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Mounting evidence suggests that the pathological hallmarks of Alzheimer’s disease (AD),
neurofibrillary tangles and parenchymal amyloid plaques, are downstream reflections of
neurodegeneration caused by the intraneuronal accumulation of amyloid-/ proteins (Af),
particularly Af42 and Ap40. While the neurotoxicity of more amyloidogenic but less abundant
ApA2 is well documented, the effect of AS40 on neurons has been understudied. The A0
expression in the presymptomatic AD brain is ten times greater than that of Ap42. However, the
ApA0:42 ratio decreases with AD progression and coincides with increased amyloid plaque
deposition in the brain. Hence, it is thought that A40 protects neurons from the deleterious effects
of Ap42. The pathophysiological pathways involved in the neuronal uptake of Af40 or Ap42 have
not been clearly elucidated. Lack of such critical information obscures therapeutic targets and
thwarts rational drug development strategies aimed at preventing neurodegeneration in AD. The
current study has shown that fluorescein labeled Ap42 (F-Ap42) is internalized by neurons via
dynamin dependent endocytosis and is sensitive to membrane cholesterol, whereas the neuronal
uptake of F-Af40 is energy independent and nonendocytotic. Following their uptake, both F-A40
and F-Ap42 did not accumulate in early/recycling endosomes; F-Af42 but not F-Ap40
accumulated in late endosomes and in the vesicles harboring caveolin-1. Furthermore, F-Af42
demonstrated robust accumulation in the lysosomes and damaged their integrity, whereas F-A40
showed only a sparse lysosomal accumulation. Such regulated trafficking along distinct pathways
suggests that Ap40 and Ap42 exercise differential effects on neurons. These differences must be
carefully considered in the design of a pharmacological agent intended to block the
neurodegeneration triggered by Ag proteins.
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INTRODUCTION

Deposition of Af proteins as parenchymal plaques is the conventional pathological hallmark
of AD. However, extensive neuropathological and biochemical observations made in AD
transgenic mouse models and in human AD patients suggest that intraneuronal accumulation
of A proteins is the pivotal event that triggers neurodegeneration in AD.1~3 The appearance
of intraneuronal Af leads to profound deficits in hippocampal long-term potentiation,
facilitates tau hyperphosphorylation, and disrupts proteosomal as well as mitochondrial
functions.* Removal of intraneuronal AB with passive immunotherapy was shown to halt
neurodegeneration and reverse behavioral deficits in AD mouse models.2> However,
immunotherapy with antiamyloid antibodies immaobilizes extraneuronal amyloid deposits,
jams the cerebral vasculature with amyloid, and causes life-threatening conditions such as
meningoencephalitis.® Hence, targeted therapies that can specifically clear neurons of toxic
Approteins are warranted; development of such therapies requires a thorough understanding
of pathophysiological mechanisms that promote neuronal uptake of toxic Agisoforms.

In the early stages of AD, reuptake of extracellular Ag proteins, rather than the accumulation
of Af generated within the neurons through ER/Golgi processing of the amyloid precursor
protein (APP), is believed to contribute significantly to the intraneuronal A pool.”
Published reports have claimed several receptors and even nonendocytotic mechanisms to
mediate intraneuronal accumulation of Ag proteins.8 Previously, we reported nonsaturable,
energy independent, and nonendocytotic uptake of fluorescein labeled A0 in neuronal
cells.? In this study, we have shown that A42 is internalized via endocytosis, which is
energy dependent.

It is becoming increasingly evident that A0 protects neurons from the deleterious effects
of Ap2.10-14 Moreover, ASA0/ABA2 ratios are associated with the severity and location of
AD pathology; 116 a lower Ap40/AS42 ratio was shown to enhance amyloid deposition in
the parenchyma,1” whereas higher AS40/A42 ratio drives cerebrovascular amyloid
accumulation.18 It is obvious from these reports that A0 and A/42 play distinct roles in
AD, and their relative distributions in various physiological compartments may modulate
AD pathology. To exercise such differential impact, A0 and Af42 must be trafficked and
regulated via distinct pathways, which need to be carefully considered in the design of a
pharmacological agent that can block their accumulation in neurons.

MATERIALS AND METHODS

Synthesis of AB40 Proteins

AB40 and Ap42 are synthesized on an ABI 433 peptide synthesizer (Foster City, CA) with
Val-NovaSyn TGA resin (Calbiochem-Novabiochem, San Diego, CA) employing HBTU
activation and synthesis protocols as described in our earlier publication.® Fluorescein was
tagged to A0 or Ap42 on the Fmoc column, which was thoroughly washed with
dimethylformamide and dichloromethane to remove excess NHS-fluorescein. The
fluorescein labeled Ap40 or ApA2 (F-ARA0 or F-ApA2) thus obtained was purified by high
performance liquid chromatography (HPLC) methods. Hence it is unlikely to have any free
fluorescein in the F-Ap40 or F-A42 solutions. F-A40 and F-AS42 monomers were
prepared as per the procedure described by Klein et al.1? Various microscopy markers such
as Alexa Fluor 633 labeled transferrin (AF633-Trf), Dil labeled low density lipoprotein (Dil-
LDL), Alexa Fluor 647 labeled cholera toxin (AF647-CT) and Lysotracker Red DND 99
(LR) were obtained from Invitrogen (Carlsbad, CA).

Mol Pharm. Author manuscript; available in PMC 2013 December 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Omtri et al. Page 4

Cell Cultures

Pheochromocytoma (PC12) cells were purchased from ATCC and grown in a 50:50 mixture
of DMEM and Hams F12 (Mediatech Inc., Herndon, VA) enriched with 10% cosmic calf
serum (Hyclone Hudson, NH). For the live cell imaging experiments, the PC12 cells were
plated on sterile Delta-T culture dishes (Bioptechs, Butler, PA) at a density of 5000 cells/
dish and cultured in the growth medium supplemented with 100 ng/mL of nerve growth
factor (NGF) (Harlan Biosciences, Indianapolis, IN) and 1% serum for at least 4 days until
the neurite growth was prominent. The differentiated PC12 cells were transfected using
effectene transfection kits (Qiagen Valencia, CA) with m-cherry fluorescent protein fused to
various cellular targets. In addition, the differentiated PC12 cells were cultured on 6-well
culture plates, and on glass coverslip bottomed dishes for flow cytometry and laser confocal
microscopy, respectively.

Live Cell Imaging

Following the incubation with various fluorophores the cells were washed twice, maintained
under an atmosphere humidified with 5% CO> in air, and imaged live using a TE-2000-S
inverted microscope (Chiyoda-ku, Tokyo 100-8331, Japan) equipped with Nikon FITC HQ
and m-Cherry-A-zero filters. The images were captured using Nikon’s NIS elements AR 3.0
software and processed using Adobe Photoshop CS4 software (Adobe Systems Inc., San
Jose, CA).

Flow Cytometry

The PC12 cells incubated with various fluorophores were washed twice with ice-cold PBS,
removed from the substrate by gentle trypsinization, suspended in ice cold PBS, and
immediately scanned using FACScan (Becton Dickinson FACS canto, San Jose, CA). The
fluorescence signal from fluorescein labeled protein was detected using a 488 nm laser and
530/30 band-pass filter whereas the signal for protein labeled with AF633-Trf was analyzed
using a 633 nm laser and 660/20 band-pass filter.

Confocal Microscopy

The PC12 cells treated with various fluorophores were imaged using an Axiovert 100 M
microscope/LSM 510 system (Carl Zeiss Micro Imaging, Inc., Thornwood, NY) equipped
with 200 mW argon ion and 15 mW helium-neon ion (HeNe) lasers. F-A40 or F-Af42 was
imaged by the 488 nm line of the 200 mW argon ion laser and a 505-550 nm band-pass
filter. The LR was visualized with the 543 nm line of the HeNe laser and a 560-615 BP
filter. The Dil-LDL was imaged using the 568 nm line of the HeNe laser and a long pass 584
nm filter. The images were acquired with a C-Apochromat 63 X/1.2 NA water-immersion
lens. The pinhole was set at 1.25 ;M for all image acquisitions; photomultiplier, gain, and
offset settings were maintained the same for all images.

Temperature Dependent Uptake of F-AB42 in PC12 Cells

The differentiated PC12 cells were preincubated in DMEM containing 10 mM HEPES
buffer (DMEM/HEPES) at 4 °C for 30 min. The cells were subsequently incubated with ice-
cold DMEM/HEPES containing 3.5 M F-Af42 and 75 nM LR at 4 °C for 30 min, gently
washed with ice-cold DMEM/HEPES twice, and imaged using confocal microscopy.

Influence of Cellular ATP on F-AB42 Internalization by PC12 Cells

The differentiated PC12 cells were preincubated with glucose free DMEM containing 0.1%
sodium azide and 50 mM 2-deoxy-D-glucose for 30 min. Then F-A42 (3.5 /M) was added
to the cells and incubated for 30 min. AF633-Trf (15 g/mL) was added to the cells 20 min
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before terminating the experiment. At the end of the experiment, the cells were washed with
PBS and imaged. The control experiments were conducted similarly, but the cells were
preincubated with DMEM.

Role of Endocytosis on the Internalization of F-AB40 or F-AB42 by PC12 Cells

Intracellular

The PC12 cells grown on delta T dishes were preincubated with 80 /M Dynasore (Tocris
Bioscience, Ellisville, MO) in DMEM for 30 min. In the control experiments, the cells were
incubated with DMEM alone. Following the preincubation, F-Af40 or F-Af42 solutions
(3.5 M) were added to the cells and incubated for 60 min. Then the cells were washed with
DMEM without phenol red and imaged by live cell microscopy.

1. Accumulation of F-AB40 and F-AB42 in the Vesicles Harboring Caveolin 1—
PC12 cells that stably express m-CFP/CAV-1(m-Cherry Fluorescent protein fused to
Caveolin-1) grown on delta T dishes were incubated with 3.5 M F-Ap40 or F-Ap42 for 60,
120, 180, and 240 min. The cells were washed with DMEM without phenol red and imaged
using live cell microscopy.

2. Effect of Methyl-B-cyclodextrin (MBCD) on the Uptake of F-AB40 or F-AB42
—The PC12 cells were preincubated with either DMEM or 10 mM methyl-f-cyclodextrin
(MACD) for 60 min. Then 3.5 M F-Ap42 or F-ApA0 and AF633-Trf were added to the cells
and incubated for 15, 30, 60, or 180 min. Then the cells were thoroughly washed, and the
intracellular Af was quantified by flow cytometry or by Western blots.

3. Effect of AF647-CT on the Uptake of F-AB40 and FAB42—PC12 cells grown on
the delta T dishes were coincubated with 3.5 uM F-Af40 or F-Af42 and 5 pg/mL AF647-
CT for 60 min. The cells were washed and imaged using live cell microscopy. Similar
treatments were performed on PC12 cells grown on 6-well culture plates, and cellular
fluorescence was quantified by flow cytometry.

Itinerary of F-AB40 and F-AB42

1. Accumulation in Early Endosomes—Differentiated PC12 cells grown on delta T
dishes were incubated with 3.5 M F-Ap40 or F-Ap42 for 60 min. An early endosomal
marker AF633-Trf (20 .9/mL) was added 20 min prior to the termination of the experiment.
The cells were washed thoroughly and imaged by live cell microscopy.

2. Accumulation in Secondary Endosomes—The cells were treated with 3.5 /M F-
AAA0 or F-Ap42 and Dil-LDL (Dilcomplexed low density lipoprotein) (15 zg/mL) for 30 or
60 min. Then the cells were thoroughly washed and imaged live with confocal microscopy.

3. Lysosomal Accumulation—Differentiated PC12 cells that stably express m-CFP/
LAMP-1 (m-Cherry fluorescent protein fused to lysosomal-associated membrane protein-1)
were incubated with either F-A40 or F-A42 for 60, 120, and 180 min respectively. Then
the cells were washed with DMEM and imaged by live cell microscopy. The fluorescein and
m-CFP signals in the images were superimposed, and the extent of colocalization was
estimated by Pearson’s correlation coefficients. Approximately 50-100 cells were evaluated
for each time point.

4. Influence of F-AB40 or F-AB42 Accumulation on the Lysosomal Integrity—
PC12 cells that stably express m-CFP/LAMP-1 were incubated with 3.5 M F-Af40 or F-
ApA2 for 15, 30, 60, 90, 120, and 180 min. The cells were washed with DMEM without
phenol red and imaged using live cell microscopy. The areas of individual lysosomes in each
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cell were measured using Image J software. At least 50 cells were assayed for each time
point. Change in lysosomal area was plotted against time.

Live Cell Imaging and Quantification of Digital Images

Each reported image is a composite of three images obtained at low, medium, and high
exposure times, which ensure complete definition of the intracellular fluorescence signal.
Caution was exercised to set the maximum exposure times below the signal saturation
limits. Replicates in each study were run simultaneously and imaged at the same exposure
setting. For inhibition studies, cells treated with inhibitors were imaged first with
autoexposure settings and controls were imaged later with the same settings.

The cellular fluorescence in micrographs was quantified using Image J software (National
Institute of Mental Health, Bethesda, Maryland). A minimum of 25 cells was quantified for
each group in an experiment. From the gray images obtained directly from the microscope,
individual cells were selected using polygon selection tool, and parameters such as
minimum and maximum intensities, area, integrated density, and mean gray value were
obtained. The minimum and maximum intensities of a typical image varied between 0 and
255 RU. The mean gray values ranged between 20 and 75, and the mean background values
were between 5 and 15. The background fluorescence was subtracted from the mean gray
values obtained for various control and treatment groups in a study, and the differences
among them were statistically analyzed using Graphpad Prism software (La Jolla, CA).

For the calculation of lysosomal areas, the threshold of gray images was adjusted to reduce
the background. The lysosomal areas were measured using the analyze particle tool. The
vesicles <300 (pixel)? were considered as small vesicles and the vesicles >300 (pixel)? were
considered as large vesicles which were assumed to be formed from the aggregation of
smaller vesicles.

Immunoprecipitation and Western Blot

Following the uptake experiments the cell pellet was treated with 200 xL of cell lysis buffer
consisting of RIPA buffer (Sigma-Aldrich, St. Louis, MO) and protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO). Then the cell pellet was subjected to several quick freeze
thaw cycles followed by probe sonication (Fisher Scientific, Pittsburgh, PA). To a 50 zL
aliquot of the cell lysate was added 250 pg of 1gG 4.1 antibody raised against human
fibrillar A2, and this was incubated for 2 h.29 Then the 1gG 4.1-AfS complex was
separated from the cell lysate with 100 L of immobilized protein A bead slurry (Thermo
Fisher Scientific Inc., Rockford IL). Af protein was separated from the beads by boiling for
5 min at 95 °C in tris tricine sample buffer (Bio-Rad Hercules, CA) containing 2% v/v 6-
mercaptoethanol. A 30 xL aliquot of this supernatant was loaded onto 10-20% gradient tris
tricine peptide precast gels (Bio-Rad, Hercules, CA). The separated protein bands were
transferred onto a 0.2 m nitrocellulose membrane (Bio-Rad, Hercules, CA). Subsequently,
the membrane was blocked with 5% nonfat milk and incubated with 6E10 monoclonal
antibody (Coavance, Dedham, MA) overnight and further incubated with goat anti-mouse
IgG secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The membrane was
briefly incubated with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific Rockford, IL) and imaged.

RESULTS

Energy Dependent Internalization of F-AB42 in Differentiated PC12 Cells

The Z-stack image of the PC12 cells incubated with F-A/42 for 30 min at 37 °C showed
clear intracellular accumulation (Figure 1B), which reduced significantly when the
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incubation temperature was changed to 4 °C (Figure 1A). Upon incubation with F-A42 and
AF633-Trf (a clathrin-mediated endocytosis marker) at 37 °C, PC12 cells accumulated
green (F-Ap42) and red fluorescence (AF633-Trf) in the perinuclear region (Figure 1C).
However, the accumulation of either F-Ap42 or AF633-Trf (Figure 1D) decreased in the
PC12 cells depleted of cellular ATP. The intracellular fluorescence intensities quantified
using ImageJ confirmed these observations and demonstrated that the differences in the
uptake of F-Ap42 and AF633-Trf between normal and ATP depleted PC12 cells are
statistically significant (Figure 11).

Dynasore Inhibits the Uptake of F-AB42 but Not FAB40

Dynasore is a potent dynamin inhibitor and interferes with the endocytotic processes that
involve dynamin in clathin-coated pits. Uptake of F-A40 by the PC12 cells was not
affected by Dynasore treatment (Figure 1E,F,J), further proving fact that the uptake is
nonendocytotic as demonstrated in our earlier study.® However, F-A42 uptake in the PC12
cells pretreated with 80 ;M Dynasore decreased significantly compared to that in the normal
cells (Figure 1G,H,J).

Role of Caveolae Mediated Endocytosis in the Intracellular Uptake of F-AB Proteins

PC12 cells stably expressing m-CFP fused caveolin-1 (m-CFP/CAV1) were employed to
examine the endosomal pathway involved in the internalization of F-Af42. In these cells, F-
ApA2 (Figure 2E-H) but not F-Ap40 (Figure 2A-D) colocalized with m-CFP/CAV1 at
various incubation times ranging between 60 and 240 min.

In PC12 cells treated with MACD (depletes membrane cholesterol required for maintaining
the integrity of lipid rafts and also for caveolae formation) for 60 (Figure 3D) or 180 min
(Figure 3E), F-Ap42 remained mostly at the cell periphery but the untreated cells showed
punctate deposition of F-Af42 in the perinuclear region (Figure 3C). Flow cytometry
analysis showed lower accumulation of F-Ap42 (Figure 3F) as well as AF633-Trf (Figure
3G) in MACD treated PC12 cells than in the normal cells. Moreover, the Western blots of
the immunoprecipitated lysates obtained from the PC12 cells incubated with F-A/42 for 15
or 30 min following a 1 h pretreatment with MACD showed substantially lower F-A42
uptake than the normal cells (Figure 3H).

GM1 Receptor and the Endocytosis F-AB42

Intracellular

Interestingly, the uptake of F-A42 decreased in the presence of AF647-CT (Figure 4E-H),
a GML1 receptor ligand, but is not affected by the AF633-Trf (Figure 4A-D). In addition to
the microscopy images, the flow cytometry data also confirmed the inhibitory effect of
AF647-CT on the F-Ap42 uptake by PC12 cells (Figure 411). In the presence of AF647-CT,
the geometric mean (xcoefficient of variance) of F-Ap42 fluorescence intensity reduced
from 487.4 + 22.2 to 289.6 + 18.3. As reported in our earlier publication, F-A40 did not
colocalize with either AF633-Trf or AF647-CT and neither did the markers impact F-Af40
uptake (Figure 41).

Itinerary of AB42 versus AB40

Early Endosomes—Like F-A40 that has been described in our earlier studies,® F-A42
did not show any appreciable localization in the early endosomes labeled with AF633-Trf
(Figure 3C).

Late Endosomes—When coincubated with Dil-LDL, a marker for late endosomes, F-

ApA2 showed remarkable colocalization as evidenced by the punctate yellow stain on the X—
Z and Y-Z images of the PC12 cells incubated with the fluorophores for 60 min (Figure 5A).
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F-Ap42 exhibited a similar trend following 30 min incubation with the Dil-LDL (Figure
5B), while F-A40 did not show colocalization with the marker under similar incubation
conditions (Figure 5C).

Lysosomes—Differentiated PC12 cells stably expressing m-CFP/LAMP1 were incubated
with F-Ap42 or F-Ap40 to examine their lysosomal accumulation patterns for up to 180 min.
F-ApA2 showed distinct lysosomal accumulation (Figure 6A-E) whereas F-A40 showed
only a partial localization in the lysosomes (Figure 6F-J). Pearson’s correlation coefficients
of F-A42 colocalization with m-CFP/LAMP1 were greater than 0.6 even at incubation
times as short as 30 min (Figure 6K). Pearson’s correlation coefficient 1 is considered as
100% colocalization. In contrast, F-A/40 was unable to colocalize with lysosomes as much
as F-Ap42 did during the initial time points. The Pearson’s correlation coefficients
describing the colocalization of F-Af40 with lysosomal m-CFP/LAMP1 varied between 0.3
and 0.6, but increased above 0.6 only at later time points (Figure 6K).

The damage caused to lysosomal integrity due to the accumulation of F-Af proteins was
assessed by the following: tracking disrupted lysososmes that show up as red blotches due
the leakage of lysosomal contents into cytoplasm; monitoring changes in the mean
lysosomal areas; and evaluating vesicles larger than 300 (pixel)? that are indicative of
clumped lysosomes. More red blotches were found in the cells incubated with F-A/42
(Figure 7A-C) than those incubated with F-Ap40 (Figure 7D-F). The areas of smaller
lysosomal vesicles in FAS42 or F-Ap40 treated PC12 cells showed a gradual increase up to
60 min and reached a plateau thereafter (Figure 7G). But the appearance of clumped
lysosomes increased linearly with time in F-A42 treated cells but not in the cells treated
with FAf40 (Figure 7H).

DISCUSSION

While parenchymal amyloid plaques and intraneuronal tangles, the most visible pathological
hall marks of AD, are considered as the mere downstream reflections of AD pathology,?!
the neurodegeneration in AD is believed to be actually triggered by the intraneuronal
accumulation of Af proteins. Understanding A accumulation in the neurons is important so
that treatments to prevent neurodegeneration could be identified. Endocytotic pathways
involving a7 nicotinic acetylcholine (a7-NAch) receptor,22 N-methyl D-aspartate (NMDA)
receptor,23 low density lipoprotein receptor-related protein 1 (LRP1)/apolipoprotein E
(APOE),24-26 or receptor for advanced glycosylated end products (RAGE) were implicated
in the neuronal uptake of soluble Ag. In addition, nonsaturable and nonendocytotic uptake of
both A0 and A2 in PC12 cells® and in human neuroblastoma cells2” was also proposed.
Such a confusing array of targets renders the discovery of therapeutic strategies to prevent
intraneuronal A/ accumulation untenable.

The reduction in the AR40:AfA2 ratio in the AD brain, which correlates with the severity of
neurodegeneration, makes it imperative to understand the relative interactions of each
isoform with neurons.28 Many of the aforementioned studies were focused on the neuronal
uptake of more amyloidogenic but less abundant Ap42 and mostly ignored the interactions
of Ap40 with neurons. The concentration of A40 in the brain at the onset of AD pathology
is about 10 times greater than that of A42. If the neuronal uptake of both isoforms is
mediated by the same receptor, then Af40 can inhibit A542 uptake substantially and
alleviate the neurons of its toxicity. Alternatively, if Ap40 and Ap42 are internalized by
neurons via different routes, then their uptake mechanisms must be carefully investigated
before devising strategies to reduce their neuronal uptake.
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We have been conducting extensive studies to resolve this dilemma and showed that Ap40
selectively accumulates in a subpopulation of cortical or hippocampal neurons primarily by
nonsaturable, energy independent, and nonendocytotic pathways but only to a minor extent
via endocytosis.? Specifically, these studies have demonstrated that the uptake of F-A/40 by
rat primary hippocampal neurons or differentiated PC12 cells was not inhibited at 4 °C,
which is indicative of energy independent uptake.® In contrast, we now demonstrate that the
uptake of F-Af42 by PC12 cells is inhibited at 4 °C, and hence is mediated by energy
dependent endocytosis (Figure 1A,B). Like the rodent embryonic neurons, neuronal crest-
derived PC12 cells are well studied and are widely employed in the investigation of various
neurophysiological processes, including intraneuronal protein trafficking.2%30 It was also
shown that the differentiation of PC12 cells with the nerve growth factor increases the
expression of various receptors implicated in Af42 endocytosis to the levels observed in
central nervous system derived neuronal cell lines.31:32 Our studies have clearly
demonstrated that A/40 uptake mechanisms observed in PC12 cells are verifiable in primary
rat embryonic cortical neurons.®

F-ApA2 uptake in differentiated PC12 cells but not of F-A£40 occurs by a dynamin
dependent endocytosis that is inhibited by dynasore (Figure 1), a potent inhibitor of dynamin
involved in the scission of clathrin- and caveolin-coated vesicles as well as phagosomes.33
Energy-dependent endocytosis of F-Ap42 could be mediated by clathrin, which is involved
in the endocytosis of a7-NAch,22 LRP1/APOE,?4-26 and NMDA receptors;23 caveolae; or
independently of clathrin and caveolin. Saavedra et al.3* have questioned the involvement of
clathrin coated pits and the role of a7NAch or LRP1/APOE in the neuronal uptake of Ap42.
In addition, they also concluded against the involvement of caveolae-mediated enodcytosis,
because Ap42 did not colocalize with caveolin 1. In our study, we have shown that A2
and to a minor extent A40 accumulated in the vesicles harboring mcherry/caveolinl
following 60-180 min incubation (Figure 2). This discrepancy in observations could be due
to differences in the experimental techniques employed in both studies. Saavedra et al. used
immunofluorescence methods to locate Af42 in the cell. The extensive processing steps
involved in this method may not only extract small proteins such as Ap42 from the cell but
also facilitate their translocation within the cellular compartments. To eliminate these
fixation artifacts, we employed live cell imaging coupled with genetic methods to establish
the colocalization of A2 with caveolin-1.

Furthermore, in the PC12 cells treated with mACD, which extracts cholesterol from the cell
membranes so that the lipid rafts are disrupted, we found a significant reduction in Ap42
uptake while F-A40 uptake was unaffected (Figure 3). Both A40 and Af42 were shown to
increase the annular and bulk fluidity of cholesterol rich cortical and hippocampal synaptic
membranes, but not of the synaptic membranes obtained from the cerebellum that are low in
cholesterol.35:36 It could be inferred from these reports that cholesterol depletion may
restrict F-Ap40 and F-A/42 interactions with the cell membranes. However, reduction of
only F-Af42 uptake in mpACD treated cells suggests that the uptake differences are most
likely caused by the disruption of endocytotic processes that are exclusively accessed by F-
ApA2, rather than the biophysical changes in the cell membrane, which could affect both F-
ApA0 and F-Af42 uptake.

Additionally, the uptake of F-Af42 but not of F-AS40 was reduced in the presence of
cholera toxin, a GM1 receptor ligand localized in the lipid rafts (Figure 4). The caveolin-1 is
closely associated with lipid rafts in the neurons where it forms scaffolds to coordinate
membrane proteins and regulate cell signaling and exists as caveolar vesicles that mediate
endocytosis. Hence, the colocalization of F-Af42 with caveolin-1 and the critical role played
by the lipid rafts in FA42 endocytosis suggest that F-A42 is internalized by PC12 cells via
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caveolae mediated endocytosis after binding to the GM1 receptor localized in the lipid rafts
(Figure 4).

These observations suggest that neurons internalize Af40 and Af42 via distinct
mechanisms. After internalization, a major portion of F-A/40 was shown to spread diffusely
throughout the cytoplasm, whereas F-Ap42 was found to accumulate mostly in
multivesicular bodies and lysosomes.37-39 At low lysosomal pH, Af42 reportedly forms
insoluble aggregates and leads to the lysosomal disruption. It was even hypothesized that the
insoluble fibrils released into the brain extracellular space after the death of the distressed
neurons act as nidus for amyloid plaque formation in the AD brain. Some investigators
opined that Ap40 does not have a similar impact on the lysosomal integrity because of its
lower propensity to aggregate and greater susceptibility to lysosomal proteases.
Nevertheless, A0 was found to aggregate as quickly as A2 at the late endosomal/
lysosomal pH ~5.40 Moreover, neurons are exposed to several fold higher A0
concentrations present in the brain extracellular space than that of Ap42. If A0 could
reach lysosomal compartment to the same extent as that of Ap42, the proteosomal
susceptibility of Ap40 could be offset by the magnitude of its accumulation in the
lysosomes. Therefore, it is important to investigate the intracellular pharmacokinetics of
AB40 and Ap42 following their uptake at the plasma membrane and evaluate their tendency
to accumulate in various cellular compartments that are susceptible to A5 toxicity.

In the PC12 cells incubated with F-A£40 or F-Ap42 for 60 min, neither isoforms showed
appreciable localization in the early/recycling endosomes. Following 30 or 60 min
incubation, F-Af42 but not F-Ap40 accumulated in the late endosomes labeled with Dil-
LDL (Figure 5), a late endosomal marker. From the late endosomes, F-A/42 emptied into
lysosomes stably expressing mcherry/LAMP1 and the colocalization with the mcherry
signal increased substantially between 30 and 180 min. On the other hand, F- Ap40
exhibited only a partial localization in the lysosomes (Figure 6). Upon accumulation, F-
ApA2 caused more damage to lysosomes than F-Ap40. However, it is hard to ignore the
correlation between the extent of lysosomal damage and the magnitude of F-Af
accumulation in the lysosomes (Figure 7). In F-Af42 or FAS40 treated PC12 cells, only
those lysosomes that harbored the proteins were disrupted and lysosomes devoid of any
green fluorescence that signifies the absence of F-Af accumulation remained intact.
Notably, intact lysosomes are more prevalent in F-Ap40 treated cells than in F-Af42 treated
cells, which is most likely due to the inability of F-Ap40 to accumulate in the lysosomes as
much as F-Ap42.

In summary, this study outlines differences between the mechanisms of uptake and
intracellular itinerary of Af42 and A0 following their acute exposure in differentiated
PC12 cells, whereas the cortical and hippocampal neurons in AD patients are subjected to
chronic exposure of Ag proteins at only 0.1-2% of the concentrations used in this study.4!
Even under the chronic exposure, the endosomal—lysosmal system in the neurons is
disrupted,*2 thereby suggesting that the primary mechanisms through which AS proteins are
internalized by the neurons and exhibit their toxicity are most likely to be the same with
acute or chronic exposures. Hence, the observations made in the current in vitro study could
be extrapolated to understand pathophysiological processes driving neurodegeneration in
AD patients and transgenic animals in vivo.

By maintaining a mechanism of uptake and cellular pharmacokinetics different from A2,
the question arises as to whether A0 plays a protective role in counteracting the toxic
effects of Af42 on the neurons. Or is Ap40 just a less toxic version of Ap42? If the former is
true, an ideal drug intended to treat neurodegeneration in AD is expected to specifically
target neuronal uptake of Af42 without interfering with Ag40. If the latter scenario were to
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be true, then the potential drug would be expected to inhibit the neuronal uptake of both
ApA2 and ApA0. More studies are being conducted in our lab to clarify these questions.
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Figure 1.

A, B: Effect of temperature on the uptake of F-Af42 by PC12 cells. (A) Z-Stack images of
differentiated PC12 cells incubated with 3.5 M F-Ap42 and 75 nM Lysotracker Red (LR)
for 30 min at 4 °C. (B) Z-Stack images of differentiated PC12 cells incubated with 3.5 M
F-Ap42 and 75 nM Lysotracker Red (LR) for 30 min at 37 °C. C, D, J: Effect of ATP
depletion on the uptake of F-Ap42 by PC12 cells. Differentiated PC12 cells were incubated
with 3.5 uM of F-Ap42 and 15 pg/mL of Alexa Fluor labeled transferrin (AF633-Trf) for 60
min. (C) Intracellular accumulation of F-Ap42; and intracellular AF633-Trf, overlay of
images F-Af42 and AF633-Trf. (D) Uptake of F-Af42 and AF633-Trf in differentiated
PC12 cells depleted of cellular ATP, overlay of F-Af42 and AF633-Trf images. (1)
Quantification of intracellular fluorescence intensities using Image J software. Data obtained
from 25 to 30 cells was presented as mean = SEM. One-way ANOVA followed by Tukey
post-test showed the following: ***p < 0.001, F-A/42 uptake in normal versus ATP
depleted cells; TTp < 0.01, AF633 Trf uptake in normal versus ATP depleted cells. E-H, J:
Inhibition of F-A/40 uptake by Dynasore. (E, F) Differentiated PC12 cells were treated with
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3.5 uM F-ApA0 for 60 min. (E) Intracellular F-A240 fluorescence and overlay on differential
interference contrast image (DIC). (F) Uptake of F-A40 by differentiated PC12 cells
following pretreatment with 80 M Dynasore, a dynamin inhibitor and image G overlaid on
the DIC image. Inhibition of F-Af42 uptake by Dynasore (G, H): intracellular F-Ap42
fluorescence in differentiated PC12 cells. (G) Intracellular F-Ap42 fluorescence and overlay
on DIC image. (H) F-Ap42 uptake following a 60 min pretreatment with 80 M Dynasore
overlay on DIC image. (J) Intracellular fluorescence intensities were quantified using Image
J software. Data obtained from 30 to 40 cells was presented as mean + SEM. One-way
ANOVA followed by Tukey post-test showed the following: ***p < 0.01, FAf42 uptake in
control PC12 cells versus F-A/42 uptake in PC12 cells treated with Dynasore. Scale bars =
25 pum.
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Figure2.

A-D: Colocalization of F-Af42 and F-Ap40 with caveolin-1 in PC12 cells. Differentiated
PC12 cells stably expressing m-cherry fluorescent protein fused to caveolin-1 (m-CFP/
CAV1) incubated with 3.5 /M F-A40 for up to 4 h. Accumulation following incubations at
(A) 60 min; (B) 120 min; (C) 180 min; (D) 240 min. E-H: Differentiated PC12 cells stably
expressing m-CFP/CAV1 incubated with F-A/42 for up to 4 h. Intracellular accumulation of
F-ApA2 after (E) 60 min; (F) 120 min; (G) 180 min; and (H) 240 min incubation times.
Scale bars = 25 yzm.
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A-H: Uptake of F-Ag proteins in methyl-#cyclodextrin (10 mM) treated PC12 cells. (A, B)
Confocal micrographs showing the uptake of F-A40 (green) and AF633-Trf (red) in (A)
normal PC12 cells and in (B) PC12 cells pretreated with 10 mM methyl-A-cyclodextrin
(mACD) for 60 min. (C—E) Confocal micrographs of F-Af42 (green) and AF633-Trf (red)
treated PC12 cells. (C) Normal PC12 cells; (D) PC12 cells pretreated with 10 mM m/CD for
60 min; (E) PC12 cells pretreated with 10 mM m/CD for 180 min. (F, G) Flow cytometry
analysis of (F) F-A/42 and (G) AF633-Trf in control and 10 mM mACD treated cells. (H)
Western blots of internalized Af42 in normal and mACD treated PC12 cells. A2 uptake
following 15 min incubation in (i) normal PC12 cells and (ii) the PC12 cells pretreated with
mpCD for 60 min. Ap42 uptake following 30 min incubation in (iii) normal and (iv) mpCD

treated PC12 cells. Scale bars = 25 zm.
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Figure 4.

A-H: Inhibition of F-Af40 and F-Ap42 uptake by Alexa Fluor labeled cholera toxin. (A-D)
Uptake of F-Ap42 (green) and AF633-Trf (red) in differentiated PC12 cells after 60 min of
incubation. (A) F-Af42; (B) AF633-Trf; (C) overlay of images A and B; (D) differential
interface contrast (DIC) image overlaid on image C. (E-H) Uptake of F-Af42 (green) and
AF647-CT (red) in differentiated PC12 cells after 60 min of incubation. (E) F-Ap42; (F)
AF647-CT; (G) merge image of E and F; (H) DIC image is overlaid on the image G. (I, II)
Flow cytometry analysis of differentiated PC12 cells incubated with either F-A40 or F-
ApA2 along with AF647-CT. (1) Histograms of PC12 cells treated with F-Af40 and AF647-
CT; (II) histograms of PC12 cells treated with F-Ap42 and AF647-CT along with the
comparison of geometric means of F-A/40 and F-A42 fluorescence in control and AF647-
CT treated cells. Scale bars = 25 zm.
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F-AB42 60 m . F-AB42 60 m

Figure5.

A-C: Confocal micrographs depicting the extent of colocalization of F-Ag proteins with Dil-
LDL in differentiated PC12 cells. (A) Z-Series image of F-Af42 colocalization with Dil-
LDL, a late endosome marker, following 60 min incubation. (B) F-Af42 and Dil-LDL
colocalization following 60 min incubation. (C) Absence of F-Af40 and Dil-LDL
colocalization after 60 min incubation. Scale bars = 25 zm.
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A-K: Time dependent lysosomal accumulation of F-Af proteins and subsequent changes in
lysosomal integrity (scale bars = 25 um). (A—E) Accumulation of F-Af42 in the lysosomes
expressing m-cherry fluorescent protein fused LAMP-1 (m-CFP/LAMP1). (A) Lysosomal
accumulation of F-Ap42 after 60 min incubation. The inset of the cell body shows
colocalization of F-Ap42 with lysosomes; (B, C) lysosomal accumulation of F-Af42 after
120 min of incubation; (D, E) F-Ap42 colocalized with lysosomes following 180 min of
incubation. (F-J) Accumulation of F-A/40 in the lysosomes expressing m-CFP/LAMPL. (F)
Intracellular accumulation of FAf40 colocalized with lysosomes after 60 min of incubation;
(G, H) after 120 min incubation; (1, J) after 180 min incubation. (K) Pearson’s correlation
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coefficients describing the colocalization of fluorescent proteins expressed in lysosomes
plotted against time.
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Figure?7.

A—H: Detrimental effects of F-Ap42 on the lysosomal integrity. (A—C) PC12 cells stably
expressing m-CFP/LAMP1 incubated with 3.5 M F-Ap42 up to 180 min (scale bars = 25
um). (A) Intravesicular accumulation of F-Ap42 followed by 180 min of incubation; (B)
lysosomes after 180 min of treatment with F-Af42; (C) merge image of A and B with
yellow color indicating the colocalization, punctate regions with blue arrows indicating the
lysosomes without F-Ap42 and orange arrows indicating severely damaged lysosomes due
to accumulation of F-Ap42. (D-F) Effects of F-Af40 on the integrity of lysosomes (scale
bars = 25 m). PC12 cells stably expressing m-CFP/LAMP1 was incubated with F-Ap40 for
180 min. (D) Intravesicular accumulation of F-Af40 followed by 180 min of incubation; (E)
lysosomes after 180 min of incubation with F-Af40; (F) merge images of E and F. (G, H)
changes in the areas of small lysosomal vesicles and large lysosomal vesicles most likely
formed by the aggregation of smaller vesicles in PC12 cells treated with F-Ap42 or F-Ap40
for various lengths of time. (G) Small lysosomal vesicles change in area with time; (H) large
lysosomal vesicles change in area with time.
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