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Summary

Iron is very important element for functioning of the brain. Its
concentration changes with aging the brain or during disease.
The aim of our work was the histological examination of content
of ferritin and free iron (unbound) in brain cortex in association
with AB plaques from their earliest stages of accumulation in
Light
revealed the onset of plaques formation at

amyloid plaque forming APP/PS1 transgenic mice.
microscopy
8-monthage. Detectable traces of free iron and no ferritin were
found around plaques at this age, while the rate of their
accumulation in and around AR plaques was elevated at
13 months of age. Ferritin accumulated mainly on the edge of
AB plaques, while the smaller amount of free iron was observed
in the plaque-free tissue, as well as in and around AP plaques.
We conclude that free iron and ferritin accumulation follows the
amyloid plaques formation. Quantification of cortical iron and
ferritin content can be an important marker in the diagnosis of
Alzheimer’s disease.
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Introduction

Iron plays an important role in the normal brain
cell metabolism and its concentration changes with age or
diseases. Despite the importance of extracellular iron, it
may be toxic in free form for the brain cells and
disruption of its metabolism leads to neurodegenerative
(Meadowcroft et al. 2015). Normal iron
metabolism is strictly controlled and excess iron is stored

diseases

in ferritin protein (Dobson 2001). Ferritin (Ft) is
composed of heavy (FtH) and light (FtL) subunits which
have different physiological roles (Murray et al. 1987).
The FtH subunit catalyses Fe*" oxidation and is abundant
in tissues requiring iron detoxification and cellular
protection such as heart and brain, whereas the FtL
subunit is responsible for nucleation and mineralization
of nanocrystals (Quintana and Gutierrez 2010). The ratio
of these two isoforms is altering by age, brain region and
disease state (Connor et al. 1995). Typical sign of
Alzheimer disease (AD) is the accumulation of amyloid-
beta (AP) protein fibrils into extracellular plaques,
intracellular neurofibrillary tangles and increased
concentration of iron particles in diseased brains (Jarrett
et al. 1993, El-Agnaf et al. 2000, Selkoe 2001, Everett
et al. 2014, Scarpini ef al. 2003). However, the causative
relationship between iron accumulation and disease
pathology has not been yet fully revealed. During the
progression of AD, the amount of ferritin (mostly FtH) in
cortex is increasing with age and observed in tissues with
1995).

higher iron consumption (Connor et al
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Accumulation of metals in amyloid plaques has been
suggested to plays an important role in the AD pathology
through generation of reactive oxygen species (Lee ef al.
1999, Lovell et al. 1998, Miller et al. 2006, Huang et al.
1999). Yet, it is still not clear whether iron accumulation
is the initial cause or a secondary consequence of the
disease. Therefore, it is very important to understand how
the distribution of iron and ferritin is changing over ages.
It has also been suggested that AP plaque formation by
themselves are not toxic without iron accumulation
(Meadowcroft et al. 2009).

This study employed APP/PS1 transgenic mice,
acommon AD mouse model with amyloid plaques
closely resembling those of human AD (Garcia-Alloza
et al. 2006, Jankowsky et al. 2001). The aim of our work
was to determine changes in the intracellular ferritin and
iron content in cerebral cortex area caused by aging and
neurodegeneration and to assess progress of iron
aggregation around amyloid plaques in the APP/PS1
transgenic mice.

Material and Methods

Animals

In this experiment were used female mice
carrying mouse/human amyloid precursor protein (APP)
with the Swedish double mutation and human presenilin
1 (PS1) with deletion of exon 9 protein gene (APP/PS1
mice, Jankowsky et al., 2004) and wild-type littermates
(wt). Mice were kept in standard laboratory cages with
stainless steel wire tops and standard bedding and in
a controlled environment with 12 : 12 light-dark cycle
with ad libitum access to water and feed. Experimental
animals were sacrificed at different ages: 2.5 montbhs,
8 months, 13 months and 24 months.

Collection of samples

Mice were anesthetized with an overdose of
pentobarbital/chloralaldehyde mixture, and the brains
were perfused with ice-cold saline through the left
fast-fixed in 4 %
formaldehyde for 4 h and thereafter were dehydrated in

ventricle. The samples were
30 % saccharose overnight. Next day, the brain samples
were cut into 35 pum coronal sections with a freezing
microtome (Leica SM 2000F, Wetzlar, Germany). We
selected sections at the level of 2.1 mm posterior to

bregma for staining.

Histological staining and analysis
The sections were stained with Perl’s blue for

iron (Meguro et al. 2007) and with Congo red for
amyloid detection (Wilcock, Gordon, and Morgan 2006).
Immunohistochemical staining was accomplished with
specific antibodies (Thermofisher Scientific, Waltham,
MA, USA) for both FtH and FtL chains detection.
Rehydrated samples were incubated with anti-H or anti-L
Next,
HRP-conjugated secondary antibodies, followed by DAB

ferritin ~ primary  antibodies  overnight.
(Sigma-Aldrich, Saint-Louis, Missouri, USA) were used
to visualize both chains. For amyloid detection, Congo
red staining was performed as described before (Wilcock
et al. 2006). The samples were observed under optical
microscope Zeiss Scope.Al (Zeiss, Gottingen, Germany)
with attached AxioCam MRc 5 camera (Zeiss, Gottingen,
Germany) from 10 different places in the cerebral cortex
area. Acquired data were processed with Fiji-Imagel

application (Schindelin et al. 2012).

Statistical analysis

Data were analyzed with GraphPad Prism 6
software (GraphPad Software, Inc., La Jolla, CA, USA).
Normality of the data was tested with D Agostino-
Pearson test was performed followed by ANOVA with
repeated measure (ANOVA-RM) test and afterwards we
compare each age group with Unpaired t-test. The
threshold for statistical significance was set to p < 0.05.

Results

Iron and ferritin content in the cortex

Iron distribution in the cortex changed across
ages, with peak values observed at 8 months in APP/PS1
mice and at 13 months in wild-type mice (Fig.1). The Fe
content decreased from the initial level in both genotypes
by the age of 24 months, but the decline was more
profound in APP/PS1 mice than WT mice. A significant
genotype difference in Fe content was observed at 13 and
24 months, such that the values were lower in APP/PS1
mice (t test, p=** 13 months, p=*** 24 months). There is
a general effect of genotype by age interaction (ANOVA-
RM, p=**). Iron deposits in the cortex appeared of
globular and sometimes irregular in shape with the
diameter ranging from 1.5 to 10 pm.

FtH levels in wild-type mice cortex showed
increasing tendencies with a peak at 13 months and
a later a drop at 24 months. In contrast, in APP/PS1 mice
FtH levels exhibited a continuous increase with age
(ANOVA-RM, p=**). The FtH content in APP/PS1 was
significantly elevated in comparison with wild-type mice
at 8, 13 and 24 months of age (Fig. 1). Deposits of FtH in
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Fig. 1. (A) Iron content in the cortex of APP/PS1 mice (o) and control mice (m) over time. Black lines with asterisks indicate significant
differences in Fe content (Mann-Whitney t-test, **p < 0.01, ***p < 0.001, error bars represent SDs). (B) FtH content in the cortex of
APP/PS1 mice (white bars) and control mice (dark bars) over time. Black lines with asterisks indicate significant difference in Fe content

(Unpaired t-test, *** p<0.001, error bars represent SDs).
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Fig. 2. Accumulation of amyloid plaques in APP/PS1 mice from
the age of 8 months up to 24 months. Age-group means and SDs
are shown.

the cortex were granular with the diameter ranging from
20 to 30 pm. Remarkably, the intensity of the staining
was increased with age as well.

Amyloid distribution

Amyloid plaques were observed in the cortex of
APP/PS1 animals from the age of 8 months on and
increased steadily until 24 months of age (Fig. 2). The
wild-type mice showed no staining positivity for human
AP in the cortex.

Distribution of iron and FtH in the cortex of
APP/PS1 mice showed differences between contents of

FtH and iron. Eight months APP/PS1 mice had increased
FtH and iron, but in 13 and 24 months we observed
decrease of iron and persistent increase of FtH deposits.
FtH accumulation occurred mainly on the edge of
AP plaques as isolated depositions around plaques at
8 months old, with the number of deposits increased with
age. The amount of iron around plaques and plaque free
tissue was much less than that of FtH (Fig. 3).

Discussion

Iron is an essential element for proper cell
functioning as well as a crucial catalyst for a number of
chemical reactions. Its amount increases with age in
cortex and other parts of human and mouse brain.
Cerebral cortex in particular is affected by perturbation of
iron distribution (Smith et al. 2010, van Duijn et al.
2017). AD is a typical example of neurodegenerative
diseases where increased iron concentration is found in
some parts of the brain (Connor et al. 1992, Jomova et al.
2010, Gong et al. 2019). Due to changed concentration
during early stages of disease, iron is excellent tool for
early diagnostic and these changes have high importance.

Our findings reveal that after an initial increase
of cortical Fe content in APP/PS1 mice from 2.5 to
8 months of age, it is significantly lower than in wild-
type mice at 13 and 24 months of age. This reduction in
Fe content in older age in APP/PS1 mice can be
explained by several mechanisms. The Perl’s method we
used stains mainly ferric iron (Fe*"), albeit it stains some
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Fig. 3. FtH and A plaque distribution in APP/PS1 mouse cortex across ages. It is evident that FtH accumulates around plaques
(arrows).

ferrous iron (Fe*") as well (Meguro et al. 2007). The first
mechanism involves AP formation and its capability to
reduce Fe'" ions to adivalent Fe*" (Khan et al. 2006,
Everett et al. 2014, Huang et al. 1999). Thereafter,
increasing amounts of FtH can sequester increasing
amount of Fe®', thereby protecting cells against iron-
induced oxidative damage (Connor ef al. 1994, Telfer and
Brock 2002, Meadowcroft et al. 2015, Balejcikova
et al. 2018). This explanation is supported by the fact that
ferritin isolated from AD contains more iron ions than
physiological ferritin (Bartzokis et al. 2004, Griffiths
et al. 1999). Leskovjan et al. (2009) also observed
decreased Fe content in cortex and explained that mature
AP plaques may lose affinity for Fe ions. Hence, this
effect stays behind the decrease of cortical Fe content. In
addition, Perl’s staining method cannot be able to stain
the free iron inside A plaques (Meadowcroft et al. 2009)
and thus may decrease Fe content observed by
histochemical analysis. The time course of cortical iron
accumulation in APP/PS1 mice revealed maximum level
of iron content between 10 and 12 months of age
(Leskovjan et al. 2011, Xian-Hui et al. 2015). This age
corresponds to appearance spatial memory impairments
in this mouse model (Minkevicience et al. 2008). After
the initial increase of Fe content in wild-type mice from
2.5 to 13 months of age, the Fe content tended to
decrease. Our results are consistent with the results of
Leskovjan et al. (2011) who observed decrease of
Fe content in the mice cortex at 14 months.

FtH is the predominant type of ferritin in the

brain and its content is increases with aging. Connor ef al.
(1995) suggest a cytoprotective antioxidant role of FtH
through iron-sequestering capacity. Thus, elevated
content of FtH in our samples could be a response to
increased Fe content. However, the expression of FtH is
regulated not only by iron but also for example by
inflammatory cytokines what can point to robust
neuroinflammatory reaction around amyloid plaques
(Munro 1993). The relationship between FtH and iron
should also be assessed from the view of histopathology.
AP plaques show a striking co-localization with free iron
and ferritin deposits (Smith et al. 1996, Lowell et al.
1998). Several authors suggest an interaction between A
and iron (Smith ef al. 1997, Khan et al. 2006) resulting in
the generation of reactive oxygen species. Telling et al.
(2017) found formation of an iron-Af complex, but in
contrast to our results, they observed that iron distribution
matches the distribution of AP plaques. It is still not
understood whether iron seeds AP plaque formation or
vice versa, i.e. plaques induce iron deposition. Our
analysis of the time course AP plaque formation shows
that this process may not dependent on iron and ferritin
accumulation. We found that the onset of AP plaques
formation at 8 months old contents amyloid plaques with
and without iron and iron increases with age. With
respect to our findings, we suggest that iron/ferritin is
consequence of AP formation and it is integrated later
within plaques.

Although APP/PS1 mouse is a suitable model
for studying AD-related amyloid plaque formation, it is
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necessary to be very careful when extrapolating results of
iron deposition in this mouse model to humans.
Meadowcroft et al. (2015) observed the presence of
diffuse iron in cortical AP plaques of APP/PS1 mice.
They used histological staining methods likewise was
used in our experiment or as used Van Duijn et al
(2017). Detection of the iron is possible by usage of
different methods. Most of them are invasive and they are
performed on tissue ex vivo. Bourassa et al. (2014) and
(2011) used
fluorescence microscopy (XFM), Xian-Hui et al (2015)

Leskovjan et al synchrotron X-ray
used graphite furnace atomic absorption spectrometry
(GFAAS) and also histology. SQUID (Superconducting
Quantum Interference Device) magnetometry used Bulk
et al. (2018) to detection of iron oxides and Kopani et al.
(2015) which used also Mdssbauer spectrometry (MS).
Although these methods are suitable for iron changes
experiments, for diagnostic are more appropriate non-
invasive methods. Magnetic resonance (MRI) is able to
detect iron in the brain in vivo or others new imaging
methods (Fujiwara et al. 2014, House et al. 2007). Also,
the new imaging methods based on magnetic properties
of iron particles for visualizing and quantifying
AP plaques and iron/ferritin in animal model and in the
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