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Oxidative stress, a hallmark of Alzheimer disease (AD), has been shown
to induce lipid peroxidation and apoptosis disrupting cellular home-
ostasis. Normally, the aminophospholipid phosphatidylserine (PtdSer)
is asymmetrically distributed on the cytosolic leaflet of the lipid bilayer.
Under oxidative stress conditions, asymmetry is altered, characterized
by the appearance of PtdSer on the outer leaflet, to initiate the first stages
of an apoptotic process. PtdSer asymmetry is actively maintained by the
ATP-dependent translocase flippase, whose function is inhibited if co-
valently bound by lipid peroxidation products, 4-hydroxynonenal
(HNE) and acrolein, within the membrane bilayer in which they are
produced. Additionally, pro-apoptotic proteins Bax and caspase-3 have
been implemented in the oxidative modification of PtdSer resulting in
subsequent asymmetric collapse, while anti-apoptotic protein Bcl-2 has
been found to prevent this process.

The current investigation focused on detection of PtdSer on the outer
leaflet of the bilayer in synaptosomes from brain of subjects with AD and
amnestic mild cognitive impairment (MCI), as well as expression levels
of apoptosis-related proteins Bcl-2, Bax, and caspase-3. Fluorescence
and Western blot analysis suggest PtdSer exposure on the outer leaflet is
significantly increased in brain from subjects with MCI and AD contri-
buting to early apoptotic elevation of pro- and anti-apoptotic proteins
and finally neuronal loss. MCI is considered a possible transition point
between normal cognitive aging and probable AD. Brain from subjects
with MCI is reported to have increased levels of tissue oxidation;
therefore, the results of this study could mark the progression of patients
with MCI into AD. This study contributes to a model of apoptosis-
specific oxidation of phospholipids consistent with the notion that PtdSer
exposure is required for apoptotic-cell death.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

The asymmetric distribution and localization of the aminopho-
spholipid phosphatidylserine (PtdSer) to the cytosolic leaflet of the
cellular membrane is actively regulated by the ATP-dependent
membrane bound aminophospholipid translocase flippase, a P-type
ATPase known to transport phospholipids across the bilayer (Daleke,
2003; Paulusma and Oude Elferink, 2005; Tang et al., 1996). In the
event asymmetry is altered, PtdSer is exposed to the cell surface,
initiating early stages of apoptosis considered crucial to selective
recognition and mononuclear phagocytosis of target cells by
macrophages and fibroblasts (Castegna et al., 2004; Fadok et al.,
2001; Tyurina et al., 2004b). Exposure of PtdSer to the outer leaflet has
been noted to affect protein function involving platelet aggregation,
activity of membrane receptors and transport proteins, signal trans-
duction pathways, and cellular morphology via interference with lipid—
protein and protein—protein interactions (Balasubramanian and Schroit,
2003; Paulusma and Oude Elferink, 2005; Verkleij and Post, 2000).

Previous studies have shown that lipid peroxidation, leading to
loss of phospholipid asymmetry (Castegna et al., 2004; Kagan et al.,
2002; Mohmmad Abdul and Butterfield, 2005), ultimately leads to
apoptosis (Fadok et al., 1992; Kagan et al., 2003; Shimohama,
2000). Oxidative stress and oxidative damage, hallmarks of Al-
zheimer disease (AD) pathology, can lead to increased production of
lipid peroxidation products, 4-hydroxynonenal (HNE) and acrolein
(2-propenal), in the membrane bilayer (Butterfield etal., 2001, 2002;
Butterfield and Lauderback, 2002; Lovell et al., 2001; Markesbery
and Lovell, 1998). These reactive alkenals have been found to
interfere with PtdSer asymmetry via redox dependent flippase
(Castegna et al., 2004; Daleke, 2003; Tyurina et al., 2004b). Fur-
thermore, much evidence indicates that oxidative modification of
flippase by reactive alkenals and/or apoptotic proteins, resulting in
asymmetric collapse (Castegna et al., 2004; Kagan et al., 2002;
Mandal et al., 2005; Mohmmad Abdul and Butterfield, 2005;
Tyurina et al., 2004a), is greatly elevated in the early apoptotic
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phenotype of AD models (Herrmann and Devaux, 1990; Kagan
et al., 2000).

Oxidative stress conditions in AD can also result in cytochrome
¢ release from mitochondria and disruption of electron transport
to initiate apoptosis (Ott et al., 2007), known to play an important
role in neuronal loss in vitro and in vivo in AD (Cras et al., 1995;
Honig and Rosenberg, 2000). Apoptosis is modulated by the B-cell
lymphoma-2 (Bcl-2) family, that involve both pro- and anti-apoptotic
members (Pellegrini and Strasser, 1999). Among them, the Bcl-2
protein can block apoptotic cell death and promote survival of
neurons. Bcl-2 expression has been found significantly increased in
AD temporal and frontal cortex, but not significantly increased in
AD cerebellum (Engidawork et al., 2001; Kitamura et al., 1998).
Bcl-2 has also been found to block oxidation of PtdSer (Fabisiak
etal., 1997), implying oxidative modification of PtdSer or flippase is
an essential ingredient to the apoptotic process. Another Bcl-2
family member, the Bcl-2-associated X protein (Bax), is believed to
promote apoptosis. Both Bcl-2 and Bax have been found cons-
titutively expressed in neurons of the central and peripheral nervous
systems (Castren et al., 1994; Oltvai et al., 1993).

In addition, aspartate-specific cysteine proteases (caspases)
function in both cell disassembly (effectors) and in initiating this
disassembly in response to pro-apoptotic signals (initiators) (Wolf
and Green, 1999). Activated caspase-3 immunoreactivity has been
detected in both neurons and astrocytes and found elevated in
frontotemporal dementia (Su et al., 2000) and AD (Su et al., 2001).
PtdSer exposure due to apoptosis has been found to occur down-
stream of caspase activation in some cell types (Mandal et al.,
2002; Martin et al., 1996; Vanags et al., 1996); in non-neuronal
cells like human erythrocytes, caspase activation is associated with
loss of aminophospholipid translocase activity and subsequent
PtdSer externalization (Mandal et al., 2005).

Amnestic mild cognitive impairment (MCI) is considered a
transition point between normal cognitive aging and dementia or
probable AD (Petersen et al., 1999; Winblad et al., 2004). Brain
samples from MCI subjects are reported to have increased
oxidative stress (Butterfield et al., 2006b, 2007; Keller et al.,
2005; Markesbery et al., 2005; Petersen et al., 1999) that can be
associated with increased levels of reactive alkenals (Butterfield et
al., 2006a). Unfortunately, not much is known about apoptotic
processes with respect to MCI to date. However, one recent study
ascertained that the effector caspase-6 was intimately linked to
pathological hallmarks of AD in the hippocampus of persons with
all stages of AD, including MCI and NCI (severely aged cognitively
normal) (Albrecht et al., 2007). The present study investigated the
hypothesis that PtdSer asymmetry is significantly altered in the
inferior parietal lobule (IPL) of subjects with MCI and AD, which
suggests that increased production of lipid peroxidation products
(Butterfield et al., 2006a) and levels of apoptotic proteins may work
together to affect PtdSer asymmetry even in MCI, arguably the
earliest form of AD.

Materials and methods

All chemicals used in lipid asymmetry studies were purchased
from Sigma-Aldrich (St. Louis, MO, USA) with the exception of
NBD-PS [1-palmitoyl-2-[6(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ami-
no]caproyl-sn-glycero-3-phosphoserine], obtained from Avanti
Polar Lipids (Alabaster, AL, USA). All apoptotic expression che-
micals were purchased from Sigma-Aldrich (St. Louis, MO, USA),
with exceptions of nitrocellulose membranes (Bio-Rad, Hercules,

CA, USA), electrophoretic transfer system (Trans-blot semi-dry
Transfer Cell; Bio-Rad), anti-Bcl-2 monoclonal antibody (Stressgen
Biotech, Ann Arbor, MI, USA), anti-Bax polyclonal antibody
(Calbiochem, LA Jolla, CA, USA), anti-caspase-3 polyclonal
antibody (Calbiochem, La Jolla, CA, USA), and anti-mouse 1gG
alkaline phosphatase secondary antibody (Chemicon International,
Temecula, CA, USA).

Phospholipid asymmetry studies

Control, MCI, and AD brain

Frozen IPL samples from MCI, AD, and age-matched controls
were obtained from the University of Kentucky Rapid Autopsy
Program of the Alzheimer Disease Clinical Center (UK ADC). All
AD patients met NINCDS-ARDA Workgroup criteria for clinical
diagnosis of probable AD (McKhann et al., 1984) and also
displayed progressive intellectual decline. Control subjects were
without history of dementia or other neurological disorders and
underwent annual mental status testing and semi-annual physical
and neurological exams as part of the UK ADC normal volunteer
longitudinal aging study, and had test scores in the normal range
(Table 2). Samples and demographics used for the AD study were
described previously (Sultana et al., 2006). Additional demo-
graphic parameters of controls and subjects with MCI and AD
without personal identifiers were made available by the UK ADC
and are provided in Tables 1 and 2.

Synaptosome preparation

Synaptosome fractions from MCI and AD IPL were isolated as
described previously (Keller et al., 2000; Mohmmad Abdul and
Butterfield, 2005) with modifications. In brief, fractions were
homogenized in an isolation buffer (0.32 M sucrose, 0.2 mM PMSF,
2 mM EDTA, 2 mM EGTA, 20 mM HEPES, 4 ng/ml leupeptin,
4 pg/ml pepstatin, 5 pg/ml aprotinin, and 20 pg/ml trypsin inhibitor).
The homogenate was then centrifuged at 4000 rpm (1940xg) for
10 min at 0 °C and supernatant (S1) decanted. The pellet was
rehomogenized in isolation buffer and centrifuged again at 4000 rpm
(1940x%g) for 10 min at 0 °C. The second pellet was discarded, while
the supernatant (S2) was mixed with S1. The combined supernatants
(S1+S2) were centrifuged at 14,800 rpm (25,400xg) for 12 min at
0 °C. The resulting pellet was mixed with a small volume of cold
isolation buffer and layered onto cold discontinuous sucrose gra-
dients containing 10 ml each of 1.18 M (pH 8.5), 1.0 M (pH 8.0), and
0.85 M (pH 8.0) sucrose, as well as 2 mM EDTA, 2 mM EGTA, and
10 mM HEPES. Gradients were centrifuged in a Beckman-Coulter
Optima L-90K ultracentrifuge at 22,000 rpm (82,500%g) for 1 h at
4 °C. Resulting purified synaptosomes were removed from the 1.18/
1.0 M interface and washed three times in Locke's buffer (pH 7.4) at
15,500 rpm (29,100xg) for 15 min at 0 °C. Protein concentrations

Table 1
Characteristics of control and MCI patients where brain was obtained

MCI subjects

Parameters: Demographic variables Control subjects

Number of subjects 5 5

Gender (male/female) 2/3 2/3

Age at death (years)® 82+£2.6 88+1.5
Postmortem interval (h)* 2.87+1.14 3.125+1.033
Brain weight (g)?* 1260+120 1120+61

Braak stage I-1I n-v

? (Mean+S.D.).
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Table 2
Characteristics of control and AD patients available from medical records

AD subjects

Parameters: Demographic  Control subjects

variables

Number of subjects 5 5

Gender (male/female) 32 3/2

Age at death (years)” 87.0+3.94 85.8+6.02
Postmortem interval (h)*  2.94+0.70 34+14

MMSE; number of
months prior to death
test taken®

28+0.8; 6.6+1.4 15.7£2.6; 6.6+1.4

APOE genotype, 3/3 (3) 3/4 (2) ND
if known (N)
Cause of death Surgery Surgery

complications, complications,
cardiac failure; COPD cardiac failure; COPD

? (Mean+S.D.); AD, Alzheimer Disease; MMSE, Mini-Mental State
Examination; APOE, apolipoprotein E; ND, not determined; N, number of
individuals; S.D., standard deviation; COPD, chronic obstructive pulmonary
disease (adapted from Sultana et al., 2006).

were determined according to the Pierce BCA method (Pierce,
Rockford, IL, USA).

NBD-PS assay

This assay was completed as previously described (Comfurius
et al., 1996; Mohmmad Abdul and Butterfield, 2005) to study the
externalization of PtdSer. Synaptosome samples (200 pg) were
covered and incubated for 1 h with NBD-PS, then washed twice in
Locke's buffer (pH 7.4). After resuspension in 200 ul Locke's buffer
(pH 7.4), samples were loaded onto a fluorescence plate and treated
with 7.5 mM sodium dithionite (Na,S,0,) to quench fluorescence
by reduction of the exposed, NBD labeled PtdSer residues. Loss
of residual fluorescence was measured in a Molecular Devices
SpectraMAX Gemini fluorescence plate reader (wavelengths of Ex/
Em: 460/514 nm).

Mouse brain tissue

Post-mortem intervals

All animals were euthanized with CO, in a chamber. At death,
six FVB mice were placed in a Styrofoam box containing two
710 ml bottles of water at ~37 °C. This delayed the postmortem
cooling of the mouse brain in order to more closely approximate
the human brain cooling curve (Geddes et al., 1986; Schwab et al.,
1994). Postmortem intervals (PMIs) used were chosen based on the
minimum and maximum human PMIs obtained from the UK ADC
found in Tables 1 and 2. After PMIs of 2.8 h and 3.4 h, mouse
brains were removed and frozen at —80 °C. Three additional mouse
brains were rapidly removed after death to represent a 0 h PMI
(i.e., fresh samples), and synaptosomes processed directly along-
side thawed 2.8 h (NV=3) and 3.4 h (N=3) brain samples, according
to the synaptosome preparation procedure described above.

Mg ATPase activity

This assay was completed according to previous procedures
using FVB mice (Castegna et al., 2004; Sadrzadeh et al., 1993).
Synaptosome aliquots (7.5 pg) were suspended in ATPase assay
buffer (18 mM histidine, 18 mM imidazole, 80 mM NaCl, 15 mM
KCL, 3 mM MgClz, 0.1 mM EGTA, pH 7.1) and treated with 0.1 mM
ofthe Na K~ ATPase inhibitor ouabain to a final volume of 100 ulin

amicrotiter plate. After a 10 min incubation at 37 °C, 3 mM ATP was
added, and the reaction allowed to proceed for 60 min at 37 °C.
Then, 5 pl of 5% SDS and 125 pl of color reagent (0.36 g ascorbic
acid mixed with 15 ml of molybdate acid solution) were added to
each well. The activity of Mg>" ATPase was measured with a UV
plate reader as the amount of phosphate produced by the enzyme
(Sadrzadeh et al., 1993).

Apoptotic protein expression studies

Sample preparation

Samples were prepared as described previously (Butterfield
et al., 2006b), with exceptions. These samples from control, MCI,
and AD IPL were sonicated in lysis buffer (pH 7.4) containing
10 mM HEPES buffer, 137 mM NaCl, 4.6 mM KCl, 1. mM
KH,PO,4, and 0.6 mM MgSO,, as well as proteinase inhibitors
leupeptin (0.5 mg/ml), pepstatin (0.7 mg/ml), type I S soybean
trypsin inhibitor (0.5 mg/ml), and PMSF (40 mg/ml). Homogenates
were centrifuged at 14,000xg for 10 min to remove debris. Protein
concentration in the supernatant was determined by the Pierce BCA
method (Pierce, Rockford, IL, USA).

Western blotting

For immunoblot analysis, samples were separated by 12.5%
SDS-polyacrylamide gel electrophoresis (PAGE). Equal amounts of
protein (75 pg) were loaded in each lane with loading buffer
containing 0.5 M Tris (pH 6.8), 40% glycerol, 8% SDS, 20% f-
mercaptoethanol, and 0.01% bromophenol blue. Samples were
heated at 95 °C for 10 min prior to gel loading. Proteins separated by
gel electrophoresis were transferred to nitrocellulose membranes
using an electrophoretic transfer system (Bio-Rad Trans-blot semi-
dry Transfer Cell) at 45 mA for 2 h. After, the membranes were
blocked with 5% non-fat dried milk in phosphate-buffered saline
containing 0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20
(PBST) at 4 °C for 1 h.

Following this procedure, membranes were incubated for 2 h at
room temperature with primary antibodies: anti-Bcl-2 monoclonal
antibody (1:1000), anti-Bax polyclonal antibody (1:1000), and anti-
caspase-3 polyclonal antibody (1:2000). After washing the blots
three times in PBST for 5 min each, the blots were incubated with
anti-rabbit or anti-mouse IgG alkaline phosphatase secondary
antibody (1:3000) in PBST for 1 h at room temperature. Membranes
were then washed in PBST three times for 5 min and developed
using 5-Bromo-4-chloro-3-indolyl-phosphate/Nitroblue tetrazolium
(BCIP/NBT) color developing reagent. Blots were dried and scan-
ned with Adobe Photoshop and quantitated with Scion Image
(PC version of Macintosh-compatible NIH Image) software.

Statistics

All statistical analysis were performed using a two-tailed
Student's #-test. P<0.05 was considered significantly different from
control.

Results

Detection of PtdSer asymmetry in MCI and AD IPL synaptosomes
by NBD-PS assay

Loss of lipid asymmetry is marked by the exposure of PtdSer
to the plasma membrane surface following lipid peroxidation
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(Mohmmad Abdul and Butterfield, 2005). After pretreatment of
synaptosomes with NBD-PS, a PtdSer with a fluorescent tag,
exposed fluorescence was quenched by chemical modification of
the fluorophore employing sodium dithionite (Na,S,0,), resulting
in a decrease in fluorescence for samples compared to control. This
method had a value-added characteristic of addressing potential
concerns with probe access to the inner leaflet of an unstable
system creating incorrect interpretation of asymmetric collapse, as
Na,S,0, does not readily diffuse through the plasma membrane
(Castegna et al., 2004; Mohmmad Abdul and Butterfield, 2005).
Pretreatment with NBD-PS suggested significant exposure of
PtdSer in brain from subjects with MCI (Fig. 1; **P<0.00001) and
AD (Fig. 1; *P<0.0001) compared to that of controls.

Detection of PtdSer asymmetry as a function of PMI in mouse
synaptosomes by NBD-PS assay

For these assays, exposed NBD-PS fluorescence was quenched
by chemical modification of the fluorophore by Na,S,0,4. However,
as this study was focused on the effects of postmortem intervals, in
addition to freeze-thawing, 2.8 h and 3.4 h samples obtained from
mice held at ~37 °C were compared to fresh (0 h) samples. There-
fore, data were not analyzed as a percent decrease from control;
rather, the average fluorescence signal of each sample set was
measured, in arbitrary units, and compared to the average 0 h signal.
Post-mortem autopsy of patients from the UK ADC usually occurs
just hours after death in order to preserve brain tissue from further
oxidation and degradation; however, during the time between death
and tissue extraction, it is possible that significant alteration of tissue
could occur influencing results. In addition, during the freeze-
thawing process of samples post-mortem, freeze-fracturing of the
cell membrane conceivably can occur, potentially causing a signif-
icant increase of PtdSer exposure to the outer leaflet that could
artifactually alter results.

In order to address these potential difficulties, synaptosomes
pretreated with the fluorescent phospholipid NBD-PS suggested no
significant PtdSer exposure difference between 0 h, 2.8 h, and 3.4 h
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Fig. 1. NBD-PS assay in synaptosomes from brain of subjects with MCI and
AD. Human MCI, AD, and control synaptosomes were treated with the
fluorescent phospholipid NBD-PS. PtdSer exposure to the outer leaflet of the
membrane bilayer is measured as the percent decrease in fluorescence signal
after Na,S,0, quenching. The control value was set to 100%, to which
experimental values were compared. These data, in arbitrary units on the
ordinate axis, are presented as mean+S.D. AD, N=5, ¥*P<0.0001; MCI,
N=5, ¥**P<0.00001.
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Fig. 2. PMINBD-PS assay. FVB mouse synaptosomes were treated with the
fluorescent phospholipid NBD-PS. PtdSer exposure to the outer leaflet of the
plasma membrane is measured as a decrease in fluorescence signal, compared
to 0 h, after quenching with Na,S,0,. Since samples were not compared as a
percentage of control, negative values are not seen, but graphical
interpretation is relatively the same. A fluorescence decrease, compared to
0 h, denotes an increased amount of PtdSer exposed to the lipid bilayer outer
leaflet. Data shown in arbitrary fluorescence units on the ordinate axis as
mean+S.D. 0 h, N=3; 2.8 h, N=2, P<0.65; 3.4 h, N=3, P<0.80.

samples (Fig. 2; 2.8 h, P<0.65; 3.4 h, P<0.80). During synap-
tosome preparation, one sample of the 2.8 h PMI was irretrievably
lost, reducing the sample number to N=2. The results of this inves-
tigation suggest that significant results observed in MCI and AD
samples were presumably from oxidative processes brought about
by development of MCI or AD, and not artifactual in nature.

Measurement of Mg2 " ATPase activity in mouse synaptosomes

Determination of Mg®" ATPase activity in sample sets of the
PMI study was completed as a representative of the membrane-
bound ATP-requiring enzyme flippase, as highly specific anti-
bodies to flippase have not yet been obtained (Auland et al., 1994).
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Fig. 3. Mg®" ATPase activity assay. FVB mouse synaptosome Mg*>" ATPase
activity was measured to represent flippase activity, an ATP-dependent
membrane bound translocase. Decreased UV-absorbance (810 nm) compared
to 0 h denotes decreased Mg”" ATPase activity. Data shown, in arbitrary
absorbance units, as mean+S.D. 0 h, N=3; 2.8 h, N=2, *P<0.04; 3.5 h,
N=3, P<0.26.
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Fig. 4. Bcl-2 levels in brain from subjects with MCI and AD. Bcl-2 levels
were measured in IPL of MCI and AD patients by Western blot analysis.
(a) MCI and AD gels were run with equal amounts of protein (75 pg/lane).
Increased band intensity after normalization with B-tubulin represents an
increase in the amount of Bcl-2 protein present. (b and c¢) Graphical analysis
of MCI and AD band intensities, respectively. The control value was set to
100%, to which experimental values were compared. Data shown in
arbitrary units on the ordinate axis as mean+S.D. in panel a MCI, N=3,
*P<0.006; in panel b AD N=3, *P<0.04.

This indirect measure of activity was performed by measurement
of the net amount of inorganic phosphate (P;) formed (Sadrzadeh
et al.,, 1993). Decreased UV-absorbance (810 nm) of 2.8 h and
3.4 h PMI sample sets compared to 0 h PMI samples denotes
decreased Mg>" ATPase activity (Fig. 3; 2.8 h, *P<0.04; 3.5 h,
P<0.26).

Bcl-2 levels in MCI and AD IPL

The expression of anti-apoptotic protein Bcl-2 was measured by
Western blot analysis in MCI and AD brain compared with controls.
Equal amounts of protein extracts from IPL were separated by SDS-
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Fig. 5. Bax levels in brain from subjects with MCI and AD. Bax levels were
measured in IPL of MCI and AD patients by Western blot analysis. (a) MCI
and AD gels were run with equal amounts of protein (75 pg/lane). Increased
band intensity after normalization with B-tubulin represents an increase in
the amount of Bax protein present. (b and c) Graphical analysis of MCI and
AD band intensities, respectively. The control value was set to 100%, to
which experimental values were compared. Data shown in arbitrary units on
the ordinate axis as mean+S.D. in panel a MCI, N=3, ¥*P<0.03; in panel b
AD N=3, *¥*P<0.005.
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Fig. 6. Caspase-3 levels in brain from subjects with MCI and AD. Caspase-3
levels were measured in IPL of MCI and AD patients by Western blot
analysis. (a) MCIl and AD gels were run with equal amounts of protein (75 pg/
lane). Increased band intensity after normalization with B-tubulin represents
an increase in the amount of caspase-3 present. (b and ¢) Graphical analysis of
MCI and AD band intensities, respectively. The control value was set to
100%, to which experimental values were compared. Data shown in arbitrary
units on the ordinate axis as mean=S.D. in panel a MCIL, N=3, *P<0.02; in
panel b AD N=3, *P<0.04.

PAGE and transferred to a nitrocellulose membrane. In both MCI
and AD samples, a 26 kDa Bcl-2 band was probed with a mono-
clonal anti-Bcl-2 antibody (Fig. 4a). Equivalent levels of B-tubulin
were detected to normalize the amount of protein loaded in each well
of the gel (Fig. 4a). Quantification was completed by densitometric
scanning with a phosphoimager (Molecular Dynamics, Sunnyvale,

CA, USA), and analysis showed that the level of Bcl-2 was signi-
ficantly increased in both MCI (Fig. 4b; *P<0.006) and AD (Fig. 4c;
*P<0.04).

Bax levels in MCI and AD IPL

The levels of the pro-apoptotic protein Bax in IPL were measured
using Western blot analysis in brain from both MCI and AD
compared to controls. After separation of proteins by SDS-PAGE
and transfer to a nitrocellulose membrane, the polyclonal antibody
anti-Bax was used to probe the immunoblots. The antibody recog-
nized a band at 21 kDa for both MCI and AD samples (Fig. 5a).
Again, B-tubulin was used to normalize the blot (Fig. 5a). Analysis
shows Bax levels significantly increased in MCI samples compared
to control (Fig. 5b; *P<0.03), but significantly decreased in AD
(Fig. 5¢; #P<0.005). The ratios of Bax to Bcl-2 in MCI and AD were
2.38 and 0.23, respectively.

Caspase-3 levels in MCI and AD IPL

Caspase-3 is synthesized as an inactive precursor (34 kDa),
which upon receiving an apoptotic signal, is activated and
subsequently cleaved into two subunits (20 kDa and 12 kDa). Equal
amounts of protein from MCI, AD, and control were separated by
SDS-PAGE and transferred onto a nitrocellulose membrane. The
antibody anti-caspase-3 was used to recognize and probe both
precursor and activated caspase fragments on the immunoblots;
B-tubulin was used to normalize (Fig. 6a). Only the band relative to
the caspase-3 precursor was recognized, while bands relative to
activated fragments were not detected (Fig. 6a). Quantification of
immunoreactivity revealed a significant increase of caspase-3
precursor levels in both MCI (Fig 6b; *P<0.02) and AD (Fig. 6c;
*P<0.04) compared to controls.

Discussion

The present study investigated synaptosomal PtdSer asymmetry
by a fluorescent assay, and its relation to apoptotic protein levels, in
order to determine the role of apoptosis-specific oxidation of PtdSer
and/or flippase in the progression of MCI into AD. NBD-PS assay
results demonstrate a significant fluorescence decrease in MCI and
AD samples (Fig. 1) compared to control, suggesting that PtdSer
externalization could be an important contributor to neurodegenera-
tion found in AD brain and, notably, a potential link to those patients
with MCI that may eventually develop AD.

A central path contributing to elevated exposure of PtdSer on the
outer leaflet of synaptic membranes in MCI and AD begins with
oxidative stress, predominant in both AD and MCI (Butterfield et al.,
2001, 2002, 2006b, 2007; Butterfield and Lauderback, 2002; Lovell
etal., 2001; Markesbery and Lovell, 1998; Markesbery et al., 2005).
Oxidative conditions can contribute to lipid peroxidation products,
HNE and acrolein, within the bilayer of apoptotic cells (Butterfield
et al., 2006a; Lovell et al., 2001; Markesbery and Lovell, 1998) that
could interfere with PtdSer asymmetry by initiating further lipid
peroxidation via free radical mechanisms (Prasad et al., 1998). By
diffusing from their formation sites, these neurotoxic alkenals could
react via Michael addition with flippase by covalently binding a
critical cysteine residue of this transporter (Daleke and Lyles, 2000;
Daleke, 2003; Paulusma and Oude Elferink, 2005; Tyurina et al.,
2004a), suggesting a definite relation between PtdSer asymmetry
and lipid peroxidation.
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Likewise, oxidative stress conditions can also initiate early
apoptosis, known to play an important role in neuronal loss in vitro
and in vivo in AD (Cotman and Anderson, 1995; Cras et al., 1995;
Honig and Rosenberg, 2000; MacGibbon et al., 1997; Smale et al.,
1995); however, not much is known about apoptotic pathways in
MCI. Several studies have found increased Bcl-2 expression in
the hippocampus and entorhinal cortex of AD brains (Satou et al.,
1995; Su et al., 1996). Western blot analysis conducted in the IPL
shows Bcl-2 basal levels were significantly increased in AD brain
(Figs. 5a, ¢), congruent with previous studies, and for the first time in
MCI brain (Figs. 5a, b). The up-regulation of anti-apoptotic Bcl-2
levels can be rationalized as a cellular compensatory response in an
attempt to protect the remaining neurons from cell death. Since
PtdSer externalization during apoptosis has been previously
reported to be blocked by Bcl-2 (Fabisiak et al., 1997), it is likely
such a response is an attempt to block oxidative modification of
PtdSer and/or flippase, reinforcing the notion that PtdSer exposure is
required for apoptotic-cell phagocytosis. Indeed, earlier studies
showed that cells with Bcl-2 overexpressed were refractive to
AP-induced lipid peroxidation (Bruce-Keller et al., 1998).

The pro-apoptotic protein Bax is known to compete with Bcl-2 as
increased levels of Bax can induce cell death, while increased levels of
Bcl-2 prevent it (Oltvai et al., 1993). In many regions of AD brain such
as the hippocampus, entorhinal cortex, frontal and temporal cortices,
Bax immunoreactivity has been found to be increased, with the
exception of dentate granule hippocampal cells (Giannakopoulos et al.,
1999; Nagy and Esiri, 1997; Tortosa et al., 1998). In the current study,
MCI samples showed Bax levels significantly increased compared to
control, as expected (Figs. Sa, b). By contrast, however, we found a
significant decrease in Bax levels in AD IPL compared to control
(Figs. 5a, c). These results suggest Bax is involved in neurodegenera-
tion during the earliest stages of AD, while later in the disease
progression, attenuation of Bax may be related to the relative resistance
of neurons against apoptosis, as evidenced by higher Bcl-2 levels in
AD samples compared to MCI. This is consistent with the notion that in
AD IPL the pro-apoptotic system is progressively more neutralized by
the anti-apoptotic system causing a substantial reduction of Bax.

Additionally, caspases are critically involved in PtdSer
externalization and apoptosis (Mandal et al., 2002; Nicholson,
1999). Activated caspase-3 is found only in cells undergoing
apoptosis, and consists of p18 (amino acids 29-175; 20 kDa) and
p12 subunits (amino acids 176-277; 12 kDa) (Nicholson et al.,
1995), which are derived from the 32 kDa pro-enzyme (pro-
caspase-3). The antibody used in this study should have recognized
both precursor and active fragments if present; however, results
only show an increase in precursor caspase-3 (Fig. 6a), while no
signal correlated to either activated fragment in MCI or AD sam-
ples. This is most likely an indicator that levels of key components
of the apoptotic system are altered and may be the initial cause of
neuronal loss. Unfortunately, the relative contribution of apoptosis
to neuronal loss in AD is difficult to assess due to the chronic
nature of the process. Some neurons exhibit morphological features
of apoptosis, but many degenerating neurons do not show evidence
of apoptosis, indicating apoptosis is not the only mechanism of
neurodegeneration in AD (Su et al., 1994), or even MCL

The process of PtdSer externalization leading to asymmetric
collapse and apoptosis under oxidative stress conditions is relatively
dependent on the activation of caspase-3, which is also associated
with impairment of flippase activity (Mandal et al., 2002; Martin
et al., 1996; Vanags et al., 1996). Previous studies have shown that
excessive outer leaflet exposure of PtdSer on erythrocytes can be

blocked comparatively by pretreatment with a caspase-3 inhibitor
(Mandal et al., 2002). Additionally, loss of flippase activity was
blocked after pretreatment with the same caspase-3 inhibitor prior to
oxidation (Mandal et al., 2002). Such findings imply PtdSer
oxidation and subsequent exposure is an intrinsic feature of the
apoptotic process due to flippase inactivation (Kagan et al., 2002).

Other considerations could conceivably contribute to the observed
loss of phospholipid asymmetry in MCI and AD brain as in the current
study. Flippase is known to be sensitive towards the cellular influx of
Ca®" in such a way that its translocating activity is significantly
affected at [Ca®"]; of 0.2 iM or higher (Bitbol et al., 1987; Daleke,
2003). HNE and acrolein have also been found to disrupt Ca*"
homeostasis, again interfering with PtdSer asymmetry (Castegna
et al., 2004; Mohmmad Abdul and Butterfield, 2005). Even though
elevated Ca®" levels may contribute to asymmetric collapse, it is
doubtful elevated Ca®* is the chief contributor (Castegna et al., 2004;
Mohmmad Abdul and Butterfield, 2005). Furthermore, changes in
membrane cholesterol also are observed in response to oxidative
stress, elevated levels of amyloid-beta protein (AP), and aging
(Lopez-Revuelta et al., 2007; Wood et al., 2002, 2003).

As a physiochemical modulator of the plasma membrane,
cholesterol has been found to affect many membrane functions,
including susceptibility to oxidative stress (Lopez-Revuelta et al.,
2007), control of AP synthesis, and interactions between Af and
neuronal membranes (Eckert et al., 2003). One study suggests
cholesterol depletion promotes PtdSer externalization induced by
oxidative stress associated with significant inhibition of flippase
activity and an increased uptake of altered cells by macrophages
(Lopez-Revuelta et al., 2007). Moreover, oxidative stress and neuro-
degeneration are known to be induced in vivo by A} (Mohmmad Abdul
and Butterfield, 2005; Mohmmad Abdul et al., 2006). Proteolytic
cleavage of the amyloid precursor protein (APP) at the amino- and
carboxy-termini by [3-secretase and y-secretase, respectively, produces
AP(1-42) peptide within the lipid membrane. AP(1—42) is known to
elicit neurotoxic effects by inserting into the lipid bilayer as small,
soluble aggregates (Drake et al., 2003; Klein, 20006).

Loss of membrane phospholipid asymmetry is also reported to be
caused by AP, a process that can be inhibited by antioxidants
(Mohmmad Abdul and Butterfield, 2005). Thus, cholesterol
asymmetry and A-induced oxidative stress conceivably could
contribute to the loss of PtdSer asymmetry observed in MCI and AD
brain in the present study. However, it is important to note that
although there are many parameters contributing to asymmetric
collapse, all studies converge on the premise that inactivation of
flippase via oxidative processes is a central cause.

Abnormal distribution of aminophospholipids has been reported
in AD brain (Prasad et al., 1998). Our results are consistent with the
notion that oxidative modification of PtdSer and/or flippase
occurred not only in human AD brain, but also MCI brain, causing
a significant increase in outer leaflet exposure of PtdSer and cell
death. Findings suggest oxidative stress increases production of lipid
peroxidation products (Butterfield et al., 2006a) and levels of
apoptosis-related proteins that affect PtdSer asymmetry thereby
causing neuronal cell death as early as MCL.

This is the first investigation of MCI phospholipid asymmetry and
its relation to apoptotic factor expression. By looking at both disease
stages, the model of apoptosis-specific oxidation of2 phospholipids
confirms that PtdSer exposure is required for apoptotic-cell
phagocytosis. Furthermore, it is considered essential that flippase
activity be highly maintained in order to prevent premature PtdSer
exposure, early apoptosis, and subsequent excessive neurodegenera-
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tion. Once specific antibodies to flippase become available, it will be
more feasible to directly examine this aminophospholipid translocase
and its response to oxidation phenomena apart from PtdSer.
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