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Abstract:
Iron is important for many physiological purposes and its dysregulation is a hallmark in
the pathology of neurodegenerative disorders such as Alzheimer’s Disease (AD). Specifically, the
AD brain consists of nano to microscale iron deposits in regions characterized by
neuroinflammation. Thus far, characterizing of iron deposits in tissue sections is limited to
histochemical staining or analytical electron microscopy. This study aims to exploit the magnetic
properties of iron to identify iron deposits in the AD brain tissue in a label free manner. Studies
were conducted on AD brain tissue sections obtained from Buckeye Brain Bank with age and
gender-matched non-AD brains. Thereafter, magnetic force microscopy (MFM) was used as a
high-resolution technique on unstained samples to accomplish a magnetic mapping and
characterization of iron between AD and non-AD brains. Compared to non-AD brain, the AD
brain tissue exhibited a more frequent presence of iron deposits in the hippocampus and inferior
temporal gyrus (ITG). MFM mapping can potentially be combined with routine histochemical
staining to identify the biochemical environment of iron deposits to better correlate pathological
iron distribution with non-invasive techniques like magnetic resonance imaging (MRI).
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Introduction:
Alzheimer’s Disease (AD) is considered a global health priority by the World Health
Organization (WHO)[1]. It is a leading cause of dementia which can be extremely debilitating by
impacting quality of life, creating a need for dependence on others, and mortality[1], [2]. Postmortem analysis of the human brain in AD has revealed numerous pathological changes. In
particular the AD brain is characterized by lesions consisting of tau tangles and amyloid-ß
plaques[1], [3], [4]. Amyloid-ß plaques have also been tied to microglial cell activation in AD [5].
Besides these biomolecular hallmarks, AD is also characterized by abnormal deposits of iron,
especially in the cortex and hippocampus regions of the AD brain[6]. This is especially important
as iron is involved with many functions including: oxygen transport, enzymatic reactions, DNA
repair, electron transport and neurotransmitter production[6].
Current methods for studying the status of iron in AD include in-vivo techniques such as
Magnetic Resonance Imaging (MRI) and ex-vivo analysis involving histochemical staining[7].
MRI is based on magnetic properties of iron deposits and provides limited sensitivity and spatial
resolution in distinguishing iron [8]. On the other hand, histochemical methods rely on the
chemical composition of iron deposits and are affected by sample preparation conditions such as
use of fixatives[9].

Recent studies from our laboratory have shown how magnetic force

microscopy (MFM), a high-resolution, magnetism-based approach can be employed to map iron
deposits in tissue sections routinely prepared for histology. MFM provides high sensitivity and
spatial resolution and can map the iron deposits in a label free manner. By use of MFM we could
spatially map iron deposits in sections of rodent spleen and in the injured spinal cord [8], [10].

Studies have identified a greater presence of iron in the form of biogenic magnetite in AD
hippocampus when compared to age and gender matched control samples [11]. The change from
ferrihydrite to magnetite allows for the exploitation of magnetic characterization because
magnetite’s higher magnetization than the biogenic ferrihydrite found in ferritin proteins[11].
However, the quality and quantity of the iron and its distribution is not well understood. These
studies are limited in either that they cannot map the presence of iron within the tissue to co-locate
them with the pathological protein aggregates. Understanding this in both healthy control and AD
brain is essential to understand the role of iron in AD pathogenesis. Specifically, the regions of
hippocampus and inferior temporal gyrus (of the cortex) were studied within AD and non-AD
brains given the evidence of iron dysregulation [6].
The goal of this study was to extend the application of MFM to map iron deposits in
human diseases such as the AD. Studies were conducted on brain tissue sections obtained from
AD patients as well as from non-AD controls.

Methods
Tissue Processing
AD brain tissue was collected from the
Buckeye Brain Bank (BBB) via an approved IRB
protocol. Non-AD control tissue was obtained from
the

cooperative

human

tissue

network.

Hippocampus and inferior temporal gyrus (Figure 1)

Figure 1: Slice of AD brain (AD brain 1) provided by

were be dissected, fixed in 4% paraformaldehyde,

BBB. Regions utilized for analysis are indicated.

and embedded in Optimal Cutting Temperature (OCT). Cryostat sections was placed on polylysine
coated glass cover slips (Fisher Brand) and used for MFM analysis.
Table 1: Summary of brain samples utilized for the stud. "Braak & Braak" stage is presented if applicable.

Magnetic Force Microscopy (MFM)
MFM is an atomic force microscopy (AFM)
based technique that maps nanoscale magnetic
domains in a sample. MFM is available on most
commercial

AFM

equipment.

MFM

requires

scanning the sample twice with a magnetically coated
probe. In the first scan, MFM maps the topography of

Figure 2: In MFM a magnetically coated probe completes an
AFM topography scan in the 1st pass. In the 2nd pass, the
probe records the magnetic interactions with the sample at a

the samples. A second scan is used to map the

user defined lift height (z).

magnetic signals with a user-defined lift-height (z) above the topography of the sample (Figure
2). The long-range magnetic interactions between the probe and sample were recorded as changes
in the phase of the oscillating cantilever in the tapping mode.
MFM was performed on brain tissue sections by using a Multimode AFM with a
NanoScope IIIa controller. Height and phase images were acquired in tapping mode using a highmoment MFM probe (Asylum Research) cantilever in the interleave mode with a lift height of 30
nm. The phase image was used to measure phase difference and particle size via the NanoScope

Analysis 2.0 software. The phase difference is a measure of the strength of MFM signal. The area
of particles was measured by using the threshold feature of the NanoScope Analysis software at 10º degrees.

Statistical Analysis
Means and standard deviations were presented in the bar charts for each of the
measurements and assessments of phase. At least n=10 particles were analyzed for each sample
type. Independent sample t-tests (two-tailed) were run to identify any variances between the
regions of interest of an AD brain for phase difference, roughness, and threshold area. Statistical
tests could not be conducted on the healthy control samples given the limited number or identified
iron particles. IBM SPSS (v. 26) was employed for all necessary statistical calculations.

Results and Discussion:
MFM mapping of AD brains revealed regions of negative phase differences (dark spots) in
the phase images as illustrated in Figure 3. The darker color represents regions of stronger
magnetic interaction with the magnetized MFM probe. Both the hippocampus as well as the
inferior temporal gyrus (ITG) region revealed presence of irregular shaped nanoscale regions with
negative phase shift. On the other hand, non-AD control samples exhibited minimal to no phase
shift.
To quantify the phase difference of a particle (i.e. a region exhibiting MFM signal),
sectional analysis was utilized to identify the absolute difference between the null value (region
outside of the particle) with the maximum value observed within the particle as outlined in Figure
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Figure 3: MFM phase images of hippocampus and ITG (cortex) tissue from the AD brains (1-3) and non-AD brain obtained at a lift
height (z) of 30 nm. Regions of negative phase shift are indicated by white arrows. In some instances, non-specific signals arising due
to crosstalk with sample topography could be seen (indicated by black arrows). Some electrostatic interactions are noted by positive
deflections (indicated by red arrows).

Figure 4b: Measurement of phase across the section indicated in Figure 4a.
Figure 5a: Profile along a line across a particle
was used to estimate the phase regions between
the background and the particle.

The red triangles represent the corresponding locations in Figure 4a. The
phase difference (defined as the difference between the minimum and null
values was approximately 171º in this case)

Figure 5 illustrates the distribution of phase differences amongst the iron particles within
between the ITG and hippocampus of the AD brains. A significant difference between phase
difference between ITG and hippocampus was only noted within AD brain 1 (p<0.01). There was
considerable scatter in the magnitude of phase shifts between the three samples. This is because
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Figure 4: Boxplot of the phase difference across samples of various AD brains and their respective regions of interest. The middle line
represents the mean whereas the whiskers represent the range of values excluding any outliers. The box encompasses all values
between the up and third quartile. There was a significant difference between the hippocampus and ITG of AD Brain 1 (p < 0.01).

severity of symptoms associated with AD. Statistical comparisons between AD and non-AD
control samples were not possible due to the lack of significant number of magnetic particles.

Figure 6a: Sample MFM phase image of
AD brain 1 hippocampal tissue.

Figure 6b: Threshold of -10º is used to measure area of a
select iron particle from Figure 8A. Area is measured is
denoted by the “black” particle in the “blue” region.

Figure 6 demonstrates how the threshold area of the magnetic particle was estimated (area
of signal < -10º) using the NanoScope Analysis (v 2.0) software. Given the studies suggesting the
accumulation of iron in AD brain, the size of the individual magnetic particles was assessed. The
distribution of the size for these particles is present in Figure 7. Only AD Brain 1 samples
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Figure 7: Boxplot of the threshold particle size across samples of various AD brains and their respective regions of interest. The middle
line represents the mean whereas the whiskers represent the range of values excluding any outliers. The box encompasses all values
between the first and third quartile. There was a significant difference between the hippocampus and ITG of AD Brain 1 (p < 0.05).

displayed any significance (p<0.05) when comparing the sizes between the hippocampus and
cortex (ITG) regions. Further examination also revealed that at least half of all magnetic particles
were less than 0.4 µm2 in both hippocampus and ITG tissue regions of the AD brains.
Table 2 further examines the means and standard deviations of the phase difference AD
hippocampus and ITG samples for each of the brains in Figure 5. Table 3 does the same for the
average particle sizes with the same data in Figure 7.
Table 2: Mean & Standard Deviation of phase difference for each AD tissue sample measured at a lift height (z) of 30 nm.
Signficance is indicated with *(p < 0.01).

Brain
*AD Brain 1*
AD Brain 2
AD Brain 3

ITG Phase Difference(º)
* 99.25 ± 37.92*
130.50 ± 22.88
80.17 ± 43.52

Hippocampus Phase Difference (º)
*138.33 ± 44.95*
118.70 ± 45.07
111.98 ± 55.35

Table 3: Mean & Standard Deviation of threshold area for each AD tissue sample measured at a lift height (z) of 30 nm.
Significance is indicated with †(p<0.05).

Brain
†
AD Brain 1†
AD Brain 2
AD Brain 3

ITG Area (µm2)
†
0.19 ± 0.34†
0.31 ± 0.18
0.17 ± 0.29

Hippocampus Area (µm2)
†
0.56 ± 0.50†
0.61 ± 0.98
0.42 ± 0.46

For the phase differences in Table 2, one notices that standard deviations are all relatively
high. This combined with the limited sample sizes (n = 10 in some cases) likely resulted in a
limited ability to distinguish significance. Additionally, it is important to note that AD Brain 1 &
3 samples are of a female subject, whereas AD brain 2 samples are of a male subject. Past studies
have noted that gender may play a role in the amount of iron found within AD brain tissue [11]. It
is possible that this role of gender plays a role in the distribution of the iron within the brain when
comparing regions such as ITG and hippocampus. If more samples found significance in these
differences, it could be revealing as AD brain 3 still had a higher mean within the hippocampus
(in AD brain 1), but still had large standard deviations.

Once again, it appears the standard deviations for the particle size estimation contributed
to the inability to determine any significance when comparing the ITG to the hippocampus within
AD brains 2 & 3 based on Table 3.
Regardless of phase difference or particle size within the tissue sample, there was a greater
frequency in magnetic particle detection when comparing the scans of AD tissue to healthy brain
tissue. The extent of this led to the finding of few magnetic particles within the two healthy control
brains’ ITG and hippocampus regions that statistical comparison of particle size and phase
difference were not possible. Figure 3 illustrates some sample phase images of healthy brain
samples with similar scale bars to the AD brain sample counterparts. These findings coincide with
past studies where there has been more magnetite found in AD brain tissue. Additionally, both
regions of interest have been associated with atrophy in AD in past studies [12][13]. These results
continue to suggest a relationship between iron and tissue atrophy that past studies have suggested
a relation with the iron’s oxidative stress [12].

Conclusions:
In summary, magnetic iron deposits were found in both the hippocampus and ITG (cortex)
regions of the AD brain. Histochemical staining cannot resolve quantitative differences with the
quantity or quality of iron, but MFM was able provide quantitative information regarding the iron
by the exploitation of its magnetic properties.
The frequency of magnetic particles was greater in AD tissue samples of hippocampus and
ITG regions when compared to those same regions of non-AD brain that statistical analysis was
not possible to compare these particles across brain diagnosis. Analysis was done to compare the
phase difference and particle size within AD brain to highlight differences in distribution of these

particles. In most cases, the hippocampus had larger and stronger magnetic signal in AD brain
when compared to the ITG (cortex), though this difference was only significant in AD brain 1.
Factors such as gender and severity of AD prognosis should be considered in future experiments.
It remains unknown if this increase in iron is due to the number or size of particles in the
iron clusters. This differentiation could be further understood by additional MFM imaging and
analysis. Specifically, further analysis should be completed to compare the particle size of AD and
healthy control tissue in a larger selection of samples. Though a time-intensive process, MFM
proves to provide detailed high-resolution information regarding the magnetic properties of
particles such as iron. Additionally, as previously highlighted, the similarity in tissue processing
of MFM samples as well as innovations in the Bruker Resolve AFM like miro-imaging could allow
the immunohisto-chemical staining (IHC) staining on the same exact tissue sections as those
scanned with an MFM. This could reveal additional information regarding the biochemical
environment of iron deposits in AD.
This information could prove beneficial in developing imaging techniques by employing
magnetic resonance imaging to identify iron deposits in AD as a diagnostic criterion and
correlating it with cognitive decline. Earlier detection could lead to more effective treatment.
Additionally, a better understanding of the role of iron in the pathogenesis of AD can improve iron
chelation therapy for an effective treatment [14].
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