Molecular Neurobiology (2019) 56:4812-4819
https://doi.org/10.1007/512035-018-1408-y

@ CrossMark

Fe3* Facilitates Endocytic Internalization of Extracellular AB;_s
and Enhances AB,_s>-Induced Caspase-3/Caspase-4 Activation
and Neuronal Cell Death

Tomoyuki Nishizaki'?

Received: 11 July 2018 / Accepted: 24 October 2018 /Published online: 6 November 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Amyloid 3 (AP) peptide is a critical causative factor in Alzheimer’s disease (AD) and of a variety of fragmented A3 peptides AP
thought to exhibit the most neurotoxic effect. The present study investigated the effects of Fe®* on AP 4, internalization and A -
induced caspase activation and neurotoxicity using mouse hippocampal slices and cultured PC-12 cells. Extracellularly applied A31_4,
increased the cell-associated A4, levels in a concentration-dependent manner, and the effect was enhanced by adding Fe®*. Fe**-
induced enhancement of the cell-associated A 31_4; levels was significantly inhibited by the endocytosis inhibitors dynasore and methyl-[3-
cyclodextrin. Af3;_4 reduced PC-12 cell viability in a concentration-dependent manner, and further reduction of the cell viability was
obtained with Fe*". Ap_s-induced reduction of cell viability was not affected by A187, an antagonist of amylin-3 receptor. AR 4
activated caspase-3, caspase-4, and caspase-8 to a variety of degrees and Fe®* further enhanced A _s»-induced activation of caspase-3 and
caspase-4. Taken together, these results indicate that Fe** accelerates endocytic internalization of extracellular A3, 4, enhances AP -

induced caspase-3/caspase-4 activation, and promotes A 31_4p-induced neuronal cell death, regardless of amylin receptor.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease with
severe dementia, which is characterized by extracellular amy-
loid plaques, intraneuronal tangles, and cerebrovascular amy-
loid deposits. The extracellular plaques contain amyloid 3
(AB) peptides such as A31_49 and AP_4,, which are derived
by two proteolytic cleavages from the larger amyloid precur-
sor protein (APP). A 99-residue C-terminal fragment (C99) of
APP is generated by (3-secretase cleavage (BACE1), followed
by y-secretase-mediated procession to generate A3 peptides
[1]. The extracellular amyloid plaques are predominantly
formed in the hippocampus and cerebral cortex linked to cog-
nitive function, while the cerebrovascular amyloid deposits
are formed in cerebral arteries and capillaries, causing cerebral
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amyloid angiopathy (CAA). About 80% of AD patients were
shown to have CAA [2].

Whereas A3 has long been pointed as a root cause of AD
pathology, how Af3 induces AD is as yet under discussion. In
addition, it remains to be elucidated which  of the extracel-
lular AP deposition or intracellular A3 accumulation initiates
the AD process. Intriguingly, intraneuronal A{3 accumulation
precedes the accumulation in the extracellular space [3].
Intraneuronal A3;_4, accumulation is mainly found in the
entorhinal cortex and the hippocampus consistent with the
regions of amyloid plaque accumulation in the human AD
brain [4, 5]. Intraneuronal Af3;_4, accumulation is also detect-
ed in the brain of AD model mice with presenilin-1 mutation,
where there is no amyloid plaque [6]. A3 is recognized to
impair neuronal functions in association with apoptosis and
oxidative injury still prior to formation of amyloid plaque and
neurofibrillary tangles [7, 8]. Overall, intraneuronal A3 accu-
mulation may become a focus for extracellular plaque forma-
tion following neuronal death and lysis [9] and therefore, it
may be the first step to cause neurodegeneration in AD.

It has been shown that there are significant differences in
the intracellular uptake and catabolism of A3, depending up-
on A length [10]; uptake of Af31_4, into differentiated PC12
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cells is greater than that of Af3;_4o and Af31_»g, and internal-
ized AP_4, remains for at least 3 days, while internalized
AP 40 and AP ,5 are eliminated with a half-life of 1 h.
Interestingly, the A3, 4, uptake is inhibited by neuraminidase.
This raises the possibility that Af3;_4, is taken up into cells
due to sialylated receptor-mediated endocytosis. Uptake of
AP140 and AP 4 into cells is also obtained with human
neuroblastoma cells [11]. Intraneuronal Af3;_4, accumulation
is facilitated by «7 nicotinic acetylcholine receptor [12] or
NMDA receptor [13], suggesting the implication of these re-
ceptors in the AB;_4, uptake into neurons.

Extracellular A3 aggregation is thought to be one of the key
pathogenic events in AD. The metal ions such as AI**, Zn**,
Cu?*, and Fe** are required for AB aggregation [14—19].
NF-kB-mediated upregulation of the amyloid precursor protein
(APP) gene occurs prior to amyloid plaque formation in response
to AI** or Fe** [15]. Fe** promotes Af;_4» oligomerization by
enhancing the peptide-peptide interaction [ 16]. Abnormally high
concentrations of Zn>*, Cu**, and Fe**, but not Fe**, are present
along with A3 inthe amyloid plaques in AD [17-19]. During A 3
aggregation, Zn>* exclusively promotes the annular protofibril
formation without undergoing a nucleation process, whereas
Cu?* and Fe** inhibit fibril formation by prolonging the nucle-
ation phases [20]. Iron may promote Af3 toxicity in AD by
delaying well-ordered aggregates of A3 [21]. Iron, alternatively,
may act as a specific cofactor for distinct oxidation- and
aggregation-dependent A3 toxicity mechanisms [22].
Upregulation of the stress-related genes is observed in the AD
brain, and the combination of iron and aluminum together
upregulates expression of the genes synergistically [23]. The
micro-RNAs (miRNAs) miRNA-125b and miRNA-146a, alter-
natively, are upregulated in the AD brain, and the combination of
iron plus aluminum sulfate upregulates expression of NF-kB-
sensitive miRNA-125b and miRNA-146a synergistically [24].
These findings explain that AI** and Fe** play a critical role in
AD pathogenesis. Moreover, emerging evidence has pointed to
co-localization of iron and Af3, possibly responsible for mild
cognitive impairment (MCI) and AD [25-29].

Little is known about the effects of Fe** alone on intracel-
lular Af31_4, uptake and Af3;_4-induced caspase activation
and neurotoxicity. The present study aimed at understanding
these questions. The results show that Fe’* accelerates
endocytic internalization of extracellular AP, 4, into cells
and enhances A[3;_4r-induced caspase-3/caspase-4 activation
and neuronal cell death.

Methods
Animal Care

All procedures have been approved by the Animal Care and
Use Committee at Hyogo College of Medicine, where the

corresponding author Nishizaki worked as a professor previ-
ously, and were performed in compliance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Cell Culture

PC-12 cells, obtained from RIKEN Cell Bank (Tsukuba,
Japan), were cultured in DMEM with 10% (v/v) heat-
inactivated FBS and 10% (v/v) heat-inactivated horse serum
supplemented with penicillin (100 U/ml) and streptomycin
(0.1 mg/mL) in a humidified atmosphere of 5% CO, and
95% air at 37 °C. PC-12 cells were differentiated by treatment
with nerve growth factor (100 ng/mL) for 6 days.

AB1_s2 Internalization

AB1_45 (Abcam, Cambridge, UK) were dissolved in dimethyl
sulfoxide (DMSO) and diluted to the concentration desired
with an external solution.

C57BL/6J mice (male, 8 weeks of age) were purchased
from Japan SLC Inc. (Shizuoka, Japan), and eight mice were
used for the present study. After decapitation under ether an-
esthesia, the hippocampus was isolated from the mouse brain
and hippocampal slices (400 um in thickness) were prepared
using a microtome. Mouse hippocampal slices were treated
with A4, for 1-3 h in a standard artificial cerebrospinal
fluid (117 mM NaCl, 3.6 mM KCI, 1.2 mM NaH,PO,,
1.2 mM MgCl,, 2.5 mM CacCl,, 25 mM NaHCO3;, and
11.5 mM glucose) oxygenated with 95% O, and 5% CO, at
34 °C. Then, slices were homogenized by sonication in TBS-
T [150 mM NacCl, 0.1% (v/v) Tween-20 and 20 mM Tris, pH
7.5] containing 1% (v/v) protease inhibitor cocktail after
enough washing.

PC-12 cells were treated with DMSO or Af31_4, (Abcam)
in the culture medium containing with and without FeCls.
Dynasore or methyl-f3-cyclodextrin was applied to cells 1 h
prior to treatment with DMSO or Af31_4,. Then, cells were
homogenized by sonication in TBS-T containing 1% (v/v)
phosphatase inhibitor cocktail after enough washing.

Homogenates from mouse hippocampal slices and PC-12
cells were dissolved in 30 puL of a sodium dodecyl sulfate
(SDS) sample buffer [0.2 mM Tris, 0.05% (w/v) SDS, and
20% (v/v) glycerol, pH 6.8]. Proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride membranes. Blotting mem-
branes were blocked with TBS-T containing 5% (w/v) bovine
serum albumin and in turn, incubated with antibodies against
Af1_4, antibody (Abcam) and (3-actin (Cell Signaling, Beverly,
MA, USA). After washing, membranes were reacted with a
horseradish peroxidase-conjugated goat anti-mouse IgG anti-
body. Immunoreactivity was detected with an ECL kit (GE
Healthcare) and visualized using a chemiluminescence
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detection system (GE Healthcare). Protein concentrations for
each sample were determined with a BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA).

Intracellular Localization of AB,_s,

After 72-h treatment with A3;_4, (Abcam), PC-12 cells were
fixed with 4% (w/v) paraformaldehyde, permeabilized with
0.3% (v/v) Triton X-100, and blocked with 10% (v/v) goat
serum at room temperature. The fixed cells were reacted with
an anti-A{3;_4, antibody (Abcam), which is reactive with
A4, and does not cross-react with A31_4, full-length APP,
sAPPf3, or sAPP«, at 4 °C overnight, followed by a goat anti-
mouse IgG antibody conjugated with Alexa 633 (Molecular
Probes, Eugene, OR, USA) for 60 min at room temperature.
The nucleus was stained with 4',6-diamidino-2-phenylindole
(DAPI). Cell imaging was observed under a laser scanning
confocal microscope (LSM 510, Carl Zeiss Co., Ltd.,
Oberkochen, Germany).

Cell Viability

PC-12 cell viability was evaluated by a dye staining method
using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoli-
um bromide (MTT) (DOJINDO, Kumamoto, Japan) by the
method as previously described [30].

Enzymatic Assay of Caspase-3, Caspase-4, Caspase-8,
and Caspase-9 Activities

Caspase activity was measured using a caspase fluorometric
assay kit (Ac-Asp-Glu-Val-Asp-MCA for a caspase-3 sub-
strate peptide; Ac-Leu-Glu-Val-Asp-AFC for a caspase-4 sub-
strate peptide; Ac-Ile-Glu-Thr-Asp-MCA for a caspase-8 sub-
strate peptide; and Ac-Leu-Glu-His-Asp-MCA for a caspase-
9 substrate peptide) by the method as previously described
[31]. Briefly, PC-12 cells were harvested before and after
treatment with A3;_4, (Abcam) in the presence and absence
of FeCl; and then centrifuged at 1200 rpm for 5 min at 4 °C.
The pellet was incubated on ice in a cell lysis buffer for 10 min
and reacted with the fluorescently labeled tetrapeptide at
37 °C for 2 h. The fluorescence was measured at an excitation
wavelength of 380 nm and an emission wavelength of 460 nm
for caspase-3, caspase-8, and caspase-9 or an excitation wave-
length of 400 nm and an emission wavelength of 505 nm for
caspase-4 with a fluorometer (Fluorescence Spectrometer,
F-4500, HITACHI, Japan).

Statistical Analysis

Statistical analysis was carried out using analysis of variance
(ANOVA) followed by a Bonferroni correction.
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Results
Extracellular AB,_s Is Internalized into Cells

My initial attempt was to see whether extracellular A3;_4,
is internalized into cells. When mouse hippocampal slices
were treated with A3, 4, for 1 or 3 h, the cell-associated
Af1_4 levels in hippocampal cells rose in an extracellular
Afq_4> concentration (1-10 uM)-dependent manner,
reaching nearly 40-fold of the basal levels at 10 uM
(Fig. la, b). This indicates that extracellular Af3_4, is
internalized into cells.

To obtain further evidence for AP, 4, internalization, the
immuno-fluorescence cytochemistry was carried out using
PC-12 cells. The fluorescent signals for A3, 4, were detected
around the nucleus in cells treated with A3, 4, for 72 h
(Fig. 2b), while no signal was found in cells without AP 4>
treatment (Fig. 2a). This indicates that extracellular A3_4, is
actually taken up into cells.

a 1-h treatment 3-h treatment

AB O 1 3 10uM 1 3 10uM
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Fig. 1 Extracellular A3;_4, is internalized into cells. Mouse
hippocampal slices were treated with Af3; 4, (A) at concentrations
as indicated for 1 or 3 h and lysed, followed by Western blotting in
the lysates using an anti-A[3; 4, antibody. Typical Western blot im-
age is shown in (a). b In the graph, each column represents the mean
(+ SEM) signal intensity for Af3; 4o monomer normalized by the
signal intensity for 3-actin (n =4 independent Western blot results).
P values, ANOVA followed by a Bonferroni correction



Mol Neurobiol (2019) 56:4812-4819

4815

Fig.2 Intracellular localization of
AB1_4. PC-12 cells were
untreated (a) and treated with
AB1_42 30 uM) for 72 h (b), and
then immuno-fluorescence
cytochemistry was carried out.
A1 4, red color; nucleus,

blue color

a Ap1-42 non-treatment

Phase contrast

b Ap1-42 treatment

Phase contrast
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Fe** Accelerates Endocytic Internalization
of Extracellular AB,_4; into Cells

Extracellularly applied AR, 4, significantly raised the cell-
associated A3;_4, levels in PC-12 cells (Fig. 3). Fe** alone
had no effect on the cell-associated A3, 4, levels, but a huge
increase in the cell-associated A3 4, levels was obtained by
co-treatment with Fe>* and AP _4» (Fig. 3). The effect of Fe**
was significantly inhibited by the endocytosis inhibitors
dynasore and methyl-3-cyclodextrin (Fig. 3). Taken together,
these results indicate that Fe** facilitates endocytic internali-
zation of extracellular A3 _4,.
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Fig. 3 Fe* accelerates endocytic internalization of extracellular AB;_y.
PC-12 cells were treated with DMSO or A3 4 (AR) (3 uM) in the pres-
ence and absence of FeCl; (Fe) (1 mM) for 24 h following 1-h pretreatment
dynasore (80 uM) or methyl-3-cyclodextrin (MB3CD) (1 mM) and lysed,
followed by Western blotting in the lysates using an anti-A (3, 4»-antibody.
Typical Western blot image is shown in (a). Arrow indicates A3 4, mono-
mer at 4 kDa. b In the graph, each column represents the mean (+ SEM)
signal intensity for A3, 4, monomer normalized by the signal intensity for
[3-actin (n = 4 independent Western blot results). P values, ANOVA follow-
ed by a Bonferroni correction
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Fe** Promotes AB,_s>-Induced Neuronal Cell Death

In the MTT assay, Af3;_4, reduced PC-12 cell viability in a
concentration (1-5 uM)-dependent manner (Fig. 4). This im-
plies that A3;_4, induces neuronal cell death.

Co-treatment with Fe* and AR, _4» significantly enhanced
the effect of A31_4;, on cell viability, although Fe** alone had
no significant effect on cell viability (Fig. 4). This indicates
that Fe>* promotes A [31_4»-induced neuronal cell death.

AB_4r-induced reduction of PC-12 cell viability was not
affected by AC187, an antagonist of amylin-3 receptor
(Fig. 5). This indicates that Af3;_4, induces neuronal cell
death, regardless of amylin receptor.

Fe** Enhances AB;_s>-Induced Activation
of Caspase-3/Caspase-4

Treatment with Fe>* alone or AB,_4, alone for 24 h did not
affect the activities of caspase-3, caspase-4, caspase-8, and
caspase-9 in PC-12 cells, but co-treatment with Fe’* and
Af1_4> enhanced the activities of caspase-3 and caspase-4
(Fig. 6a). Treatment with Fe’* alone for 48 h had no signifi-
cant effect on the activities of caspase-3, caspase-4, caspase-8,
and caspase-9 (Fig. 6b). In contrast, treatment with A 4,
alone for 48 h significantly enhanced the activities of cas-
pase-3, caspase-4, and caspase-8, and further enhancement
in the activities of caspase-3 was obtained by adding Fe’*
(Fig. 6b). Overall, these results suggest that Fe** enhances
A1_4>-induced activation of caspase-3/caspase-4, thereby
promoting A[3;_4,-induced apoptotic cell death.
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Fig. 4 Fe** promotes A3, 4-induced neuronal cell death. PC-12 cells
were treated with and without Af3; 4> (Af3) at concentrations as indicated
in the presence and absence of FeCls (F e3+) (1 or 3 mM) for 48 h, and cell
viability was quantified with an MTT assay. In the graph, each column
represents the mean (= SEM) percentage of basal levels (MTT intensities
in cells untreated with A3;_4, in the absence of FeCls) (n = 4 independent
MTT assays). P values, ANOVA followed by a Bonferroni correction
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Fig. 5 Af3; 4, induces neuronal cell death, regardless of amylin-3 recep-
tor. PC-12 cells were treated with Af31_4, (A) at concentrations as indi-
cated in the presence and absence of AC187 at concentrations as indicated
for 48 h, and cell viability was quantified with an MTT assay. In the
graph, each column represents the mean (= SEM) percentage of basal
levels (MTT intensities in cells untreated with Af;_4, in the absence of
ACI187) (n =4 independent MTT assays). P values, ANOVA followed by
a Bonferroni correction

Discussion

Several avenues of studies have shown that A is prerequisite
for pathogenesis of AD and that A3 serves as an initiator.
Extracellular A3, especially A _4,, is well-recognized to ex-
hibit a neurotoxic effect. The role of intraneuronal A3 in the
AD pathogenesis, however, largely remains unclear.

In our earlier study, A{3,_4, was preferentially present in the
plasma membrane components of brain lysates from 5xFAD
mouse, an animal model of AD [32], suggesting intraneuronal
accumulation of Af3_4,. In the present study, treatment with
extracellular AP3;_4> for 3 h raised the cell-associated Af_4
levels in a concentration (1-10 pM)-dependent manner in
mouse hippocampal slices and intracellular accumulation of
A4 in PC-12 cells was observed after 72-h treatment with
extracellular A3;_4,. These results provide further evidence for
internalization of extracellular A3, 4, into neuronal cells.

Fe ions exert a variety of effects on A3 pathogenic charac-
teristics, which include acceleration of extracellular A 3 aggre-
gation and oligomerization, suppression of fibril formation,
and enhancement of A3 toxicity [16-22]. In the present study,
Fe** facilitated internalization of extracellular AP 4 into
cells. To my knowledge, this is the first to show the implica-
tion of Fe** in the AR, 4, internalization.

One argues that misfolded A is spread into cells by a
prion-like mechanism [33]. How Af3; 4, is internalized into
cells, however, is not fully understood. The facilitatory effect
of Fe** on Af31_4, internalization was canceled by the endo-
cytosis inhibitors dynasore and methyl-3-cyclodextrin. This
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Fig. 6 Fe** enhances A _4o-induced activation of caspase-3/caspase-4.
PC-12 cells were treated with and without A3 4, (AP) (3 uM) in the
presence and absence of FeCl; (Fe) (1 mM) for 24 h (a) or 48 h (b), and
activities of caspase-3, caspase-4, caspase-8, and caspase-9 were assayed.
In the graphs, each column represents the mean (+ SEM) ratio against
basal caspase activities in cells untreated with Af3; 4, and FeCl; (n=8
independent caspase assays). P values, ANOVA followed by a
Bonferroni correction

suggests that extracellular Af31_y4, is internalized by endocy-
tosis and that Fe** facilitates endocytic internalization of ex-
tracellular A3 _4».

In the present study, AP 4, reduced PC-12 cell viability in
a concentration (1-5 uM)-dependent manner, and the addition
of Fe** further enhanced A _4p-induced reduction of cell
viability. This suggests that A3, 4, induces neuronal cell
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death and that Fe** promotes the effect of AR _4-.
Intracellular A3 induces endoplasmic reticulum (ER) stress,
to activate unfolded protein response (UPR), leading to acti-
vation of caspase-4 followed by the effector caspase-3, to
induce apoptosis [34]. Co-treatment with Fe’* and AR 4»
for 24 h enhanced the activities of caspase-3 and caspase-4
in PC-12 cells, although Fe* alone or AR, 4, alone had no
effect. The activities of caspase-3, caspase-4, and caspase-8
were enhanced by 48-h treatment with A[3,_4, alone, and fur-
ther enhancement in the caspase-3 activity was obtained by
adding Fe**. Ap is shown to inhibit cellular MTT reduction
by stimulating MTT formazan exocytosis [35]. This implies
that the cellular toxicity of A3 cannot be estimated accurately
by MTT assay. The results of MTT assay in the present study,
however, together with the results of caspase assay, allow
drawing a conclusion that Fe** enhances Af1_4>-induced cas-
pase-3/4 activation, thereby promoting neuronal cell death.

AR1_4> as well as the islet amyloid polypeptide amylin di-
rectly bind to and activate amylin receptor-3, an isoform of the
amylin receptor family, involving multiple signal transduction
pathways linked to activation of protein kinase A, mitogen-
activated protein kinase, Akt, and cFos through an increase in
cytosolic cAMP and Ca®* [36]. Accumulating evidence has
pointed to the implication of amylin receptor-3 in A3 toxicity
[37, 38]. Amylin receptor, therefore, is currently highlighted as
a potential therapeutic target for AD [39-41]. AB1_4, and hu-
man amylin are shown to upregulate expression of caspase-3,
caspase-0, caspase-9, BID, and XIAP, to induce apoptosis in
human fetal neurons [38]. Unexpectedly, A{3,_4p-induced re-
duction of PC-12 cell viability here was not affected by the
antagonist of amylin-3 receptor AC187. This accounts for
A 4-induced apoptosis through a pathway independent of
amylin-3 receptor. Internalized A3 4, therefore, might acti-
vate caspase-3, caspase-4, and caspase-8 directly or indirectly,
responsible for induction of apoptotic cell death. To address this
question, further experiments need to be carried out.

In summary, the results of the present study show that Fe>*
facilitates endocytic internalization of extracellular A(3_y,,
enhances Af31_4-induced activation of caspase-3/caspase-4,
and promotes Af3;_4,-induced neuronal cell death. This may
provide fresh insight into the role of Fe’* in AB;_4, toxicity
linked to AD pathology.
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