesis I.
An increase in the level of intravascular free hemoglobin in AD available to release heme
either directly or through interacting with amyloid is, in part, a consequence of amyloid
mediated lysis of red blood cells.

Specific Aim!:
a. To determine whether red blood cells exposed to amyloid exhibit increased lysis
and consequently more hemoglobin release.
b. To determine whether there is increased free hemoglobin in the plasma of AD
patients relative to age matched controls.
c. To determine if there is increased free hemoglobin in the plasma of AD transgenic
mice.
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Rational:
The changes in red blood cells of AD patients, including abnormal cellular aging
(Bosman et al 1991 ), irregular distortion (Goodall et al 1994), reduced deformability
(Solerte et al 2000), and increased levels of lipid peroxidation (Mattson et al 1997) may
be, in part, due to amyloid mediated RBC plasma membrane injury and subsequent lysis.
The increased lysis ofRBCs could lead to vascular injury by more than one mechanism
that is relevant to this proposal. First, increased free oxyhemoglobin in the plasma would
be available for conversion to methemoglobin either through auto-oxidation or
scavenging of nitric oxide. In tum methemoglobin can readily release its heme group
which due to its hydrophobicity would be available to enter endothelial cell generating
oxidative damage to those cells, and injuring the blood vessels as a whole. Preliminary
data from our lab also indicate that human red blood cells in the presence of A~ 1-42 lyse
more readily compared to those exposed to either vehicle (water) or A~42-l (reverse
peptide). We further clarified amyloid mediated RBC lysis by expanding on our
preliminary studies. These studies used isolated red blood cells that were washed with a
buffered saline solution to remove any proteins. Since amyloid is known to bind to
multiple serum proteins (Kuo et al 2000) we used a potentially more physiological
condition where RBCs in EDTA treated whole blood were exposed to different
concentrations of A~ 1-42. This ranged from concentrations of serum amyloid that have
been observed in AD transgenic mice to super-physiological concentrations routinely
used in amyloid cytotoxicity studies to establish a dose dependent response. To determine
degree of red blood cell lysis we measured hemoglobin in the supernatant
spectrophotometricly (540 nm=hemoglobin) from each sample. To further test red blood
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cell damage and whether this resulted in increased red blood cell lysis vulnerability we
determined their osmotic fragility by exposing aliquots of the sample to increasingly
hypo-osmotic solutions. This method of osmotic fragility is routinely used clinically to
test RBC fragility in a number of hematological disease conditions by assaying cell
membrane resistance to external stressors. Additionally, we· have collected plasma
samples from both AD and control patients (30AD and 30control). In order to see if red
blood cell lysis occurs in vivo we determined levels of free hemoglobin from serum
samples using an ELISA developed to quantify hemoglobin levels in human tissue.

As an additional in vivo experiment we collected plasma samples from AD transgenic
and control mice (12 AD and 12 control). These were Mo/Hu APPswe PS1dE9 double
transgenic mice from Jackson Laboratories that express a mutant human presenilin 1
(DeltaE9) and a mouse/human amyloid precursor protein (APPswe) under a mouse prion
protein promoter. The mouse prion promoter directs expression of both transgenes. The
Delta E9 mutation of the human presenilin 1 gene is a deletion of exon 9 and corresponds
to a form of early-onset Alzheimer's disease. These mice develop amyloid deposits in the
brain by 6 to 7 months of age (Lesuisse eta! 2001, Jankowsky et al2004). The amyloid
produced by these mice not only deposits in the brain as insoluble fibrils, but is also
present at increased levels in the serum in the soluble form. As in human subjects, the
soluble beta-amyloid protein may potentially interact with red blood cells and cause their
premature lysis; thus, increasing levels of free hemoglobin in the plasma. We measured
the presence of hemoglobin in these serum samples spectrophotometrically by using a
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wavelength of 540nm as we did for our in vitro experiments where we exposed isolated
and whole red blood cells to beta-amyloid peptide.

Experimental Design:
Whole blood and washed RBCs were obtained and exposed to vehicle (water), varying
concentrations of aggregated forms of A~l-42 (0.4 J.1M, 4 J.1M, 20 J.1M), and A~42-I (the
reverse amino acid sequence, non-toxic form, of the peptide). This concentration range
was chosen because it includes that which is close to what is physiologically seen in AD
transgenic mice (0.0044 J.1M, Deane eta! 2003, Kawarabayshi eta! 2001, Dernattos eta!
2003) to that which has been used in the literature to injure cells (1-20 J.1M) and that we
have previously used to show an effect (20 J.1M). In addition using the entire range
allowed us to determine if there is a dose dependent effect. Previously, we have shown
that RBC lysis with 20 J.1M A~1-42 can be seen at 48 hrs. We sought to establish if the
observed effects occur at earlier time points; thus, in initial experiments the cells were
exposed to experimental conditions for 24 hrs. In subsequent experiments we exposed
cells to experimental conditions for varying time points that include 24, 48, and 72hrs.
The extent ofRBC lysis was determined by spectophotornetrically measuring absorbance
of free hemoglobin in the supernatant of each centrifuged sample at 540 run. In addition
to direct lysis by A~ 1-42 we also determined if there is increased fragility of RBCs, by
using a range ofhypoosrnotic buffers to determine osmotic fragility. These measures are
used routine! y to determine if damage to RBCs increases fragility.
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Serum samples from both human and transgenic mice AD and control populations were
collected to determine levels of free hemoglobin therein. Levels of free hemoglobin in the
plasma of human samples were determined by using a hemoglobin ELISA, while free
hemoglobin levels in mouse samples was determined spectrophotometrically.
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Hypothesis 2
That amyloid binding to methemoglobin facilitates the release of the heme groups
generating increased levels of free heme.
Specific Aim 2:
To determine whether methemoglobin releases its heme group more readily in the
presence of amyloid (APl-42) than it does spontaneously.

Rational:
RBC lysis may lead to increased serum free hemoglobin, which can become oxidized to
methemoglobin, and release of heme groups. However, free hemoglobin (especially
methemoglobin) may also be a direct target for AP binding. We propose that with the
elevated AP peptide levels associated with AD regardless of elevated free hemoglobin, or
even "normal" levels of free hemoglobin it will be attacked by Ap. In turn this may cause
accelerated loss of heme groups leading to abnormally elevated heme mediated vascular
injury. Our lab was the first to identifY a binding interaction between amyloid and
hemoglobin (Gearhart and Hill 1999). This association has also been seen by Oyama eta!
(2000). Our data suggest this interaction is in part dependent on the oxidation state of the
heme group. Binding to methemoglobin, an unstable form whose heme iron is in the
Fe+3 state, is favored over binding to normal oxyhemoglobin (heme iron Fe+2). Amyloid
has the strongest binding affinity to the naked globin chain, when no heme is bound.
These findings suggest a possible link between the heme binding site and the site where
amyloid is binding. The oxidation of heme alters the confirmation of the heme binding
pocket on the globin chain; resulting in a lower affinity for heme binding (Bunn and
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Jandl 1967; Chiu and Lubin 1989). A~ binding may further destabilize it resulting in
increased amounts of free heme release. Initial experiments indicate that hemoglobin in
the presence of amyloid experience more heme loss relative to controls.

To determine direct heme loss from hemoglobin we used an anion exchange resin based
assay. This technique takes advantage of the charge and hydrophobic properties of the
heme group. This resin has a negatively charged chloride ion attached to a fixed
positively charged quaternary ammonium group. The idea is that the negatively charged
chloride ions will be exchanged for the negatively charged heme groups. Normally in
protein purification techniques using anion exchange the binding of proteins is performed
under low salt conditions. Since proteins possess both negative and positive charges they
can bind to the resin under such conditions. However, in the technique we utilized the
binding of negatively charged heme groups was performed under high salt conditions.
This allowed for the separation of heme from the bulk hemoglobin as high salt shielded
the charges on the hemoglobin protein and allowed for the preferential binding of heme.
Once bound, the heme groups were eluted off using 10% SDS which has a higher affinity
for the resin than the heme does.

Experimental Design:
An anion exchange resin capture of the free heme was used to assess heme loss from

hemoglobin in the presence or absence of A~ 1-42. Our experimental conditions included
the following: Hemoglobins heated at 95 degrees Celsius for 2 min (positive heme
release controls), 5 !!M Hemoglobin alone, 5 !!M Hemoglobin in combination with the
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following concentrations of A~1-42 and A~42-1 (negative control): 20 !LM. Also 5 !LM
Hemoglobin in combination with vehicle was used. In preliminary studies we used 5 !LM
Hemoglobin; however, the absorbance readings obtained, while reliable, were somewhat
low. We used a larger volume of hemoglobin while keeping the SDS elution buffer
volume constant. This increased our absorbance readings. The amyloid-hemoglobin
incubation times include 1 hour and 24 hours.

To determine concentrations of heme loss in the presence of the experimental conditions
established a heme standard curve. Different concentrations (20 !LM, 15 !LM, 10 !LM, 5
!LM, 2.5 !LM, I !LM) of heme (Sigma) prepared in elution buffer (1 0% SDS) were used.

We used 5 !LM hemoglobin in our experiments. Since there are 4 heme groups (one per
globin chain) for every hemoglobin molecule we would expect there to be a maximum of
20 !LM heme for this concentration of hemoglobin. Because all four heme groups may not

be released under our experimental conditions the range of heme standards also included
concentrations lower than 20 !LM. This allowed us to correlate an absorbance value to a
specific heme concentration that we applied to our experiments in determining relative
amounts of heme loss from hemoglobin.
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Hypothesis 3
An increase of free heme levels in serum results in heme mediated damage to the

vascular endothelium leading to up-regulation of heme catabolic pathways and activation
of the endothelium including initiation of inflammatory pathways.

Specific Aim 3:
To determine whether human brain endothelial cells exposed to a combination of A~ and
methemoglobin exhibit a heme mediated increase in ICAM1 and H01levels as indicators
of cell activation.

Rational:
The vascular pathology associated with Alzheimer's disease is becoming an increasing
focus as a primary element of AD pathogenesis. Vascular damage is consistently seen at
both the macro and microvessellevel. In AD the vascular endothelium appears to be
activated, showing increased upregulation of I CAM I (Pola eta! 2003, Frohman eta!
1991) and undergoes oxidative damage (Aliev et al2002, Price eta! 1997). In animal
models of AD cerebral vascular injury appears to precede A~ accumulation in the CNS
and neuronal injury (Niwa et a! 2002). This suggests that AD vasculature damage may be
an early or initiating event in the complex pathology and disease progression associated
with Alzheimer's disease. The oxidative injury, vascular damage and cellular responses
associated with heme injury to the endothelium in hemolytic disorders closely mirrors the
pathology seen in Alzheimer's disease. Endothelial cells exposed to heme exhibit
increased oxidative injury and expression of Heme Oxygenease-1 and endothelial
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adhesion molecules (e.g. ICAM-1, E-selectins) and adherence ofleukocytes (Wagener et
a! 2001 ). Similarly, there is increased endothelial dysfunction (i.e. increased vascular
permeability and vascular occlusion) as a result of free heme released from damaged
erythrocytes following hemorrhagic injury or in conditions such as hemolytic anemia and
sickle cell disease. Therefore, we would predict that if amyloid hemoglobin interactions
result in increased free heme groups, endothelial injuries and cellular responses including,
up- regulation ofH0-1 and expression ofiCAM-1 may be similar to what is seen in AD
microvasculature. Previously we have shown that !CAM! is upregulated upon exposure
to a combination of methemoglobin and amyloid.

To determine whether hemoglobin-amyloid interactions causes increased heme loss and
subsequent heme mediated damage to endothelial cells we performed in vitro
experiments with human brain endothelial cells grown in 24 well plates. The cells were
exposed to methemoglobin or oxyhemoglobin alone, amyloid alone, hemoglobin (met or
oxy) +amyloid, and positive and negative controls. We then measured inducible H0-1
protein levels.

Levels ofH0-1 expression from cell lysates were determined by ELISA (Stressgen Kit).
Initial use of this kit has proven to be effective and highly sensitive. As a marker for
endothelial cell activation and initiation of vascular inflammation response we quantified
ICAMl expression on the surface of the endothelial cells using an ELISA assay on the
surface of intact endothelial cells. Measuring cell surface expression of ICAMl is more
relevant to our hypothesis than measuring total ICAMl. When endothelial cells are
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activated in response to oxidative injury cell surface expression of the adhesion molecule
ICAM1 goes up. This response to external stressors helps mediate leukocyte binding to
the endothelium as part of an inflammatory response.

Experimental Design:
Human brain endothelial cells were cultured in appropriate sized tissue culture plates or
dishes and exposed to the following conditions: hemoglobin and amyloid conditions and
concentrations determined for previous experiments, Hemin (20 11M, 15 JlM, 10 uM, 5
JlM, 2.5 JlM, 1 11M). The starting concentration for heme of20 11M is equivalent to the
total amount of heme available with 5 11M hemoglobin. We chose concentrations below
this assuming that not every heme group may be released upon amyloid interaction and
one of these lower concentrations may produce the heme mediated effects equivalent to
what we would see during exposure of the cells to hemoglobin and A~. Cell surface
expression ofiCAMI was quantified on intact cells and HOI expression levels were be
quantified by ELISA using celllysates.

Appendix B: Review of the Literature
Alzheimer's Disease.

Alzheimer's disease (AD) is the leading cause of dementia in the world. It affects
approximately 1 in 10 individuals over the age of 65 and almost 1 in 4 of those over the
age of 80 (Roy and Rauk 2005). As people are living longer the number of cases of AD is
increasing each year. It is thought that without the development of significant therapy for
AD that 14 million American's and more than 22 million persons worldwide will develop
AD in the next few decades. Progressive decline in memory and language skills, altered
cognition and other psychiatric conditions such as mood changes, paranoia and delusions
are all common features of the disease. As the disease progresses even menial tasks
become challenging efforts on the part of the patient. The major risk factor for the disease
is age and there is a doubling of risk every 5 years after the age of 65 (Zawia and Basha
2005, Liu et a12006, Jagust et al2006, Cacabelos et al2005)

The current consensus is that the central pathogenic event is the synthesis of the betaamyloid peptide (A~) and its availability as a toxic soluble oligomer or fibril (Williams et
al 2005, Chromy et al2003, Ma et al 2006). In addition to soluble amyloid, post-mortem
examination of AD brains shows aggregation of beta-amyloid in the brain in the form of
plaques and deposition in the walls of cerebral blood vessels (Dickstein et a! 2006, Park
et al 2006). This cleaved peptide is derived from a larger intact protein, the amyloid precursor protein. It is a transmembrane protein, about 770 amino acids in length, that is
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thought to be ubiquitously expressed in many tissues throughout the body, although, it's
normal functions are not known. The primary toxic isoforms, AP 1-42 and AP 1-40, are
generated after cleavage of APP by two sets of matrix metalloproteases. Initial cleavage
occurs in the extracellular portion near the membrane by a beta secretase and then
subsequently within the bilayer of the membrane by a garnma-secretase (Figure 1).

There are two forms of AD: sporadic and familial. The sporadic form usually has an age
of onset of about 65-70 (Brookmeyer et a! 1998). It may be caused by numerous factors
such as spontaneous genetic mutations or even environmental factors, many of which
have not been elucidated yet (Ghribi 2006). The remaining cases of AD are of the
familial form and are collectively referred to as familial Alzheimer's disease (FAD) and
are associated with early onset (before age 65) of clinical symptoms (Eckert eta! 2003).
This form arises from mutations in several genes especially the ones encoding for the
amyloid precursor protein (APP), and the presinilin-1 and 2 genes (Vassar 2004, Zatti et
al2004, Eckert et al2003, Chartier-Harlin eta! 1991, Goate et all991, Sherrington eta!
1995). The gene for APP has been mapped to chromosome 21 and mutations in this gene
have been shown in most AD patients (Margallo-Lana et al2004). These mutations lead
to an over production of the amyloid peptide. Presenilin 1 and 2 have been mapped to
chromosomes 14 and 1 respectively and each has been also shown to be mutated in AD
patients (Suh and Checler 2002). It is thought that the presenilins encode for the gamma
secretase proteolytic enzyme which is involved in cleaving the toxic form of the betaamyloid peptide from the larger precursor (Oksana et al2005).
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The plaque depositions observed in Alzheimer's disease brain are made of an insoluble
form of the amyloid peptide (Kirkitadze and Kowalske 2005, Vassar 2004, Kowalska
2004, Glenner and Wong 1984). It is thought that its deposition occurs early in the
pathogenesis of the disease (Kowalska 2004). They are usually found in the specific
regions of the brain such as the hippocampus, amygdala, and certain cortical and
subcortical regions (LaFerla et al2005). These are regions of the brain that are associated
with memory and learning. These senile plaques, have been shown to be surrounded by
degenerated neurons. This observation suggests that amyloid has toxic properties. This
has also been corroborated with neurons in culture that have been exposed to amyloid
(LaFerla 2005).

While aggregation and deposition of insoluble fibrillar amyloid in the brain parenchyma
is a major pathological characteristic in AD, recent studies show that the soluble
oligomeric form may be the actual culprit (Frautschy eta! 1998, Haas and Steiner 2001,
Hardy and Selkoe 2002, Harper et all999, Kirkitadze et al2002, Klein 2002, and Wang
eta! 2004). In fact, there is increasing evidence suggesting a strong correlation between
severity of neurdegeneration in AD and amount of soluble amyloid in the brain, plasma,
and cerebrospinal fluid (Balakrishnan et a! 2005, Sobow et a! 2004, Roher et a! 2000,
Kuo et al 1996, Roher et a! 1996). Studies have shown that soluble oligomeric forms of
A~I-42

are perhaps ten times more toxic than fibrillar (plaque forming) forms of A~l-42

(Dahlgren et a! 2002). Other studies suggest that A~ induced activation of microglial cells
in the brain may be influenced to a greater extent by soluble forms rather than fibrillar
forms (Rosenberg 2005, Floden eta! 2005, Suet al 1999, Sebastiani eta! 2005).
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Activated microglial cells produce various toxic species such as cytokines, interleukins
and nitric oxide (Akiyama eta! 2000, Chao eta! 1995, Dickson eta! 1993, Gitter et ai
1995, Hu eta! 1998, Wallace eta! 1997). These neuroinflammatory molecules cause cell
damage and possibly the further activation of other glial cells (Lucas et a! 2006, Bazan et
a! 2002, Lee eta! 1993).

Another hallmark in AD brain pathology is the presence of neurofibrillary tangles, which
are present in some neurons as filamentous inclusions. The tangles are composed of the
microtubule associated protein called tau (Jeganathan eta! 2006, Grundke-Iqbal et al
1986, Goedert eta! 1988). Normally, tau is soluble and aids in microtubule assembly and
stabilization (Pannanen and Gotz 2005). The form of tau that becomes pathological in
AD results from hyperphosphorylation of certain residues on the protein (Canudas et ai
2005). Hyperphosphorylated tau has reduced affinity for microtubules leading to
microtubule destabilization and a lack of their assembly (Avila eta! 2004, Lucas et al
2001, Hanger eta! 1992, Goedert eta! 1992). According to the amyloid-cascade
hypothesis, the beta-amyloid protein causes most of the observed brain pathology
(Biernat et al 1993, Bramblett eta! 1993). Tau pathology is thought to be a downstream
consequence of beta-amyloid pathology, i.e amyloid deposition occurs before tau
pathology (Hardy and Selkoe 2002). It is proposed that disruption of the microtubule
system by reducing tau stability leads to a disruption of axonal transport and neuronal
dysfunction and even cell death.
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AB Mediation of Oxidative Damage

Increased production of toxic

~-amyloid

isoforms

(A~1-42

and A~1-40) occurs in AD.

This results in increased ~-amyloid levels in the sera of AD patients (Kuo eta! I 999, Kuo
eta! 2000, Mehta eta! 2000, Lue eta! 1999). Oxidative damage is proposed to play a
significant role in Alzheimer's disease pathogenesis (Butterfield et a! 1999). While the
mechanism(s) of ~-amyloid driven pathogenesis in AD are not clear, the associated
oxidative damage appears to be mediated by ~-amyloid. Exactly how ~-amyloid is
responsible is not fully understood, but amyloid's oxidative action may be mediated in
large part by iron (Rottkamp et a! 2001 and Huang et a! 1999). Other studies suggest that
B-amyloid may damage cells by forming calcium ion charmels and thus, calcium influx
into cells (Blanchard et a! 1997).

The central nervous system microvasculature is a major target of free radical reaction,
and the principal mediator of this damage is thought to be the superoxide radical
(Augustyniak eta! 2005, Wood eta! 2005). Several studies have shown that amyloid
peptides injected into cerebral blood vessels, or exposed to endothelial cells in culture,
inhibit endothelial cell proliferation, cause damage to the endothelial cells, compromise
monolayer or blood brain barrier permeability, initiated endothelial cell inflammatory
responses, and increased vasoconstriction (Falin eta! 2005, Price eta! 2004, Blanc eta!
1997, Crawford eta! 1997, Cuzzocrea eta! 2000, Dahiyat eta! 1999, Grarnmas eta! 2000,
Hase et a! 1997, Kalaria et a! 1995, Liu et a! 2000, Paris et a! 2000, Preston et a! 1998,
Price eta! 1997, Suet a! 1999, Suo eta! 1998, Sutton eta! 1997, Tan eta! 1999, Thomas
et a! 1996, Van Nostrand et a! 1996). These effects are similar to the vascular changes
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seen in AD, as well as to changes associated with heme p1ediated injury to vascular
endothelial cells (Balla et al2003, Verlecotti et al1994, Juckett et al1998, Balla et al
1990, Lum et al2001, Wagener et al2003).

Vascular Pathology in AD.

AD is currently classified as a neurological disease. This classification holds that the
neurological pathology occurs first and that other pathologies that are seen, such as
vascular pathology, are secondary. However, an increasing number of groups think that
the vascular pathology occurs prior to any neurological pathology and may contribute to
neurological injury (Roy and Rauk 2005, de Ia Torre 2005, de Ia Torre 2002). There are
consistent morphological and inflammatory changes associated with the vasculature in
AD (de Ia torre 1993, de Ia torre 1994, de Ia torre 1999, de Ia torre 2000, Breteler eta!
2000, Paris et al2000, Paris et al2004, Rhodin and Thomas 2001, Townsend et al2002,
A!iev et al2002). Additionally, there is an association of numerous vascular risk factors
with AD. Such risk factors, most of which occur years before the onset of AD, include
migrane (Tyas et al 2001 ), high intake of satUrated fat (Balakrishnan et a! 2005, Kalmijin
et al 1997), presence of APOE4 allele (Huang 2006, Carter 2005, Leren et al 1985,
Davignon eta! 1998, Notkola eta! 1998, Saunders and Roses 1993), transient ischemic
attacks (Meyer et al2000), hypercho!esterimia (Sjogren et al 2006, Notkola 1998),
cardiac disease including arrhythmias (Kilander et a! 1998, Deklunder et al 1998),
ischemic stroke (Girouard and Iadecola 2006, Jendroska et al 1997, Snowdon et al1997),
and aging (Cacabelos et al2005, Amaducci et al 1994). Post-mortem studies show an
increase in senile plaques and neurofibrillary tangles in non-demented subjects who had
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severe coronary artery disease or hypertension (Iseki eta! 2002, Sparks eta! 1995).
Epidemiological studies have shown that patients taking statins, a class of cholesterol
lowering drugs, have a lower prevalence of Alzheimer's disease than those not on statins
(Sjogren et al 2006, Wolozin et al2002, Jick et al2000). Conversely, individuals with
hypercholesterimia are at greater risk (Tan et al2003). In humans, cerebral amyloid
angiopathy is common in Alzheimer's dementia in association with cerebral
atherosclerosis, cerebral infarction and history of hypertension (Zekry et al 2003,
Olichney eta! 1995). Though they may have different etiologies, it appears that
cerbrovascular disease and AD pathologies interact clinically. AD has been shown to
share etiology and risk factors with vascular dementia (VaD), which is defined as a post
stroke hypoperfusion dementia. They are in fact difficult to distinguish clinically. About
one third of patients diagnosed with vascular dementia will show AD. type pathology at
autopsy (Kalaria et a! I 999). These two dementias may actually be a combination
syndrome due to common cerbrovascular pathology. It is thought that a "inixed"
dementia is more prevalent than either pure VaD or pure AD. It is becoming clear that the
neuropathology of AD extends well beyond amyloid plaques and neurofibrillary tangles.
Cerbrovascular pathologies (e.g. cerebral amyloid, microvascular degeneration,
periventricular white matter lesions and microcerbral infarcts) are present in most AD
brain autopsies. Alzheimer himself described microvascular changes in terms of
"endothelial proliferation" and "neovascu!arization" (Alzheimer 1907).
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. Hypoperfusion and AD
In that vascular pathologies appear earlier than neuronal changes (Roher et a! 2006, de !a
torre 2005, Jellinger 2005, Jel!inger 2002, de !a torre 1993, de !a Torre 1994, de !a torre
1999, de !a Torre 2000, de !a Torre 2002) the pathogenesis of AD can be proposed to be,
in part, attributed to damage to the microvasculature including breakdown of the blood
brain barrier (Krizanac-Bengez et al2004). The microvascular changes that have been
associated with AD include basement membrane thickening, endothelial compression,
luminal "buckling" and narrowing, and pericyte degeneration (de !a Torre 2002). This
microvascular degeneration appears to be more prevalent in the hippocampus, a region
that is linked to memory and learning, which is an early region for neurofibrillary tangle
formation. The exact causes of these changes to the microvasculature are not clear and
multiple factors may be involved. While hypoperfusion might be attributed to a reduction
in metabolic demand secondary to neuronal loss there is evidence that hypoperfusion may
precede and even initiate brain cell dysfunction. Rodents undergoing reduced cerebral
blood flow (CBF) for 1 year exhibit capillary changes almost identical to those described
in AD brains (DeJong et al 1997). It has also been shown that mice injected with ABI-40,
but not the reverse peptide, displayed reduced CBF (Suo et a! 1998 and Niwa K et a!
2001 ). In addition there is regional vasoconstriction and increased vascular resistance.
Other studies using transgenic mice that over express and produce beta amyloid have
shown a progressive decline with aging in cortical perfusion level as measured by laser
Doppler imaging (Townsend et al 2002). In humans among the imagery techniques used
for the pre-clinical assessment of Alzheimer's disease are the use of SPECT (Single
Photon Emission Computerized Tomography) and PET (Positron Emission Tomography).
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Studies of patients complaining of memory problems had their regional cerebral blood
flow measured using SPECT. Those with significant hypoperfusion of the hippocampalamygdaloid complex (areas linked to memory function) converted to Alzheimer's disease
within a 3 year follow up, at a significantly higher rate than patients with normal cerebral
perfusion in these brain areas (Johnson et·al 1998). Several mechanisms have been
suggested to account for reduced cerebral blood flow in humans and animal models
including alteration of available Nitric Oxide (NO) levels leading to increased
vasoconstriction (Subara et al2003, Dahiyat 1999, de Ia Torre 2000, Jantzen 2002). NO
is produced by the enzyme nitric oxide synthase (NOS), which has three different
isoforms: neuronal NOS (nNOS), inducible NOS (iNOS), and endothelium NOS (eNOS).
eNOS is important in vasodilation and maintenance of vascular tone (Kubes et a! 1992,
Kubes eta! 1993, Naseem 2005). Relevant to my hypothesis, there is increasing evidence
that NO levels are normally regulated in large part by cell free hemoglobin (Joshi eta!
2002 and Hobbs et a! 2002). In particular oxyhemoglobin has an extremely high affinity
for NO and is the primary scavenger ofNO. Oxyhemoglobin's heme iron is oxidized
generating methemoglobin (Joshi et al2002, Reiter et al2002) as a consequence of
binding NO. In turn methemoglobin, which has a reduced avidity for its heme group, may
be a source for blood vessel injury. Additionally, increased scavenging of NO by
hemoglobin may decrease the amount of available NO and result in increased
vasoconstriction and decreased vascular tone. Increased expression of eNOS in both AD
patients and transgenic mice has been observed (Luth et a! 2001 ), perhaps to compensate
for decreased amounts of NO, as a result of NO scavenging.
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The A~ peptide is a potent vasconstictor. Studies with transgenic mice that overexpress
the AB-precursor protein suggest dysfunction in endothelium-dependant regulation of
cerebral microcirculation (Iadecola 1999). AB can interact with the receptor for advanced
glycation end products (RAGE) in the cerebromicrovasculature and cause upregulation of
endothelin-1, the most potent known vasoconstrictor (Deane et al2003). Atherosclerosis
is another potential mechanism of reduced cerebral blood flow in AD. Specifically, larger
cerebral arteries, which do not exhibit amyloid lesions, show evidence of atherosclerosis
(Casserly and Topol2004, Roher 2004, Kalback 2004). Human and animal studies
showing where transient brain ischemias have been seen also show increased neuronal
tau accumulation and increased expression of the amyloid precursor protein and AB
production in the hippocampus and cortex (Iadecola 2004, Bailey 2004). There is also
reduced angiogenesis and increased vascular regression in AD. Brain capillary
endothelial cells not only serve as the blood brain barrier (BBB) with its composition of
tight junctions to form a continuous cellular structure, but they can also provide a niche
for neuronal precursor cells in certain brain regions and are critical for adult neurogenesis
(Paris et a12004). Formation of capillaries through mediation of the brain capillary
endothelial cells is much reduced in mouse models of AD. The high concentration of AB
in these mice -is an important factor as well because AB is anti-angiogen-ic (Paris et ai
2004).

Role of Inflammatory processes:

In AD the cerebromicrovascular endothelial cells have increased expression of!CAM-1
and other markers associated with a vascular inflammatory response often seen
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subsequent to free radical damage or ischemia/re-oxygenation injury (Soares et a! 2004,
Wagner et a! 1999, Hayashi et a! 1999, Wagener et a! 1997, Balla et a! 1995, Yoshida et
a! 1988, Frohman eta! 1991, and Grammas eta! 2000). Inflammatory processes,
mediated in part by the upregulation of endothelial cell surface molecules (e.g. ICAM-1,
PECAM-1 and p-selectin) are considered to be important in the pathogenesis of AD.
These cell surface molecules are integral to the attachment of white blood cells
(monocytes, lymphocytes) to the blood vessel wall at sites of injury and for exiting the
vascular system. ICAM-1 is a 75-115kda surface glycoprotein (Dietrich eta! 2002).
Normally ICAMI expression on endothelial cells is relatively low. Under situations of
oxidative stress, pro-inflammatory cytokines can strongly up-regulate its expression via
activation and translocation ofNF-kB from the cell cytoplasm to the nucleus where it can
initiate the transcription of various inflammatory genes, including ICAM-1 in endothelial
cells (Dietrich eta! 2002, Waters 2006)

The blood brain barrier is considered to be a highly efficient barrier to the leakage of
plasma protein and migration of cells, such as monocytes, into the central nervous system
(Stamatovic eta! 2005, Floris eta! 2004). This barrier consists in part of a network of
complex structures between the endothelial cells called tight junctions and of specific cell
membrane transporters and pumps (Ge eta! 2005, Terasaki and Ohtsuki 2005). This
property of the blood brain barrier suggests that the brain has a very highly specialized
vasculature, maintaining the homeostatic environment of the CNS. Under normal
conditions relatively few of these circulating inflammatory cells are observed in the CNS.
However, the BBB can be disrupted in many neurological disorders where an excess of
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pro-inflammatory cytokines and/or reactive oxygen species are implicated (Dietrich et a!
2002). In AD not only is there an increased deposition of A~ in the CNS, but there is an
increase in the number of activated monocytes/microglial cells in the brain (Giri eta!
2002). It was originally thought that the activation and proliferation of microglia and
movement ofmonocytes into the brain was in response to deposited amyloid (amyloid
plaques) within the parenchyma of the brain or to the injury of neurons and glia, rather
than to an inflammatory response mediated by endothelial cells and vascular injury
(Stalder et a! 2005). Our studies suggest A~ mediated heme injury may play a role. Bone
marrow derived monocytes migrate across the blood brain barrier and differentiate into
microglial cells (Stamatovic eta! 2005). This migration following endothelial injury is
mediated by adhesion molecules (!CAM 1, PECAMI, and p-selectin) expressed on the
surfuce of the endothelial cells. Normally, microglia aid in growth and survival of
surrounding neurons and astroglia and are usually inactive (Kreutzberg 1996, Moore and
Thanos 1996). Additionally, microglia, once in the parenchyma of the brain may become
activated by the binding of A~ to receptors for advanced glycation end-products (RAGE)
on the microglial membrane surface (Yan et a! 1996). It is thought that activated
microglial cells contribute to the oxidative stress in the brains of AD patients through the
production of reactive oxygen species and cytokines such as IL-l, IL-6, TNF, M -CSF,
and inducible nitric oxide synthase (iNOS) (Yan et a! 1996, Giri et a! 2002, Deane et a!
2003, Lee eta! 2002, Dickson et all993, Lue et al200!).
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Oxidative Potential of Cell Free Hemoglobin and Heme
While heme groups are essential to many cellular enzymes the most abundant source of
heme is erythrocyte or Red Blood Cell (RBC) hemoglobin. Hemoglobin, the carbon
dioxide/oxygen carrying protein in erythrocytes, can contribute to cell injury especially
after the lysing of red blood cells (hemolysis). One mechanism for hemoglobin toxicity is
the spontaneous oxidation of deoxygenated hemoglobin's heme iron (Fe+2) to form
methemoglobin (Fe+3) outside of the RBC. This causes molar equivalent quantities of
superoxide to be formed (Misra and Fridovich 1972). Significantly, NO is rapidly
scavenged by free oxyhemoglobin (Fe+2) where it oxidizes the heme iron to Fe+3
forming methemoglobin (Minneci et a12005, Wolffet all997, Larfars and
Gyllenharnmar 1995, Zhen eta! 1993). As discussed earlier this may underlie
"spontaneous" heme iron oxidation. As a result of oxidation, the affinity of hemoglobin's
globin chain for the heme moiety is reduced; thus resulting in the increased likely-hood
of the release of its heme group (Bunn and Jandl 1967; Chiu and Lubin 1989). Free heme
has the potential to have deleterious effects on surrounding tissue. Heme at micromolar
concentrations has been shown to be toxic to a variety of ceU types including endothelial
cells (Balla et a! 1992) and neocortical cultures (Regan et a! 1993 and Sarzadeh et a!
1987). It is estimated that erythrocytes, which are vulnerable to lysis, contain heme at a
concentration of approximately 20 mmol!L. In fact of all sites in the body, the vasculature
and in particular the endothelial lining may be at greatest risk of exposure to the toxic
effects of free heme (Balla et al2003).
Iron-derived reactive oxygen species (ROS) are implicated in the pathogenesis of
numerous vascular disorders including atherosclerosis, microangiopathic hemolytic
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anemia, vasculitis and reperfusion injury. Heme is an abundant source of redox-active
iron (Balla eta! 2003). Heme is lipid soluble molecule and as such it interacts rapidly
with numerous cell constituents. It readily crosses the plasma membrane of endothelial
cells (Juckett et a! 1998). Once within the cell heme can promote oxidative damage either
directly or, perhaps more importantly, via the release of iron which can occur through
non-enzymatic oxidative degradation of heme or enzymatic heme oxygenase-catalysed
heme cleavage (Kumar et al2005, Balla eta! 1992). In either case, the phospholipids
bilayer, a highly oxidizable matrix, becomes a target for heme to lodge within. There iron
can act as a catalyst of oxidation of cell membrane constituents (Balla et al2003). Heme
uptake by endothelial cells can exacerbate the damage caused by polymorphonuclear
leukocytes-cells that tend to marginate along endothelial surfaces in response to the
presence of diverse inflammatory mediators (Balla et a! 2005). Heme can cause H2 0 2 mediated endothelial cell injury (Balla eta! 1993, D' Agnillo Fetal 2000, Jeney eta!
2002). Hemoglobin, methemoglobin and hemin have been shown to substantially cause
increases in the expression ofhemoxygenase-1 (HO-I) in endothelial cells (Soares eta!
2004, Balla eta! 1995, Hayashi eta! 1999, Yoshida eta! 1988, Wagner eta! 1999,
Wagener eta! 1997). Endothelial cells exposed to heme showed upregulation of adhesion
molecules associated with inflammation such as I CAM-I and E-selectin (Kumar and
Bandyopadhyay 2005, Wagener eta! 1997).

Heme Oxvgenase-1

Heme Oxygenase-! (HO-I), also known as Heat Shock Protein 32 (Hsp32) is the
inducible form of heme oxygenase (Morita 2005). It catalyzes the NADPH, 02, and

82
cytochrome p450 reductase dependent oxidation of heme to carbon monoxide, ferrous
iron and biliverdin, which is rapidly reduced to bilirubin. This serves as the rate-limiting
step in heme degradation. Its activity decreases the levels of heme, which is a well known
potent catalyst of lipid peroxidation and oxygen radical formation. HO-I expression is
highly responsive to all types of stimuli that cause oxidative stress and it is upregulated
during exposure to oxidants, UV -A irradiation and a series of agents including cytokines,
hormones, heme and heavy metals. Oxidative stress has been postulated to be the
underlying basis for neuronal death in neurodegenerative diseases such as AD and HOI
is thought to be a vital component of the defense mechanisms of many cells such as
neuronal and endothelial cells. HO-I levels are increased AD brains (Kimpara et a! 2000,
Premkumar et all995, Schipper et al2000, Schipper et all995). While this has been
attributed to a generalized response to oxidative damage, it may be reflective of a cellular
response to heme groups, the primary substrate for HO-I. Bilirubin, the HO-I mediated
breakdown product of heme, has been shown to be increased in AD cerebral spinal fluid,
suggestive of an increased exposure to intracellular or extracellular free heme groups
(Kimpara eta! 2000).

AB Mediated Red Blood Cell Lysis
Many of the effects of heme on the vascular endothelium resemble the vascular damage
and endothelial activation in AD and following experimental exposure of endothelial
cells in vivo to A~ (e.g. ICAMI and HOI upregulation). There is evidence of an
epidemiological association between increased anemia and red blood cell lysis with AD
and vascular dementia (Beard eta! I 997, Milward eta! I 999, Pandev eta! 2004). Studies
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have also shown that AD is similar to diabetes mellitus in that reduced glucose utilization
and deficient energy metabolism occur in the early stages of AD (Steen et a! 2005).
Further, diabetes maybe a risk factor for AD (de Leeuw et al2005, Kalaria 2003).
Increased glucose levels has been associated with increased glycation and peroxidation of
cholesterol in red blood cell membranes leading to increased amounts of oxygen derived
'

free radicals and red blood cell damage (Inouye et al1999). Additionally, lysis of red
blood cells and red blood cell membrane lipid peroxidation can be induced by exposure
to amyloid. Red blood cells from AD patients have increased levels oflipid peroxidation
relative to controls (Galeazzi et al2002, Mattson eta! 1997). Other changes in RBC
characteristics such as abnormal cellular aging (Bosman et a! 1991 ), irregular distortion
(Goodall et al 1994), and reduced deformability (Solerte eta! 2000) have also been
shown in AD patients. Preliminary data from our lab also indicate that red blood cells in
the presence of AB I -42 lyse more readily compared to those exposed to either vehicle or
AB42-1 reverse peptide. The mechanism for this lysis is not clear. There is evidence that
red blood cell lysis by amyloid may be mediated by oxidative stress since cells exposed
to amyloid show increased levels of lipid peroxidation (Galeazzi et al2002, Mattson eta!
1997). Thus, the association of hemolysis and anemia with AD may be in part due to
amyloid mediated red blood cell lysis. If true, this would result in an increase in free
hemoglobin in the plasma. Cell free hemoglobin is no longer under the influence of the
various reductases that maintain it in the normal oxyhemoglobin (Fe+2) state within red
blood cells. It can then be converted to methemoglobin possibly through scavenging
nitric oxide (NO) and the action of NO in heme iron oxidation (Reiter eta! 2002).
Methemoglobin can readily release its heme group. Normally, the body uses the
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haptoglobin/hemopexin system to deal with extracellular (free) hemoglobin and heme
(Muller-Eberhard U I 970, Muller-Eberhard U I 988). Initially, the hemoglobin-binding
protein h~ptoglobin prevents the release of heme and is taken up by specific receptors on
monocytes (Davis and Zarev 2005, Moller et al2002, Moestrup eta! 2004). Hemopexin
is able to bind to free heme and prevent any of its potential deleterious effects. However,
under conditions of hemolytic disease and infection, the normal mechanisms for control
of free hemoglobin (haptoglobin/hemopexin) are frequently overwhelmed and released
free heme is available to easily enter endothelial cells due to the presence of the
hydrophobic iron groups (Balla eta! I 99I, Beri and Chandra 1993, Ryter and Tyrell
2000). Such may be the case in Alzheimer's disease.

AB Interaction with Hemoglobin
The release of heme from methemoglobin may also be accelerated by direct interaction of
Aj3 with hemoglobin. Our lab was the first to identity a binding interaction between
amyloid and hemoglobin (Hill, unpublished data). Others have since confirmed such an
interaction (Oyama et al2000). Oyama's group suggested that this interaction was benign
and might serve to sequester toxic amyloid species. However, we think the interaction
may be more insidious. Our data, based on surface plasmon resonance studies, suggests
that the interaction is in part dependent on the oxidation state of the heme iron group.
Binding to methemoglobin (Fe+3) is favored over binding to oxyhemoglobin (Fe+2), the
normal hemoglobin type. In fact binding to the naked globin chain had the strongest
affinity. This last observation suggests that the thermodynamically favored binding is to
heme free globin chains and that the globin Aj3 binding site may be close to the heme
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binding domains. As such it is plausible that the binding of amyloid to methemoglobin
may lead to heme free globin chains via disruption of the heme-globin interactions,
releasing free heme or predisposing to heme release. We propose that the oxidation of
heme alters the conformation of the globin chain heme binding pocket. This oxidation
destabilizes the chain, resulting in a lower binding affinity for heme. Amyloid binding
may further destabilize the globin chain resulting in increased amounts of free heme in
the plasma. Free heme can generate ROS damaging the cerebral microvasculature,
initiating inflammatory injury to the local CNS, including damaging the blood-brain
barrier and leakage of hemoglobin and plasma proteins into the CNS. It is even possible
that increased levels of hemoglobin in the AD brain is not only directly cytotoxic to
neuronal cells, as is seen in hemorrhagic stroke, but amyloid may also mediate heme loss
from this leaked hemoglobin and be an additional source for toxicity as well.

Our lab has also observed an increase in the levels of hemoglobin in AD vs. control
frontill cortex homogenates (Gearhart et al1999, Hill et al2000, Hill et al2001). Two
other groups have also shown increased hemoglobin, or hemoglobin fragments, in
specific brain regions of AD patients compared to controls (Schonberg et a! 2001,
Slemmon eta! 1994). While it may be argued that this is a result of increased
intravascular hemoglobin levels, this is unlikely since AD brains have significantly
decreased rnicrovascularity and hypoperfusion (Grammas eta! 2000). The finding of
increased hemoglobin in AD brains supports the idea of blood brain barrier damage in
AD with subsequent leakage of plasma proteins into the parenchyma.
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Summary

The A~ peptide has been proposed to be a key player in the development of AD; however,
the exact pathogenic mechanisms are not well understood. Recently it has been stated that
A~

peptides can act at the level of cerebral blood vessel endothelial cells resulting in

damage to the endothelial cells, increasing blood-brain-barrier permeability and increased
vasoconstriction and that these changes are mediated by free radical generation. Although
the mechanism of this vascular injury is unclear, it is clear that cerbrovascular damage
consistently occurs in Alzheimer's disease patients and this may play an early and key
role in the development of the disease. Endothelial cell injury and initiation of!ocal
vascular inflanunatory action may allow for increased migration of cells, such as
monocytes, into the central nervous system. Monocytes can differentiate into microglial
cells that can also become activated by binding to A~ via RAGE. Activated microglial
cells are thought to contribute to oxidative stress in the brains of AD patients.

Hemoglobin may be the link between A~ and injury to endothelial cells or another
indirect pathway to endothelial injury. A~ mediated RBC lysis may be a source of
oxidative damage to the cerebromicrovasculature may be hemoglobin. Subsequent to a
hemolytic event, free hemoglobin may be available to cause toxic damage to endothelial
cells. Hemoglobin, methemoglobin, and heme have been shown to cause increased
expression of the heme degrading enzyme HO-I, and the endothelial cell surface
adhesion molecules ICAM I and E-selectin. There is an association between anemia and
AD in certain populations and we believe that a potential source for hemolyisis of red
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blood cells and the availability of free hemoglobin in serum may be amyloid mediated
red blood cell lysis. This is supported by data provided here.

In addition to

AW s potential involvement in RBC lysis, our lab has identified,

hemoglobin, in particular methemoglobin, as a specific binding partner for AP 1-42. This
interaction is synergistically cytotoxic in tissue culture, and may be based in part on the
release of heme groups from hemoglobin and subsequent free radical generation.
Additionally, we have determined that there is a significant increase in hemoglobin in the
brain tissue of AD patients suggesting both a breakdown in the blood brain barrier and
that hemoglobin might itself be a potential source of neurotoxic molecules in the brain
parenchyma. Our observation of an interaction between methemoglobin and AP 1-42 may
at least partially determine the nature of AP peptide's mechanism of oxidative damage. It
also provides a mechanism that may help explain the observed oxidative damage to
cerebral vascular endothelium, microvascular pathologies, initiation of inflammatory
responses, and disruption of the blood-brain-barrier. Thus, the vascular damage and
associated inflammatory markers seen in AD can in part be accounted for by chronic
hemoglobin and heme mediated injury to the vascular endothelium and brain parenchyma.
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