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Neurobiology of Disease

The Cell-Selective Neurotoxicity of the Alzheimer’s A3
Peptide Is Determined by Surface Phosphatidylserine and
Cytosolic ATP Levels. Membrane Binding Is Required for A3
Toxicity

Olga Simakova and Nelson J. Arispe
Department of Anatomy, Physiology, and Genetics and Institute for Molecular Medicine, School of Medicine, Uniformed Services University of the Health
Sciences, Bethesda, Maryland 20814

Measurement of A3 toxicity of cells in culture exposes a subpopulation of cells with resistance to Af3, even at high concentrations and
after long periods of treatment. The cell-selective toxicity of A resembles the selective damage observed in cells of specific regions of the
Alzheimer’s disease (AD) brain and suggests that there must be particular characteristics or stages of these cells that make them
exceptionally sensitive or resistant to the effect of AB. Using flow cytometry and cell sorting, we efficiently separated and analyzed the
AB-sensitive and the AS-resistant subpopulations within a variety of neuronal cell lines (PC12, GT1-7) and primary cultured neurons
(hippocampal, cortex). We found that this distinctive sensitivity to A3 was essentially associated with cell membrane A3 binding. This
selective A3 binding was correlated to distinctive cell characteristics, such as cell membrane exposure of the apoptotic signal molecule
phosphatidyl serine, larger cell size, the G, cell cycle stage, and a lower than normal cytosolic ATP level. The response to A8 by the cells
with high AB binding affinity was characterized by a larger calcium response and increased mortality, lactate dehydrogenase release,
caspase activation, and DNA fragmentation. The distinctive sensitivity or resistance to AS of the different subpopulations was main-
tained even after multiple cell divisions. We believe that these distinctive cell characteristics are the determining factors for the selective

attack of A3 on cells in culture and in the AD brain.
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Introduction

Alzheimer’s disease (AD) symptoms are associated with selective
damage in the neuronal circuits of the neocortex, hippocampus,
and basal forebrain cholinergic system. Accumulations of
B-amyloid (AB)-containing plaques and neurofibrillary tangles
are the main pathological features of the neurons in the damaged
AD brain.

AP is made normally by all cells throughout life (Wisniewski
et al.,, 1997), and its concentration in human CSF is physiologi-
cally altered in normal aging (Shoji et al., 2001). A is also re-
leased from cultured cells during normal metabolism (Haass et
al., 1992; Seubert et al., 1992; Shoji et al., 1992). However, despite
AB normal existence, abundant evidence has associated the cyto-
toxicity of AB peptides with the neurodegeneration observed in
AD. External application of AB on cells, either in cultures or in
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animal brains, shows cell-selective toxic effects. It is generally
observed that not all cells are equally affected by A, and, inter-
estingly, some cells are even found to be resistant. The resistance
of some cells within the same culture to A3 is observed even at
high AB concentration and after long periods of exposure. There-
fore, the selective attack of AB on only some of the cells in the
cultures may embody the selective attack observed in cells of
specific regions of the AD brain and suggest that there must be
particular characteristics or stages of the cells that make them
exceptionally sensitive or resistant to the effect of AB.

How and why specific sets of neurons in selected brain struc-
tures become dysfunctional, why some neurons and not others
die, and what initiates these deleterious processes are yet to be
explained. It is conceivable that when cells are externally exposed
to AB, specific association between the A and the cell membrane
is the initial step of the chain of events that leads to toxicity.
Therefore, the cell-selective effects of A likely reside in this ini-
tial AB—membrane association and in characteristic factors that
may endorse this initial association. To search for the character-
istic cellular factors responsible for the AB—membrane associa-
tion, we used flow cytometry and cell sorting to separate cells on
the basis of the preferential binding to AB. Sorted cells were then
evaluated on their extent of AB binding and intrinsic character-
istics and responses to external exposure to Af3.
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Here we present data demonstrating that within populations
of the neuronal cellslines PC12, GT1-7, and the primary cultured
hippocampal and cortex neurons, cells can be efficiently sepa-
rated into AB-sensitive and AB-resistant subpopulations on the
basis of their capacity to bind AB. These subpopulations have
distinct properties and maintain their differential properties and
responses to A3, even after successive cell divisions. The most
prominent of these properties was related to the level of phos-
phatidyl serine (PS) on the outer face of the surface membrane
and the basal levels of cytosolic ATP. Based on the specific re-
sponses to A3, we believe that these distinct cell indicators are the
basis for the selective attack of AB on some cells in culture and on
cells of specific regions of the AD brain.

Materials and Methods

Cell cultures. The following cell cultures were used: immortalized cell line
PC12 differentiated and undifferentiated, derived from a transplantable
rat pheochromocytoma (American Type Culture Collection, Manassas,
VA); immortalized hypothalamic neurons GT1-7 (provided by Dr. M.
Kawahara, National Institutes of Health, Bethesda, MD); and primary
cultures of hippocampal and cortical neurons from prenatal day 18—-19
rat brains. Cell lines and primary cultured cells were grown in the previ-
ously described media (Simakova and Arispe, 2006).

Flow cytometry analysis and cell sorting. For flow cytometric analysis of
Ap binding, cells were incubated in PBS with 0.3% BSA containing
0.2-40 uM AB,_,, conjugated to the fluorescent probe fluorescein iso-
thiocyanate (FITC; AnaSpec) for 10—120 min, washed three times to
remove unbound AB-FITC, and analyzed (EPICs XL-MCL; Beckman
Coulter, Villepinte, France). Forward and side scatter gating was used to
exclude debris and dead cells. Cells with different AB-FITC affinity were
separated by a fluorescence-activated cell sorter (FacsAria; BD Bio-
sciences, San Jose, CA) after 80 min of 5 um AB-FITC exposure and three
washing steps. All single cells were included. We used low-pressure (20
psi) and low-speed (1000 events/s) cell sorting. The purity of sorted
populations routinely exceeded 80-90%.

Intracellular free calcium measurements. Sorted cells after 8 d in culture
and plated on glass coverslips coated with collagen or poly-lysine were
loaded with 2 um fura-2 AM (Invitrogen, Carlsbad, CA) calcium-
sensitive probe in the incubation buffer (in mm: 135 NaCl, 5 KCl, 2.5
CaCl,, 1.2 MgCl,, 10 glucose, 10 HEPES, pH 7.4). After a loading period
(~30 min), cells were treated with 5 um A (Bachem, Bubendorf, Swit-
zerland) or 1 um cation ionophore 4-BrA23187 (TEF Labs, Austin, TX).
The time course of changes in the emission from fura-2 AM was observed
using an inverted epifluorescence/phase contrast microscope equipped
with CCD camera + microphotometer assembly (InCyt I/P-2 Imaging
and Photometry System; Intracellular Imaging, Cincinnati, OH). Fifty to
sixty cells were analyzed for each condition.

Cell viability assays. Cell viability was measured using a colorimetric
XTT assay (Cell Proliferation Kit IT; Roche, Indianapolis, IN). The release
oflactate dehydrogenase (LDH) from the cytosol into the media was used
to report on the integrity of the cell membrane (Cytotoxicity Detection
Kit-LDH; Roche).

Apoptosis assay. Changes in the mitochondrial membrane potential of
cells exposed to 15 um AB (Bachem) for 3 d were determined with the
J-aggregate-forming  fluorochrome  5,5’,6,6’-tetrachloro-1,1",3,3"-
tetraethylbenzimidazolcarbocyanine iodide (JC-1; Invitrogen). This li-
pophilic dye forms red fluorescent aggregates inside healthy mitochon-
dria. When the mitochondria membrane potential collapses, the dye
cannot accumulate within the mitochondria and remains in the cyto-
plasm in a green fluorescent monomeric form. Analysis was done by flow
cytometry (EPICs XL-MCL).

To determine surface membrane PS, the Annexin V-PE Apoptosis
Detection Kit I (BD Biosciences) was used. Cells were exposed to 5 um
AB-FITC for 80 min, washed three times, stained with annexin
V-phycoerythrin (PE), and analyzed by flow cytometry (FacsAria).

After sorting, cells were cultured for 7 d and then exposed for 24 h to 5
M AB. The caspase 3/7 activation was quantified in Af-exposed and
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Figure 1. Apoptosis assays disclose cells sensitive and resistant to AB3. P12 cells and hip-

pocampal neurons were grown for 3 d in a medium containing an abnormally high concentra-
tion (15 wum) of freshly prepared AB. The disruption of DNA fragmentation and the mitochon-
drial membrane were evaluated by TUNEL and mitochondrial membrane potential flow
cytometry assays. After the third day of exposure to A3, significant cell damage is observed.
However, despite the long exposure to a highly toxic concentration of A3, in terms of DNA
fragmentation and mitochondrial function, mitochondrial function, 48 and 43% of PC12 cells
and 60 and 40% of hippocampal neurons, respectively, remained unaffected.

-unexposed cells, adjusted to have similar cell numbers, by the CellProbe
HT caspase 3/7 whole cell assay kit (Beckman Coulter). To measure DNA
fragmentation, we used terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) APO-BrdU kit (BD Biosciences). Cells were
incubated with Br-dUTP and detected with FITC or PE-labeled anti-
Br-dU monoclonal antibody and by flow cytometry (EPICs XL-MCL).

Cell cycle analysis. Propidium iodide (PI) was used for cell cycle anal-
ysis immediately after cell sorting. Cells were fixed in 70% ethanol and
washed twice, double-stranded RNA was removed by DNase-free RNase
(Sigma), and the cells were stained with PI (Sigma) and analyzed by flow
cytometry (EPICs XL-MCL) immediately. ModFit LT (Verity Software
House, Topsham, ME) was used for the analysis.

Analysis of neurite outgrowth. Sorted PC12 cells were differentiated by
NGF for 1 week, then treated with 5 um AB,, (Bachem) for an additional
3 d, and neurite characterization by Neurite Outgrowth Assay Kit (Mil-
lipore, Billerica, MA) was performed as described in the manufacturer’s
manual.

Determination of ATP. ATP Bioluminescence Assay Kit CLS IT (Roche)
was used to evaluate the level of cytosolic ATP. PC12 cells and hippocam-
pal neurons were sorted on the basis of AB binding and cultured. After
8 d, the different sorted groups of cells were detached, adjusted to have
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time to different concentrations of AB-FITC, and A3-FITCbinding was analyzed by EPICs XL-MCL. 4, Histograms of the number of
cells versus AB-FITC fluorescence after 60 min exposure to different concentrations of AB-FITC. B, Percentages of cells (filled
squares) and fluorescence intensity [geometric mean of fluorescence (GeoMean of Fluor), filled circles] of bound AB-FITC (M2
gate from A) as a function of the concentration of AB-FITC. C, Histograms of the number of cells versus AB-FITC fluorescence at
different times of exposure to 2 um AB-FITC. D, Percentages of cells with bound AB-FITC (M2 gate from €) as a function of time
of exposureto 2 um A B-FITC. Binding and the percentage of cells that bind AB-FITCincrease as a function of time of exposure and

concentration of A3 to reach a saturation level.

similar cell numbers, and boiled in 100 mm Tris, 4 mm EDTA, pH 7.75.
Luciferase reagent was added to the samples, and luminescence was an-
alyzed (Fluostar Optima).

Statistics. All data are presented as means of three to five experi-
ments * SD. Origin scientific analysis software (OriginLab, Northamp-
ton, MA) was used to determine significance levels using Student’s  test.
The level of significance is denoted in each figure as follows: ns, no
statistically significant difference; single and double asterisk, significant
and highly significant p values, respectively.

Results

Not all cells within the same culture are equally affected by
external addition of A3, and some cells are even found to be
resistant

It is generally observed that not all cells within the same culture
bind and are equally affected by AB. To illustrate these observa-
tions, we have chosen, from a pool of flow cytometry data, a series
of dot plots and histograms of the distribution of cells after expo-
sure to A for different experimental conditions. These figures
will describe some of the cellular processes known to be affected
by AB and the levels of AB binding. Figure 1 illustrates the cell-
specific toxicity of AB. The highly AB-sensitive neuronal cell line
PC12 and rat hippocampal neurons were treated with an un-
equivocal toxic concentration of AB, and the DNA fragmentation
and the mitochondrial membrane potential were measured. To
enhance the interaction of AB with the surface membrane of the
cells, an abnormally high concentration of freshly prepared A,
(15 M) was added to the culture medium, and apoptosis was
evaluated 3 d later by flow cytometry TUNEL assay and mito-
chondrial membrane potential assay. The data in Figure 1 show
that exposure of cells to AB clearly induced a remarkably high
level of DNA fragmentation, (Fig. 1A) and a significant mito-
chondrial membrane potential disruption (Fig. 1B). However,

fluorescence histograms with increasing
AP concentration, in contrast to the satu-
ration in the number of fluorescent cells.
Figure 2 B, constructed from the raw data
in Figure 2 A, shows that as the AB-FITC
concentration is increased, and more cells
bind A, the percentage of cells in the M2
region, AB-FITC-positive, increases. At
AB-FITC concentrations of >10 um, a
maximum percentage of fluorescent-positive cells were reached.
The effect of increasing the time of exposure to AB-FITC on the
level of AB binding to the cells was analyzed in the experiment
shown in Figure 2C. PC12 cells were exposed to 2 um AB-FITC
for various periods of time before the cells were washed and
analyzed by flow cytometry. The histograms show that increase of
exposure to AB-FITC up to 2 h basically increases the number of
positive-fluorescent cells, rather than the cell fluorescence inten-
sity, as indicated by the very modest shift of the distribution
curves toward higher intensity levels. Figure 2D shows that the
percentage of AB-FITC-positive cells in the M2 region increased
very rapidly during the first 20 min of exposure to AB-FITC.
Thereafter, the rate of increase was very moderate and constant.

Binding affinity for A distinguishes subpopulations of cells
within different neuronal cell lines and primary cultured
neurons

The results described above clearly show that PC12 cells and hip-
pocampal neurons can be grouped into subpopulations based in
their surface membrane binding affinity toward AB. A similar
approach was also applied to four other cell types, namely differ-
entiated PC12, GT1-7, and primary cultured rat cortex and hip-
pocampal neurons. We exposed the cells to AB-FITC and sorted
them on the basis of their bound AB-FITC using a cell sorter
FacsAria (BD Biosciences), which also enabled us to analyze the
cells with high fluorescence sensitivity. Figure 3 summarizes the
flow cytometric data from experiments in which the different
types of cells were exposed for binding to 5 um AB-FITC for a
period of 80 min. Histograms illustrating the distribution for
PC12 cells and for hippocampal neurons are shown in Figure 3a.
The histograms show that cells are clearly distributed into three
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Figure 3. Subpopulations of cells in different cell lines with different AB binding affinity.

Different cell lines and primary neurons were exposed to 5 um AB-FITC for 80 min. a, Histo-
grams of AB-FITC binding to PC12 cells (left) and hippocampal neurons (right) show three
distinct subpopulation of cells: subpopulation A (cells with no AB-FITC binding affinity), sub-
population B (cells with high AB-FITC binding affinity), and subpopulation C (cells with extra-
high AB-FITC binding affinity). b, The bar plot summarizes the percentages of cells in the
subpopulations A (left white bar), B (black bar), and C (right white bar) observed in five different
cell types.

distinct subpopulations. One subpopulation (labeled A) of cells
was completely AB-FITC negative (no A binding affinity). The
rest of the cells, AB-FITC positive, clearly separated into two
subpopulations that exhibit high and extra-high affinity for AB-
FITC (labeled B and C, respectively). The division of cells into
subpopulations was observed in all cell types studied. The bar
plot in Figure 3b summarizes the percentage of cells in each sub-
population according to the cell type. Most cells from the PC12
cell sample showed the highest affinity for AB-FITC compared
with the other cell lines.

The clear separation of the cells into subpopulations observed
in the AB-FITC fluorescence histograms made it possible to
physically separate the cells based on their different AB-FITC
binding affinity. The histograms in Figure 4 show the results of
the application of the separation protocol on PC12 cells and hip-
pocampal neurons. Before the sorting procedure was applied, the
cells were exposed for 80 min for binding to AB-FITC (5 um).
The ranges of the sorting gates of the cell sorter, Figure 4, a and c,
are indicated by the bars labeled A (cells with no AB-FITC affin-
ity), B (cells with high AB-FITC affinity), and C (cells with extra-
high AB-FITC affinity). The subpopulations of cells were col-
lected in three separate tubes, and the efficiency of the separation
process was confirmed by reexamining the cell-bound AB-FITC
under the sorter. The histograms in Figure 4, b and d, show the
distribution of the AB-FITC fluorescence from each one of the
cell subpopulations and verify the purity of the sorted subpopu-
lations of cells. The degree of subpopulation contamination was
routinely <6% for PC12 cells and <20% for hippocampal
neurons.
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Characteristics of cell subpopulations with different binding
affinity for A3

Detailed examination of the cell subpopulations, with different
binding affinity for AB-FITC, shows that these populations addi-
tionally possess distinct morphological and compositional char-
acteristics that correlate with their level of affinity for AB-FITC.

Cell size

The forward scattergrams (proportional to cell size; FSCs), re-
sulting from flow cytometry analysis of cells exposed to AB-FITC
(5 M, 80 min), point out that AB-FITC binding to cells appears
to be correlated to cell size. The FSC histograms in Figure 5 (left)
show that the control population of cells, AB-FITC-untreated
cells, for both PC12 and hippocampal neurons, exhibit relatively
normal size distribution typical for viable cells. Most of the cells,
~70%, were grouped in the medium sizes, limited by the bar II.
When the subpopulations of cells, sorted by their affinity to bind
AB-FITC as described above, are analyzed in terms of cell size
distribution (Fig. 5, right), the highest percentage of PC12 cells
and hippocampal neurons with no A affinity (continuous
curves) are found in the bar II of the medium-sized cells, 65 and
75%, respectively. PC12 cells and hippocampal neurons with
high A affinity (dashed curves) distributed preferentially within
the large cell sizes limited by the bar III, 42 and 71%, and the
medium cell sizes limited by the bar II, 54 and 26%, respectively.
However, those cells with the extra-high AB-FITC affinity (dot-
ted lines) were, for both types of cells, found preferentially within
the smallest cell sizes limited by bar I, 61 and 38%, and the me-
dium in sizes, 25 and 50%, respectively. This distribution proba-
bly corresponds to subpopulations of nonviable cells and cell
bodies.

Surface phosphatidyl serine

The capacity of cells to bind AB-FITC appears to be also associ-
ated with cells with expressed measurable PS in the surface mem-
brane. This association has been previously suggested by the re-
sults of competitive experiments performed in PC12 cells (Lee et
al., 2002) and can be directly construed from the flow cytometry
analysis shown in Figure 6 A. PC12 cells, which typically show a
certain level of the apoptotic signal molecule PS on their cell
surface (Lee et al., 2002), were grown in two separate groups of
cells to be labeled with the specific PS-binder annexin V-PE. One
group of cells, the AP treated, was preincubated for 80 min in a
medium containing 5 uM AB-FITC and washed three times be-
fore being labeled with annexin V-PE. The other group, the con-
trol cells, remained untreated with AB. Flow cytometric analysis
showed 37% of the control cells positive for annexin V-PE (Fig.
6A, left histogram). Within the groups of cells treated with AS-
FITC, the group with no AB-FITC affinity (Fig. 6 A, middle his-
togram) showed only 7% of cells positive for annexin V-PE. In
contrast, cells with AB-FITC affinity (Fig. 6 A, right histogram)
showed 58% of cells positive for annexin V-PE. The flow cyto-
metric analysis was made immediately after a very short period of
time of exposure to Af3 and to a relatively low concentration of
AB. Therefore, these conditions are sufficient for A binding but
are not sufficient to induce a measurable externalization of PS
and apoptosis. Hence, we consider that most detected PS is prior
PS on the surface of the cell membrane. This strong correlation
between cells binding A and cells exposing PS was confirmed in
three additional experiments on PC12 and on hippocampal neu-
rons (data not shown). In these neurons, which do not normally
expose the apoptotic signal molecule PS, a mild externalization of
PS was experimentally induced. Overall, the results clearly show
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Figure4.  Fluorescence-activated cell sorting of cells with different A3 binding affinity. PC12 cells and hippocampal neurons < 1cim respornse

were exposed to 5 um AB-FITC for 80 min and sorted by FacsAria on the basis of their A3-FITC binding affinity. a, ¢, Histograms
of AB-FITC binding to PC12 cells (a) and hippocampal neurons (c) show three distinct subpopulation of cells: subpopulation A
(cells with no AB-FITC binding affinity), subpopulation B (cells with high AB-FITC binding affinity), and subpopulation C (cells
with extra-high AB-FITC binding affinity). b, d, Histograms of AB-FITC binding to PC12 cells (b) and hippocampal neurons (d) to
illustrate the efficiency of the sorting procedure. Each cell type was sorted and collected in separate subpopulations and imme-
diately reanalyzed for the binding of AB-FITC. The purity of the sorted subpopulations in all experiments (n = 8) was routinely

~90% for PC12 cells and ~80% for hippocampal neurons.

that there seems to be a close correlation between the presence of
PS on the surface of the cells and the affinity of the cell to bind AB.

The experiments that follow were performed with a similar
procedure. PC12 cells and hippocampal neurons were exposed
for 80 min to 5 uM AB-FITC and separated in subpopulations
based on their different A3 binding affinity, as described in Fig-
ures 3 and 4. Cells were grouped into two subpopulations: non-
AB-FITC binding (no A affinity) and AB-FITC binding (A
affinity).

ATP content

After sorting, the groups of cells were allowed to grow, and in the
case of PC12 cells allow to divide, for 8 d before cytosolic levels of
ATP were evaluated. As shown in Figure 6B, after several divi-
sions, PC12 cells with AB affinity showed ~50% lower cytosolic
levels of ATP compared with cells with no A affinity. In addi-
tion, hippocampal neurons that exhibit A affinity permanently
possessed significantly lower cytosolic ATP content than that of
cells with no A affinity. In addition to the lower cytosolic levels
of ATP, the other distinctive characteristic of cells with preferred
binding to AB, the higher surface PS level observed immediately
after cell sorting, was also found to be maintained after several cell
divisions (our unpublished results).

The increase in the intracellular calcium is
the first event observed after AB binds to
the surface membrane of cells. Hence it
should be expected that cells that show af-
finity to bind AB would more likely re-
spond with calcium spikes after exposure
to AB pulses, as opposed to cells that do not
bind AB. Sorted PC12 cells and hippocam-
pal neurons cells were allowed to grow for 8 d before the calcium
response to AB was tested. Figure 7 shows the records and anal-
ysis of the intracellular calcium changes observed after the addi-
tion of either freshly prepared AB or the calcium ionophore
4-BrA23187. For each condition, 50—60 cells were analyzed, but
for illustration purposes, the panels display only representative
simultaneous records from five responding cells located at differ-
ent positions of the optical field. Control records from PC12 cells
in Figure 7A show that most A-untreated cells (78%) displayed
an intracellular calcium response (266 * 25 nm) soon after expo-
sure to fresh AB. The cells sorted for their resistance to binding
AP (subpopulation with no A affinity) either did not respond or
afew (14%) showed only a mild calcium response (<25 nm). This
percentage of cell responding is not much different from the
percentage (11%) observed 1 d after sorting. In contrast, almost
all cells (99%) sorted for their capacity to bind AB (A affinity)
showed a robust calcium response (1312 = 76 nm). The calcium
responses to AB from subpopulations of hippocampal neurons
are also shown in Figure 7A. Neurons sorted for their affinity to
bind A also showed a significant calcium response to AB. Eight
days in culture after sorting, the subpopulations of neurons dis-
played their original sensitivity to AB. Ninety-six percent of the
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neurons in the subpopulation with A af-
finity responded to the addition of a pulse
of AB with a long-duration strong calcium
response (285 * 10 nM), compared with a
much milder and shorter calcium response
(188 = 14 nm) observed in 74% of the con-
trol neurons and compared with almost no

Control
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The differential cell response to A3 corre-
lated with the cell affinity to bind A is also
observed in the magnitude of the surface
membrane and mitochondrial disruption,
caspase activation, DNA fragmentation, and
neurite degeneration induced by ApB.

Figure 5.

Cell membrane and

mitochondrial disruption

The subpopulations of cells sorted on the
basis of their AB-FITC binding not only
display correlation with the prompt calcium response to A3, but
they also show differential responses to A3 in terms of the mag-
nitude of the cell surface and mitochondrial membrane disrup-
tion. Subpopulations of PC12 cells (Fig. 8 A) and hippocampal
neurons (Fig. 8 B) were allowed to grow for 7 d after sorting. Cells
were then exposed for 1 d to fresh A, and cell viability and LDH
release were evaluated. The subpopulations of both PC12 cells and
hippocampal neurons with affinity for AB showed a significantly
(p < 0.03) higher percentage of mortality (left) and LDH release
(right) than did the subpopulations of AB-FITC-untreated control
and cells with no AB-FITC affinity.

sizes.

Caspase activation

The activity of caspases 3/7 from PC12 cells collected in subpopula-
tions on the basis of their affinity to bind AB-FITC was measured
after allowing the cells to divide for 8 d in AB-free media. The results
in Figure 8C (left) show that the level of caspase activity was signifi-
cantly higher in the subpopulation of cells with AB-FITC affinity
than in control cells never treated with A3 and cells that exhibited no
affinity to bind AB-FITC. At day 7, sorted cells were exposed to A3
for 1 d, and the activation of caspases 3/7 was evaluated. The results
in Figure 8C (right) show that the subpopulation of cells with AB-
FITC affinity exhibits significantly higher ( p < 0.03) caspase activa-
tion than the other two subpopulations.

DNA fragmentation
The results displayed in Figure 9A show that the cell subpopula-

tion with AB-FITC binding affinity was also more sensitive to

FSC

A binding correlates with cell size. Forward scattergrams (FSC) from flow cytometry analysis of subpopulation of
PC12 cells (top) and hippocampal neurons (bottom) sorted on the basis of their affinity to bind AB-FITC. For sorting, cells were
exposed to 5 um AB-FITCfor 80 min. Bars|, 11, and Il define the cells on the basis of their sizes, as small, medium, and large sizes,
respectively. The continuous, dashed, and dotted curves correspond to cells with no A3 affinity, high A3 affinity, and extra-high
AP affinity, respectively. Cells and neurons with high A3 affinity distributed preferentially within the medium and large cell
sizes. Cells and neurons with the extra-high AB-FITC affinity distributed preferentially within the smallest and the medium cell

undergo DNA fragmentation when exposed to fresh AB. PC12
cells were collected in groups on the basis of their affinity to bind
AB-FITC and allowed to divide for 8 d in separate cultures. DNA
fragmentation was measured in a group of cells after 8 d in culture
(left) and in another group of cells that at day 7 were exposed to
A for1d (right). After several cell divisions, high DNA fragmen-
tation was observed only in the group containing cells with A3
binding affinity (left). Among the subpopulations of cells ex-
posed to A for 1 d, DNA fragmentation was significantly higher
in cells with AB-FITC affinity than in control cells. Almost no
increase in DNA fragmentation was observed in the subpopula-
tion with no A affinity.

Neurite outgrowth
The effect of AB on the synaptic plasticity, as evaluated by degen-

eration of neurites, was also studied in the different subpopula-
tions of cells sorted for their different affinity to bind AB-FITC.
Sorted subpopulations of PC12 cells were treated with NGF to
induce cell differentiation and neurite outgrowth. After cells were
fully differentiated, the subpopulations of cells were exposed for
2 dto AB, and the neurite outgrowth was evaluated. The results in
Figure 9 show that AB produced a noticeable (55 * 9%) decrease
in neurite outgrowth in the control AB-FITC-untreated group.
When AR is added after cells are sorted on the basis of AB-FITC
binding, the decrease (82 = 12%) in neurite outgrowth is highly
significant ( p < 0.0001) in the subpopulation of cells that exhib-
ited affinity to bind AB-FITC, compared with the decrease (20 =
5%) observed in the subpopulation with no A affinity.
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Figure 6.  Ap binding correlates with the level of phosphatidylserine on the cell surface membrane, with the cytosolic ATP

level, and with the cell cycle phase. 4, Surface PS in PC12 cell subpopulations, identified on the basis of their affinity to bind
AB-FITC, was analyzed by flow cytometry. Cells were exposed to annexin V-PE, and the cell bound fluorescence was used as a sign
of the level of PSin the surface of the cellmembrane. Cells with affinity to A3-FITCshowed the highest percentage of cells positive
for annexin V-PE (58%), compared with cells with no AB-FITC affinity (7%). B, Subpopulations of PC12 cells and hippocampal
neurons sorted based on their AB-FITC affinity were cultured for 8 d before their cytosolic ATP levels were evaluated. For both
types of cells, cells with AB-FITCaffinity showed ~50% lower cytosolic ATP levels than cells with no A3-FITCaffinity and control
cells. Data shown are mean = SD. ns, Nonsignificant; *p << 0.01 (significant); **p << 0.0001 (highly significant). €, Subpopu-
lations of PC12 cells were sorted based on their AB-FITC affinity and their cell cycle stage was immediately analyzed. Cells with
AB-FITCaffinity were preferentially in G, stage (57%) compared with cells with no A 3 affinity (41%) and control cells (42%). The
percentage of AB-FITC affinity cells in the G, stage was reduced (13%) compared with the percentage of cells with no AB-FITC
affinity (33%) and the percentage of control cells (30%).

Discussion

The results from this investigation demonstrate that the selective
sensitivity of cells to neurotoxic effects of the Alzheimer’s A 3 peptide
is established by distinctive characteristics of the cell subpopulations
that favor the specific binding of A to the cell membrane. These
distinctive characteristics are maintained in the cultured cell sub-
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populations even after multiple cell divisions,
and may be the basis for the selective attack of
AP on AB-sensitive cells. The specific mem-
brane binding represents the first step in the
series of events that leads to cell degeneration
by AB. The principal finding of our study is
the efficient separation of those cells that ex-
hibit significant sensitivity to A from those
that show resistance, thereby permitting the
study of their distinctive characteristics that
correlate with their AB sensitivity. Our ap-
proach was based on the binding of Af3 to the
membrane of the cell as the basic conditions
to initiate the potentially cytotoxic cellular
events. We found that most cells that exhibit
high AB binding affinity preferentially dis-
play the apoptotic signal molecule PS, are the
largest in size, are in the G, stage of their cell
cycle, and have significantly much lower than
normal cytosolic ATP levels. Consequently
the sensitivity of these cells to A3 was accom-
panied by a higher increase in intracellular
Ca®" levels, release of LDH, activation of
caspases, fragmentation of DNA, decrease in
neurite outgrowth, and increased mortality
(Table 1). We believe that this investigation
provides the basis to assert that the selective
attack of normal existing A3 on some cells in
culture and on limited regions of the AD
brain is defined mainly by specific distinctive
characteristics of the target cells rather than
by the production and level of AB. The re-
quirements for AB binding to membranes
seem to be independent of the structural con-
figuration that makes A3 a toxic molecule, as
suggested by our experiments (our unpub-
lished observations). The survival status of cells
after AB binding corroborates that A specific
binding to cell membrane is required and is the
prelude to AB cytotoxicity. Additional investi-
gation would be required to determine the im-
plications that the stage of A3 aggregation may
have on AB binding to membranes.

Properties of the cells that preferentially
bind AB

One of the most noteworthy features we
found characterizing cells that preferentially
bind AR is the presence of measurable surface
PS. PS is normally found on the inner face of
the surface membrane of healthy cells (Roth-
man and Lenard, 1977; Daleke and Lyles,
2000). In the early stage of apoptosis, or un-
der specific stimulation, PS is translocated to
the outer leaflets of the plasma membrane
and exposed to the extracellular environment
(Martin et al., 1995; Zwaal et al., 2005). PS

exposure functions both as a recognition signal for cell removal in
apoptosis (Fadok et al., 1992, 2000; Martin et al., 1995) and as a
docking site for some proteins (Zwaal and Schroit, 1997). The cor-
relation between A binding and the detection of PS on the selected
cells suggest that AB preferentially goes after cells that are distressed
or in early-stage apoptosis.
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The histograms originated from the
flow cytometric analysis of cells exposed to
AB show that AB associates with the
largest-sized cells and to a lesser degree the
smallest-sized cells. Swelling and shrinkage
are recognized parameters of cells that are
injured by either necrosis or apoptosis
(Lang et al., 2004). The failure to find A
bound to average-sized healthy cells sug-
gests that in this condition, the cell surface
membrane does not have the specific sur-
face receptors to facilitate the interaction
with AB. In contrast, the correlation ob-
served in our experiments between the lev-
els of AB binding and the level of
membrane-surfaced PS strongly suggests
that PS, the early apoptotic signal molecule
associated with injured cells (Zwaal et al.,
2005), may be one of the surface receptors
that establish the cell selectivity observed
by AB.

PS asymmetry in healthy cells is main-
tained by the activity of the aminophos-
pholipid translocases, or flippase, which
shuttles PS (and phosphatidylethano-
lamine) from the outer to the inner mono-
layer using Mg>*-ATP (Devaux and Za-
chowski, 1994; Daleke and Lyles, 2000). PS
exposure requires the concomitant activa-
tion of a PLS (phospholipid scramblase)
and inhibition of an ATP-dependent ami-
nophospholipid translocase (Verhoven et
al., 1995; Bratton et al., 1997; Wolfs et al.,
2005). Consequently, suppression of intra-
cellular ATP levels potentiates PS exposure
(Martin and Pagano, 1987; Gleiss et al.,
2002). We found that cells with high affin-
ity for A chronically have a low cytosolic
ATP level, which is maintained even after
several cell divisions. Therefore, it could be
speculated that the low cytosolic ATP lev-
els, which may indicate metabolic distress,
in these cells could maintain a chronically
PS exposure, thereby facilitating the cell
recognition by AB.

It is known that AB-induced cell death
is related to cell cycle changes. A activates
an unscheduled cell cycle in neurons by in-
ducing the expression of molecules neces-
sary for the G,/S transition (Copani et al.,
1999, 2006; Giovanni et al., 1999, 2000).
Neurons enter the S phase before they die
by apoptosis (Copani etal., 2001; Herrup et
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Figure 7.  Calcium response to AS3 and cell AB binding affinity are correlated. A, The calcium response to fresh AS of

subpopulations of PC12 cells and hippocampal neurons, 8 d after being sorted on the basis of their AB-FITC affinity. 0f 50 — 60
calcium responses analyzed, the figure shows five records from each subpopulation of cells. After application of A (arrow), 99%
of PC12 cells with high A 3-FITCaffinity showed marked calcium peak (1212 == 76 nw), five times higher than the response of 78%
of control cells (266 == 25 nm). Only 14% of cells with no A3-FITC affinity showed a very mild calcium response (0 == 10 nm). This
number is not much different than the percentage of responding cells observed right after sorting (11%). Ninety-six percent of
hippocampal neurons with AB-FITC affinity responded to A3 with a significantly higher ( p << 0.001) calcium peak (285 = 10
nm) compared with 74% of control cells (188 == 14 nm) and 8% of cells with no AB-FITCaffinity (5 == 2 nm). B, After 8 d of sorting,
all cells from the sorted subpopulations of PC12 cells responded with calcium increases to the application of the calcium iono-
phore 4-BrA23187. The magnitude of the calcium response (data shown as median = SE) from the cells in the different
subpopulations was not significantly different (ns; p > 0.05). C, Summary of the calcium response induced by A from three
different experiments on PC12 cells. The plots show the median of the percentage of responding cells (left) and the median of the
magnitude of the calcium change (right).

al., 2004). Flow cytometry testing is useful for quantifying the
distribution of a population of cells into the different nuclear
phases of the cell cycle. Our results on PC12 cells exposed to A3
showed that most of the cells selected by A for binding were in
the G, stage. Hence this finding may suggest that AB preferen-
tially binds to cells in G, rather than inducing G,. There are no
reports indicating changes in the phospholipid composition of
the membrane during the different phases of cell division. How-
ever, it has been shown that in PC12 cells the highest expression
of the CTX (cholera toxin) receptor GM1 takes place during in-

terphase and G, (Majoul et al., 2002). A selectively recognizes a
GM1 cluster in membranes and binds to and accumulates on
GM1-rich domains in membrane in a time- and concentration-
dependent manner (Kakio et al., 2001; Wakabayashi et al., 2005).
The GM1 enrichment of the cell surface membrane during the G,
stage would explain the preferential AB binding to cells during
this stage observed after our flow cytometry analysis.

Some of the distinctive cells characteristics that we found as-
sociated to AB binding and to A sensitivity are also characteris-
tics that are enhanced after processes activated by cerebral isch-
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Figure8. Characteristic responses of subpopulation of cells with high A3 binding affinity. 4,

Subpopulations of PC12 cells sorted on the basis of their AB-FITC affinity were allowed to grow
and divide for 8 d. Cells were then exposed for 1d to fresh A3, and 48 h later, cell viability (left)
and LDH release (right) were evaluated. B, Subpopulations of hippocampal neurons sorted on
the basis of their AB-FITCaffinity were allowed to grow for 7 d. Neurons were then exposed for
1dtofresh A3, and 48 h later, cell viability (left) and LDH release (right) were evaluated. , Left,
The level of caspase 3/7 activity [in relative fluorescence light units (RFLUs)] in subpopulations
of PC12 cells 8 d after cells were sorted on the basis of their AB-FITC affinity. Right, A activa-
tion of caspases 3/7 of subpopulations of PC12 cells 8 d after being sorted on the basis of their
AB-FITCaffinity. At day 7 after sorting, cells were exposed to A3, and the activation of caspases
3/7 was evaluated the following day. Error bars are mean == SD. *p << 0.04; **p << 0.0001.

emia or other means of trauma-induced apoptosis (Forrester and
Williams, 1977; Petrov et al., 2000; Krijnen et al., 2002; Dutta et
al., 2004; Cao et al., 2007). Cerebral ischemia has been suggested
as an important factor facilitating the symptoms of Alzheimer’s
disease. It has been reported that cerebral ischemia and AB ad-
ministration to rats significantly impaired spatial memory, prob-
ably because of induction of apoptosis in pyramidal neurons of
the hippocampus (Iwasaki et al., 2006). The experimental condi-
tions that we used to unveil the existence of subpopulations of
cells with different binding affinity and sensitivity to AB are un-
likely to be considered hypoxic. However, the similarities in the
cellular processes activated by trauma and A and the cell char-
acteristics that associate with responses to A3 make it worthwhile
to pursue investigations into those experimental conditions that
may exacerbate characteristics that endow cells with enhanced
sensitivity to AS.

Response to A3 by the cells that preferentially bind A3
There have been numerous reports describing the different intra-
cellular disturbances produced after cells in culture are exposed
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Figure9. Characteristic responses of subpopulation of cells with high A3 binding affinity. 4,
PC12 cells were sorted in subpopulations on the basis of their affinity to bind AB-FITC and
allowed to divide for 8 d in separate cultures. DNA fragmentation was measured after 8 d in
culture (left). At day 7, a group of cells from each subpopulation was exposed to A3 for 1d
before DNA fragmentation measurement (right). DNA fragmentation induced by A3 was only
observed in the subpopulation of cells with affinity to AB-FITC. B, Subpopulations of PC12 cells,
sorted on the basis of their affinity to bind AB-FITC, were differentiated by NGF and exposed to
fresh A3 for 2 d, and the neurite outgrowth was analyzed. A3 produced a 55% reduction of
neurite outgrowth in sorted control cells (untreated). The reduction of neurite outgrowth in the
subpopulation of cells with high affinity to AB-FITC was 82%, significantly higher (p <
0.0001) than the subpopulation of cells with no affinity to A3-FITC (20%) and control untreated
cells (p < 0.04).

to AB (Mattson et al., 1992; Loo et al., 1993; Shearman, 1996;
Allen et al., 2001; Green and Peers, 2001; Morishima et al., 2001;
Simakova and Arispe, 2006). Our experiments show that these
disturbances manifest only in those cells that firmly bind AR.
Therefore, when these cells are selected and analyzed separately,
the magnitudes of the disturbances induced by A show values
that are larger than the values obtained from analysis of the whole
population of cells. We observed that the average intracellular
Ca** response of cells that possess affinity for A is particularly
higher than the average response from the whole population of
cells. The uniform response of all cells to a Ca>* ionophore sug-
gests that the higher affinity to bind AB by some cells is accom-
panied by unique characteristics in the cellular mechanisms that
control the Ca®>* homeostasis. This has been previously sug-
gested and analyzed in many reports (LaFerla, 2002; Smith et al.,
2005).

In summary, we have followed a sorting procedure to isolate
cells sensitive and resistant to Af in various types of cells. We
found distinctive cell characteristics that facilitate the binding of
AP to the cell surface and bestow cells with differential responses
to AB. These distinct cell characteristic can be normally con-
served after cell division and can also be induced by agents pro-
moting apoptosis. Based on our results, we can speculate that the
cell-selective AB neurotoxicity in cultured cells and AD brains is
determined by preexisting conditions or distress of target cells
rather than by the production and levels of Af3. We conclude that
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membrane binding by AB is essential for

APB to express cytotoxicity and that the actionofAf

Simakova and Arispe e Cell-Selective Neurotoxicity of AR

Table 1. Cell characteristics and response to Af3 of subpopulations of cells resistant or sensitive to the toxic

cell-selective neurotoxicity of AB peptide
resides in distinctive cell characteristics.

Cell characteristics and response to A3

Subpopulations of cells

Cells resistant to A3 Cells sensitive to A3

A binding affinity
Surface phosphatidyl serine
Cytosolic ATP level
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