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Effects of Alzheimer's

disease and formalin fixation

on the different mineralised-iron
forms in the human brain

Louise van der Weerd¥?, Anton Lefering?, Andrew Webb?, Ramon Egli* & Lucia Bossoni**

Iron accumulation in the brain is a phenomenon common to many neurodegenerative diseases,
perhaps most notably Alzheimer’s disease (AD). We present here magnetic analyses of post-mortem
brain tissue of patients who had severe Alzheimer’s disease, and compare the results with those from
healthy controls. Isothermal remanent magnetization experiments were performed to assess the
extent to which different magnetic carriers are affected by AD pathology and formalin fixation. While
Alzheimer’s brain material did not show higher levels of magnetite/maghemite nanoparticles than
corresponding controls, the ferrihydrite mineral, known to be found within the core of ferritin proteins
and hemosiderin aggregates, almost doubled in concentration in patients with Alzheimer’s pathology,
strengthening the conclusions of our previous studies. As part of this study, we also investigated the
effects of sample preparation, by performing experiments on frozen tissue as well as tissue which had
been fixed in formalin for a period of 5 months. Our results showed that the two different preparations
did not critically affect the concentration of magnetic carriers in brain tissue, as observable by SQUID
magnetometry.

Mineralized iron in the form of magnetite was first detected in the human brain almost 30 years ago'. Since then,
magnetite has been detected in multiple organs, including the heart?, the liver? and, most recently, the cervical
skin®. These findings are of biological interest because magnetite, an iron-oxide mineral hosting both Fe(III) and
Fe(II) in its crystal structure, has been proposed as a source of cellular toxicity, involving many different mecha-
nisms. For example, in addition to the well known hypothesis that iron may produce reactive oxygen species via
the catalytic Fenton reaction**, a more recent hypothesis concerns the effects of the magnetic field associated
with the magnetic moment of these nanoparticles: a few studies have related the prolonged effect of such local
static magnetic fields to a series of harmful biological phenomena, including protein structural alteration® and
suppression of the threshold of the neuronal action potential’.

Recent literature has suggested a relation between the presence of magnetite nanoparticles in the brain and
the incidence of Alzheimer’s pathology and its hallmark, amyloid beta plaques®-'!. In particular, one study has
reported higher levels of magnetite in the temporal cortex of Alzheimer’s patients when compared to controls'?.
Therefore, being able to determine the magnetic properties of iron nanoparticles, their concentration in the brain,
their source, i.e. whether they are of biogenic or of anthropogenic origin'®, and their reactivity in physiological
conditions'*!'® may reveal important information on Alzheimer’s disease and possibly other neurodegenerative
diseases that are accompanied by brain iron accumulation®.

While the most compelling evidence for the presence of magnetite in the human material has come from High
Resolution Transmission Electron Microscopy (HRTEM)! and X-ray techniques'®, magnetic analyses of Isother-
mal Remanent Magnetization (IRM) are often employed as complementary tools, or as a means of reporting
concentrations of magnetite nanoparticles in the tissue>*'>7-1°, Although these latter measurements require very
sensitive magnetometers, they offer the ability to study tissue blocks larger than those that can be studied by TEM,
and the dimensions of such blocks are comparable to the spatial resolution of in vivo imaging techniques such as
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Control group | Alzheimer’s group
Total number 9 9
Age range 69-99 64-85
Number of males/females 5/4 4/5
Braak Stage 1-2 5-6
Number of EOAD/LOAD cases | 0 6/3

Table 1. Demographic of the subjects in this study. EOAD refers to Early onset Alzheimer’s disease. LOAD
refers to Late onset Alzheimer’s disease.

magnetic resonance imaging (MRI), meaning that magnetometry can potentially be employed to guide the inter-
pretation of the contrast of, for example, magnetic susceptibility-weighted MRI images. Moreover, magnetometry
requires minimal sample preparation, contrary to TEM, thus lowering the risk of sample contamination.

The observation that IRM curves obtained from human material saturate at magnetic fields of 300 mT or
lower, and at temperatures between 50 K and 293 K>*1171920 and the occasional observation of the Verwey
transition®'?, support the use of magnetometry techniques to detect and potentially quantify magnetite and/or
oxidised magnetite, i.e. maghemite, nanoparticles in post-mortem or ex-vivo human samples.

Furthermore, extending the IRM measurements below 10 K offers the possibility to detect residual magneti-
zation from ultra-fine magnetite/maghemite particles, if present, and from ferrihydrite nanoparticles that are
found in the core of ferritin'® and hemosiderin proteins**..

Despite the increasing use of magnetometry for the study of brain material, we note that sample preparation
is very different in published studies, and it is important to determine whether measurements are dependent
or independent of such methods. Some authors have used formalin-fixed tissue!”'®%, while others have used
fresh-frozen tissue"*'>!%. The main argument put forward against formalin-fixation is the potential leaching of
iron from the tissue. However, there are only very limited studies on the effects that fixation and storage may
have on the magnetic properties of the tissue?>*’. Some researchers therefore propose to only use frozen materi-
als. However, formalin-fixed brain material is much more widely available, and offers the possibility to perform
multi-technique studies on the same specimen?.

In this study we focus on two types of magnetic carriers detectable by magnetometry, in the temporal cortex
of severe Alzheimer’s patients, i.e. magnetite/maghemite and ferrihydrite. In particular, we aim to determine
which iron-oxide minerals are distributed in the brain tissue, and whether they all present the same coercivity
field, using IRM curves. Additionally, we aim to validate and extend previous results in which we reported higher
ferrihydrite levels in the temporal cortex of AD patients, and unaltered levels of magnetite/maghemite in pres-
ence of AD. Finally, to determine whether formalin-fixed samples are valid for magnetic analyses, we assessed
whether formalin fixation (for a period of approximately 5 months) had an effect on the concentration of the
magnetic carriers in the tissue. Fresh-frozen material from healthy controls was used as the gold standard, and
the effects of relatively short formalin fixation and Alzheimer’s disease were investigated against this standard.

Materials and methods

Tissue selection. Frozen (—80°C) post-mortem brain tissue blocks from the medial temporal gyrus of
patients with severe AD (N=9) and age- and gender-matched controls (N=9) were obtained from the Nether-
lands Brain Bank (NBB) and the Normal Aging Brain Collection Amsterdam (NABCA). The autopsy, fixation
and storage protocols of these two collections were identical. All donors gave written informed consent for the
use of their tissue and medical records for research purposes. The AD cases were selected based on pathological
reports (Braak stage 5 or higher) and the appearance of hypo-intense bands and/or foci on the T,*-weighted
MRI images of the contralateral hemisphere of the same subject?. Details of the subjects’ demographic are found
in Table 1.

Each tissue block contained predominantly grey matter. The blocks were cut, while frozen, into smaller cubes
of approximately 2 mm? each; the sections were randomized and then pooled back into two paired groups: the
first was immediately freeze-dried and prepared for SQUID magnetometry, while the second one was immersed
in fresh formalin (4% formaldehyde). Neutral buffered concentrated formalin fixative was purchased from Dia-
Path and subsequently diluted 1:6 in demineralised water. The tissue was kept at 4°C for a period of approximately
5 months before being removed from formalin and freeze-dried. The pH of the storing formalin, after 5 months
of storage (and up to 1 year), did not drop below 7.0. Care was taken not to contaminate the tissue with metal
objects. The tissue was sealed in sterile plastic tubes before being prepared for the magnetic analyses.

SQUID magnetometry experiments and data analysis. The dried tissue was pelleted with the use of
two non-metallic pistons, placed in the center of the SQUID-straw and kept in position by two symmetrically
bent straws from each side, as in Ref.”®. This method was employed to prevent the use of gel capsules that occa-
sionally show remanent magnetization. The sample was then loaded in a Quantum Design MPMS-XL SQUID
magnetometer with the reciprocating sample option (RSO), and centered in the apparatus while at room tem-
perature. The field was then quenched (via a magnet reset). This is the most reliable and time-saving manner
to minimize offset fields due to flux creep in the magnet coil**?’. The offset field (-2 Oe) was characterized on a
Pd reference sample. However, residual fields in the magnet coil depend on the magnetic history of the super-
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conductor, and vary as a function of the initially-applied field. Since quenching the magnet before measuring
each data-point was not possible, in this study we did not exceed fields of 1 T, to avoid introducing a bias in the
saturation field.

Two IRM curves were acquired: one at 100 K and a second one at 5 K. Both temperatures were reached in
zero-field cooled condition. The acquisition protocol was as follows: a magnetic field was applied and allowed to
stabilize for 150 s before being set to zero, and the residual magnetic moment was measured after a waiting time
of 180 s. The measurement occurred over a range of 3 cm of sample movement, data were averaged over 3 scans
with 5 oscillations each at 1 Hz, and an iterative regression routine was used to fit the raw data.

IRM raw curves were empirically fitted to the Langevin model, as described previously’: the fit was weighted
by the experimental uncertainty on each data-point with a custom-written MATLAB script. An offset parameter
was added to account for non-reproducible residual fields that would yield a non-demagnetized initial state.
The saturation remanent magnetization (SIRM) was extracted from the fit. In contrast to our previous work',
here we did not analyze the mean magnetic moment, since its interpretation can be confounded by particle’s
interaction, as it will be discussed later.

Finally, we note that the SIRM values refer to the dry weight of the tissue. The wet-to-dry weight ratio (R,yq)
for the AD samples was 5.9 + 0.2, which was very similar to that of the healthy controls: R,,3= 6.2 + 0.2. These
numbers are in agreement with a previous study which reported no difference in R,,; between AD and controls®,
and when formalin-fixed tissue was used??, since formalin fixation does not alter the total water content of the
tissue®’. However, it is worth noting that the white matter contains consistently less, i.e. almost 50 %, water than
the gray matter®.

Statistical analysis. To test whether SIRM values differed between control and AD subjects, we performed
a Mann-Whitney U-test (two-sided). The small number of samples and the non-normal distribution of the
SIRM values justify the use of non-parametric tests. The p level used to refute the null hypothesis was 0.05.

To test whether formalin fixation affected the IRM values at saturation, the Wilcoxon signed rank test (two-
sided) was performed between the data obtained from the frozen and the formalin-fixed batch (paired test).
In addition, a Bland-Altman plot was constructed. The statistical analysis was done in Origin 2018b. Finally, a
cluster analysis was performed on the 100 K-IRM data obtained from the frozen samples batch. First, the offsets
of raw IRM curves that started from an incomplete demagnetized state were corrected. Curves containing more
than one outlier data-point were excluded from the analysis. Second, the remaining curves were normalized by
the mean remanent magnetic moment acquired between 70 and 120 mT. Saturation-normalized curves (NIRM)
obtained in this manner reflect the intrinsic magnetic properties of the particles, regardless of their concentration.
NIRM curves were pooled into two clusters using the Mathematica FindClusters function with a k-mean cluster-
ing algorithm. The two clusters differed by their median acquisition fields (Hy,), defined as the field required to
acquire half of the saturation remanence identified with the mean moment in the 70-120 mT range. Cluster 1
(Cy) appears rather heterogeneous, however, increasing the total number of clusters causes a further partition
of C; into additional clusters which differ only with respect to their noise characteristics.

Due to the large measurement noise, H,, values were estimated by fitting individual NIRM curves with a
phenomenological relation:

M(H) = My tanh(0.549H /H,,) + aH (1)

where My is the saturation remanence of the low-coercivity component, H,, the corresponding median acqui-
sition field, and aH a linear term accounting for the contribution of a heavy saturation tail or a distinct, high-
coercivity component (Fig. 1). Cluster analysis was not performed on the IRM data obtained at 5 K because these
curves are heavily under-saturated at 1 T.

Results

In this study, we performed IRM measurements on human brain tissue, which can be modelled as an ensemble
of magnetic nanoparticles embedded in a non-magnetic matrix. IRM measurements on an ensemble of nano-
particles can probe the irreversible switch of the magnetic moments of the particles induced by the application
of an external magnetic field, once the blocked state has been established. At the measurement temperature of
100 K, maghemite nanoparticles of approximate size of 14 nm, or larger, will contribute to the IRM signal“.
This is an estimate based on the assumption that magnetite nanoparticles are completely oxidised in the form of
maghemite, and that the characteristic time 7o is equal to 10~ s and the anisotropy constant K=2.6 x10° erg/cm?.
Given that earlier HRTEM studies have identified magnetite nanoparticles in brain tissue with a median size of
20 nm", the vast majority of the maghemite/magnetite nanoparticles in the tissue should therefore contribute
to the IRM signal at 100 K.

The magnetic properties of the brain samples measured in this study are summarized in Table 2. These data
show that the magnetic moment measured at 100 K is one order of magnitude above the noise floor of the SQUID
magnetometer. However, the relatively low SNR at this temperature (in the range of 1-10), together with the large
standard deviation demonstrate how challenging these measurements are. Therefore, extracting biologically-
relevant information from these type of measurements should be done carefully.

All the brain samples in this study showed a low-coercivity component which is completely, or partially,
saturated at 300 mT. This suggests the presence of ferrimagnetic maghemite or magnetite. To gain more under-
standing of the specific iron-oxide mineral under study, we performed a cluster analysis on the IRM curves, as
discussed above.

The normalized SIRM curves at 100 K (SIRM;gox) obtained from the frozen samples belong to two clusters,
characterized by different median acquisition fields Hy,1= 120 + 27 mT (C;) and H,2=70 £ 15 mT (C) (for
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Frozen
T =100 K samples Fixed samples
(107 Am™) AD HC AD HC
Mean saturated magnetic moment 5.35 3.43 4.87 | 4.69
Median saturated magnetic moment 4.65 3.10 |458 |3.53
Standard deviation saturated magnetic moment | 3.95 1.28 | 244 |4.05
Frozen
T=5K samples Fixed samples
(10~ Am™) AD HC AD HC
Mean saturated magnetic moment 36.95 |20.11 |3538 |11.50
Median saturated magnetic moment 44.14 |19.77 |29.14 |12.19

Standard deviation saturated magnetic moment | 14.74 | 12.48 | 18.66 |3.42
Mean dry mass (mg) 63.6 58.2 51.4 414

Table 2. Summary of the magnetic properties of the brain samples measured in this study. AD’ refers to
Alzheimer’s disease group and "HC’ to the healthy control group.
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Figure 1. Result of the cluster analysis on the normalized IRM curves (NIRM). NIRM data on the samples
included in the analysis for cluster 1 and 2 (top and bottom left panels) are shown with red/green data points.
The experimental error is also displayed. The red/green trace overlaid on the data-points represent the global

fit to the experimental data of the corresponding cluster. In the right panel, only the fitted curves are displayed,
and are zoomed, to highlight the difference in the median acquisition fields, which are marked by solid arrows.
The best fit parameters were H,, = 120.3 mT,a =2.3 x 1074, M,s=0.79, for C; and H,,, = 70.8 mT, a = 1.7 x 1074,
M, = 0.84, for C,.

NIRM data and fit see Fig. 1). This parameter can be used as a proxy for the speciation of the iron-oxide mineral,
as will be discussed in the next section. Interestingly, we found that C; contains predominantly control subjects
(one AD vs four HC), while C, contains predominantly AD cases (four AD vs two HC). We remind that some
NIRM curve/subjects were excluded from the analysis, as discussed above.

The IRM curves obtained at 5 K did not show saturation up to 1 T, and indeed from our previous studies,
saturation was not observed up to 6 T?. This is an indication of the presence of high coercivity components,
that we ascribe to ferrihydrite: the mineral predominantly found in the core of ferritin proteins*'. However, we
do not exclude that the 5K-IRM signal also originates from other iron minerals such as hematite, and goethite?',
with high coercivitites, and/or smaller magnetite nanoparticles (of about 5 nm minimum size), with smaller
coercivities.

In addition to the analysis of the saturation field, it is illustrative to analyse the value at which the IRM curves
saturate (SIRM), as the latter is related to the concentration of the magnetic carrier responsible for that saturation,
as it will be discussed in more detail in the next section. SIRM data in the AD male group reported higher values
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Figure 2. Box-plot of the SIRM data at 100 K (top panel) and 5 K (bottom panel) stratified by gender and
diagnosis. Data were obtained from the frozen-samples batch. The pink box-plots refer to the diseased cases
(AD), while the green box-plots refer to the healthy controls (HC). ‘M’ and ‘F’ refer to the ‘male’ and ‘female’
group, respectively. Outlier points are above 1.5 standard deviations.

than the AD female group: the mean SIRM at 100 K for the male AD group was more than two times higher than
the one for the female group, while at 5 K the male AD group showed 1.3 times higher SIRM than the female
paired group (Fig. 2). We note that the age distribution between AD males and females subjects was the same.
These gender differences were not statistically significant, probably due to the small sample size. We note that this
gender difference was not found in the healthy control group, and that the gender difference was not observed
in the formalin-fixed samples (see Supplementary materials), likely due to the heterogeneous composition of
the samples, as will be discussed later. When the SIRM data were stratified by diagnosis, no difference in the
SIRMjgox was found between the control and AD group, while the SIRMsk values were significantly higher in
the AD than the control group (p=0.0015), as reported in Fig. 3.

To test for the effect of formalin fixation on magnetic remanence, magnetometry experiments were performed
on paired formalin-fixed samples, as explained previously. The results of the Wilcoxon-signed paired test are
reported in Fig. 3, and show no systematic deviation between the two groups of samples at either 100 K or 5 K.
However we note that the p value of the Mann Whitney U-test for the SIRM;5g values dropped to p = 0.06 for the
formalin-fixed batch. Given the small sample size, an r-test was done on the positive (and borderline) Mann-
Whitney results. The effect size statistics for the inter-batch sample were r = 0.45 (medium-large effect) and r =
0.75 (very large effect) for the formalin-fixed and frozen batch, respectively®.

In order to exclude systematic differences in SIRM values between frozen and formalin-fixed material, we
constructed a Bland-Altman plot (Fig. 4) taking the frozen-sample data as the reference value. A positive dif-
ference in SIRM values would correspond to an apparent loss in magnetic carriers, while a negative one would
indicate an apparent gain. The vast majority of the samples fell within the limits of agreement and no propor-
tionality bias was found for either 100 K or 5 K data. The 100 K data show a relatively large negative bias (—3.25)
when compared with mean SIRM values, while the 5 K data show a positive bias (19.83). In both cases, the bias
was not significant, since the line of equality felt within the confidence interval. Finally, upon visual inspection
of the plot, it can be noticed that the variability of the data does not appear homogeneous across the plot: data
showing the smallest mean SIRM values, particularly at 100 K, also display small variability, while the scatter
increases with increasing mean SIRM.

Discussion

This study was performed on paired frozen and formalin-fixed samples obtained from the post-mortem medial
temporal gyrus of Alzheimer’s patients and healthy control subjects. IRM experiments were performed at two
temperatures. We found, in all the subjects, measurable concentrations of magnetite nanoparticles and ferrihy-
drite nanoparticles. No difference in the concentration of the former mineral was found between the groups,
while the concentration of the latter was significantly elevated in the AD subjects. Formalin fixation of the tis-
sue taken from the same subject and same region did not have a significant effect on the magnetometry results.
However, as we argue below, this may be due to a lack of sensitivity of the technique.

The analysis of the coercive field of remanence of the IRM curves provides an indication of the iron-oxide or
oxyhydroxide mineral which is contributing to the signal. The median acquisition fields of 70 mT and 120 mT
correspond to approximate coercive fields of He; ~ 47 mT and H, ~ 80 mT, if the median acquisition field is
identified with the coercivity of remanence (H,,), and if a ratio H./H,, =1.5, for single-domain particles® is used.
These coercive fields are slightly larger than expected for partially-oxydised spherical single-domain magnetite
nanoparticles®. These higher-than-expected coercivity values could be explained by the presence of elongated
particles, which would result in a higher shape anisotropy. However, this hypothesis is not supported by TEM
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Figure 3. Box and scatter plots of the SIRM values summarizing the effect of formalin fixation and disease.
(Top) SIRM measured at 100 K, on the frozen (right) and formalin-fixed (left) batches. The data points are
individual samples. The p value on top of the data refers to the Mann-Whitney U-test, while the p value between
the same group-type but different sample preparation (bottom lines) refers to the Wilcoxon signed paired test
(bottom). (Bottom) SIRM measured at 5 K, on the frozen (right) and formalin-fixed (left) batches. Green color
is used for the healthy control group and pink is used for the AD group.

analysis of magnetic material extracted from brain tissue, and in-situ imaging®">. An alternative explanation
could be the presence of single-domain particles that are magnetically interacting, as suggested by previous
experiments on brain®* and dermal material®, which reported a Wohlfarth’s ratio < 0.5. Magnetostatic interac-
tions increase the field required to magnetize a particle cluster (e.g. by step-wise IRM acquisition, as in our case)
with respect to the field required to demagnetize it. In this case, H. values depend heavily on the inter-particle
distance, and the overall cluster geometry”. Therefore, with our current data, we can state that the observed
coercive fields are generally in agreement with magnetite grains and partially oxidised maghemite nanoparticles,
but we cannot unequivocally confirm that the magnetic grains in our samples are single-domain and interact
with one another. Moreover, the fact that the median acquisition fields cluster into two groups suggests that two
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Figure 4. Bland-Altman plot of the difference in SIRM values before and after fixation. Differences in SIRM
values (8SIRM) obtained at 100 K (top row) and at 5 K (bottom row) are plotted against mean SIRM values
(<SIRM>). The solid line represents the bias, while the dashed black lines represent the limits of agreement. The
blue-dotted line represents the line of equality. The gray rectangles present confidence interval limits for mean
and agreement limits. The green color is used for the healthy controls (HC) and pink is used for the Alzheimer’s
cases (AD). Linear regression was used to exclude for proportionality bias. At the 5% level, the data slope was
not different from zero.

different populations of magnetite particles may be present in the brain, as suggested by TEM and EELS experi-
ments'?, and that possibly one type could dominate in the AD group.

The absolute value at which the IRM curve saturates is proportional to the number of maghemite/magnetite
particles per sample unit mass, the proportionality constant being the saturation magnetization M,, which ranges
from ~ 40 Am?/kg to 76 Am? /kg, for maghemite particles of size varying from 14 nm to bulk®. The reader is
referred to the Supplementary materials for further details. The actual M, value depends on the particles size®*,
shape, and surface anisotropy, which cannot be obtained from the current data. Therefore, we performed the
statistical analysis directly on the SIRM values.

Our analysis suggests the presence of a gender difference in SIRM;ox and SIRMsk values, which is present
only in the AD group. This result differs from that observed in an earlier magnetometry study'>. Although there is
not enough statistical power here to draw strong conclusions about a gender effect, we note that in a recent study,
cerebellum iron-levels were elevated in males compared to females, only in a group with "high (AD) pathology’
However, the authors failed to found the same difference in the inferior temporal cortex which, on the other
hand, reported iron levels correlating with antecedent cognitive decline in those individuals who had underlying
plaque and tangle pathology*®. Although previous literature showed higher iron levels in the brain in male healthy
subjects® and a correlation between higher hippocampal iron and worse verbal-memory performance in males*,
no previous study has reported higher ferritin iron levels in male subjects with advanced Alzheimer’s disease.

Total iron levels are known to increase in different brain areas of AD cases?®, with the temporal cortex being
one of the most and earliest affected regions?**!. It is not yet clear what the underlying phenomena leading to
brain iron accumulation in the context of AD are. However, it is likely that localized accumulation of iron might
deprive other brain areas of this metal, thus impairing neuronal function®. Altered iron-homeostasis is reflected
by the modified heavy-to-light (H/L) ratio of the chains composing the shell of ferritin proteins: AD brains
present increased H/L ratio in the frontal cortex, as a possible means of copying with increased iron levels*2.
The increase in SIRMs values in the AD group found in our work is in agreement with previous observations
of increased total and ferritin-iron levels in the AD subjects*, as assessed by different techniques such as his-
tology**** and MRI***, and confirms that iron homeostasis is heavily altered in specific brain regions of AD
patients.

Although iron levels are clearly increased in AD, we did not find any difference in the SIRM values/concen-
tration of magnetite nanoparticles between AD and control subjects. However, the lack of a relation between
SIRM g0k and pathology does not contradict previous studies showing iron-oxides particles, such as magnetite,
in the core of amyloid plaques'®, but it shows that, if a biological mechanism is able to accumulate or precipitate
magnetite nanoparticles in the brain during AD pathology, these changes are only minor and SQUID magnetom-
etry would not be sensitive enough to detect them.

In summary, the results of this study showed good replicability and with our earlier work. Furthermore, we
note that our current study was performed on a different SQUID magnetometer than earlier, thus supporting the
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inter-site repeatability of this methodology. We believe that the impact of repeatabiliy and replicability should
not be underestimated in these type of experiments, especially given the low SNR at high temperature.

Finally, we investigated to what extent SQUID magnetometry can detect formalin-induced changes in the
magnetic carrier of the brain. Formalin fixation works via the reaction of formaldehyde with water to form
methylene glycol, leading to low-concentrated free formaldehyde in the fixation solution®. Following a rapid
penetration of the solution into the tissue, a slower process of protein cross-linking occurs. The reduction of the
tissue water-content during fixation is only weakly affected, reaching 1% in the temporal cortex™. The question of
whether formalin fixation introduces a bias in the magnetic analysis due to a chemical/structural transformation
of the iron, has been sporadically investigated. The vast majority of the literature focuses on total iron levels, as
assessed by atomic absorption spectroscopy and inductively-coupled mass spectrometry. One study performed
on paired samples with and without formalin-fixation, over a much longer period of time than the current study,
has shown that iron concentration decreased during fixation in 7 of the 8 investigated samples of neocortex; the
amount of iron loss (43 %) did not change between white and grey matter; and metal leaching depended on the
fixation period*®. However, particles leaching out or dissolving from the tissue may behave very differently than
protein-bound or labile trace elements, since magnetite is insoluble in water*’ and requires an acid environment
to be dissolved: a situation that was not encountered in this study. One magnetometry study performed on brain
tissue observed a reduction of ~ 45% in the SIRM as a result of one week of formalin fixation??, but in contrast,
another study on human liver and spleen reported no evidence of chemical transformation of the iron after
processing of the tissue, based on Méssbauer spectroscopy®. However, the latter work reported that the ratio of
the spectral areas of the two Méssbauer doublets was found to differ significantly between the fixed and frozen
samples; a difference which the authors ascribed to inhomogeneity in the heme:non-heme iron ratio throughout
the sample. In addition, the authors found a consistent leakage of the iron from the tissue up to 3% in the first
60 days, but after this, no further leaching was detected. Another study of Mossbauer spectroscopy on brain
material reported the appearance of a doublet only in the low-temperature spectra of the formalin-fixed tissue,
which was interpreted as iron leaching out of ferritin and hemosiderin, and bound to a non-specified chelat-
ing agent™. Our study showed that SQUID magnetometry did not find a strong effect of formalin in dissolving
either magnetite or ferrihydrite.

To investigate the effects of formalin, a Bland-Altman plot was constructed. This method represents essen-
tially a measure of repeatability from the within-subjects standard deviation of the replicates!, under the assump-
tion that the formalin-fixed sample yields the same SIRM as the frozen equivalent. From these plots we can
conclude that the limits of agreement are quite broad and include most of the data points, suggesting that SQUID
magnetometry may not have enough sensitivity to detect changes in magnetic carriers induced by formalin
fixation. Additionally, it appears that the scatter around the bias is larger as the average gets higher. This further
suggests that in those samples containing a larger amount of magnetic carriers, a change due to fixation could be
present and detectable, although the effect is so minor that it did not yield statistical significance upon testing.
The reason behind the large standard devation of SIRM values may be, in addition to stocastic measurement
error, that the paired samples are effectively different tissue blocks, which could contain a different, although
small, fraction of white matter. This last issue could be quite important as the iron, ferritin, and water content
of the grey matter are known to differ significantly from the white matter>>-**. Therefore we can conclude that
the change in SIRM values due to fixation, if true, would be less than or equal to the intra-subject variation, and
definitely less than the precision of the technique.

Finally, we acknowledge that a longer fixation period may affect SIRM values to a larger extent than reported
here, therefore minimal formalin storage, i.e. equal to or less than 1 year, is advised. In fact, a previous work has
shown that tissue alteration due to formalin fixation did not occur within the first year of fixation>, therefore
the 1-year mark could be considered as a safe margin for magnetometry studies. We also foresee that SQUID
magnetometry would be sensitive to detect possible changes induced by the transformation/leaching of iron
particles due to formalin-fixation, if diseases characterized by extreme tissue iron accumulation were to be
investigated. Therefore, the use of formalin-fixed material as a starting point for magnetometry studies should
be evaluated on a case-by-case basis.

Data availability
Data generated in this study and the SQUID experimental sequence are available upon request from the cor-
responding author in .txt format.

Received: 25 April 2020; Accepted: 15 September 2020
Published online: 05 October 2020

References
1. Kirschvink, J. L., Kobayashi-Kirschvink, A. & Woodford, B. ]. Magnetite biomineralization in the human brain. Proc. Natl. Acad.
Sci. USA 89, 7683-7687. https://doi.org/10.1073/pnas.89.16.7683 (1992).
2. Grassi-Schultheiss, P. P, Heller, F. & Dobson, J. Analysis of magnetic material in the human heart, spleen and liver. Biometals 10,
351-355. https://doi.org/10.1023/A:1018340920329 (1997).
3. Murros, K. et al. Magnetic nanoparticles in human cervical skin. Front. Med. 6, 1-10. https://doi.org/10.3389/fmed.2019.00123
(2019).
4. Ward, R.J., Zucca, E A., Duyn, J. H,, Crichton, R. R. & Zecca, L. The role of iron in brain ageing and neurodegenerative disorders.
Lancet Neurol. 13, 1045-1060. https://doi.org/10.1016/S1474-4422(14)70117-6 (2014).
. Moeller, H. et al. Iron, myelin, and the brain: neuroimaging meets neurobiology. Trends Neurosci. 42, 384-401 (2019).
6. Calabro, E. et al. Effects of low intensity static magnetic field on FTIR spectra and ROS production in SH-SY5Y neuronal-like cells.
Bioelectromagnetics 34, 618-629 (2013).

wu

SCIENTIFIC REPORTS |

(2020) 10:16440 | https://doi.org/10.1038/s41598-020-73324-5


https://doi.org/10.1073/pnas.89.16.7683
https://doi.org/10.1023/A:1018340920329
https://doi.org/10.3389/fmed.2019.00123
https://doi.org/10.1016/S1474-4422(14)70117-6

www.nature.com/scientificreports/

10.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34.
35.
36.
37.
38.
39.
40.
41.
42,
43.
. van Duijn, S. et al. Cortical iron reflects severity of Alzheimer’s disease. J. Alzheimers Dis. 60, 1533-1545. https://doi.org/10.3233/

45.

. Jamasb, S. Extension of the neuronal membrane model to account for suppression of the action potential by a constant magnetic

field. Biophysics (Russ. Fed.) 62, 428-433. https://doi.org/10.1134/S0006350917030022 (2017).

. Teller, S., Tahirbegi, I. B., Mir, M., Samitier, ]. & Soriano, ]. Magnetite- Amyloid-f deteriorates activity and functional organization

in an in vitro model for Alzheimer’s disease. Sci. Rep. 5, 17261. https://doi.org/10.1038/srep17261 (2015).

. Mir, M., Tahirbegi, I. B., Valle-Delgado, J. J., Fernandez-Busquets, X. & Samitier, J. In vitro study of magnetite-amyloid 8 complex

formation. Nanomed. Nanotechnol. Biol. Med. 8, 974-980. https://doi.org/10.1016/j.nan0.2011.11.010 (2012).

Plascencia-Villa, G. et al. High-resolution analytical imaging and electron holography of magnetite particles in amyloid cores of
Alzheimer’s disease. Sci. Rep. 6, 24873. https://doi.org/10.1038/srep24873 (2016).

Quintana, C., Cowley, J. M. & Marhic, C. Electron nanodiffraction and high-resolution electron microscopy studies of the structure
and composition of physiological and pathological ferritin. J. Struct. Biol. 147, 166-178. https://doi.org/10.1016/j.jsb.2004.03.001
(2004).

Pankhurst, Q., Hautot, D., Khan, N. & Dobson, J. Increased levels of magnetic iron compounds in Alzheimer’s disease. J Alzheim
Dis 13, 49-52 (2008).

Maher, B. A. et al. Magnetite pollution nanoparticles in the human brain. Proc. Natl. Acad. Sci. 113, 10797-10801. https://doi.
org/10.1073/pnas.1605941113 (2016).

Gao, L. et al. Intrinsic peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2, 577-583. https://doi.org/10.1038/
nnano.2007.260 (2007).

Gumpelmayer, M. et al. Magnetite Fe304 *has no intrinsic peroxidase activity, and is probably not involved in Alzheimer’s oxida-
tive stress. Angew. Chem. Int. Ed. 57, 14758-14763. https://doi.org/10.1002/anie.201807676 (2018).

Collingwood, J. & Dobson, J. Mapping and characterization of iron compounds in Alzheimer’s tissue. J. Alzheimers Dis. 10, 215-222
(2006).

Gilder, S. A. et al. Distribution of magnetic remanence carriers in the human brain. Sci. Rep. 8, 11363. https://doi.org/10.1038/
$41598-018-29766-z (2018).

Bulk, M. et al. Quantitative comparison of different iron forms in the temporal cortex of Alzheimer patients and control subjects.
Sci. Rep.https://doi.org/10.1038/s41598-018-25021-7 (2018).

Hautot, D. et al. Preliminary observation of elevated levels of nanocrystalline iron oxide in the basal ganglia of neuroferritinopathy
patients. Biochim. Biophys. Acta 1772, 21-5. https://doi.org/10.1016/j.bbadis.2006.09.011 (2007).

Kumar, P. et al. A novel approach to quantify different iron forms in ex-vivo human brain tissue. Sci. Rep. 6, 38916. https://doi.
0rg/10.1038/srep38916 (2016).

Quintana, C. & Gutiérrez, L. Could a dysfunction of ferritin be a determinant factor in the aetiology of some neurodegenerative
diseases?. Biochim. Biophys. Acta 770-782, 2010. https://doi.org/10.1016/j.bbagen.2010.04.012 (1800).

Dobson, J. & Grassi, P. Magnetic properties of human hippocampal tissue-Evaluation of artefact and contamination sources. Brain
Res. Bull. 39, 255-259. https://doi.org/10.1016/0361-9230(95)02132-9 (1996).

Chua-Anusorn, W., Webb, J., Macey, D. J., Pootrakul, P. & Pierre, T. G. S. The effect of histological processing on the form of iron in
iron-loaded human tissues. Biochim. Biophys. Acta Mol. Basis of Dis. 1360, 255-261. https://doi.org/10.1016/5S0925-4439(97)00009
-4 (1997).

Kenkhuis, B. et al. 7T MRI allows detection of disturbed cortical lamination of the medial temporal lobe in patients with Alzheimer’s
disease. NeuroImage Clin. 21, 101665. https://doi.org/10.1016/j.nicl.2019.101665 (2019).

Hautot, D., Pankhurst, Q. A. & Dobson, J. Superconducting quantum interference device measurements of dilute magnetic materi-
als in biological samples. Rev. Sci. Instrum.https://doi.org/10.1063/1.1868272 (2005).

Buchner, M., Hofler, K., Henne, B., Ney, V. & Ney, A. Tutorial: basic principles, limits of detection, and pitfalls of highly sensitive
SQUID magnetometry for nanomagnetism and spintronics. J. Appl. Phys.https://doi.org/10.1063/1.5045299 (2018).

Sawicki, M., Stefanowicz, W. & Ney, A. Sensitive SQUID magnetometry for studying nanomagnetism. Semicond. Sci. Technol. 26,
064006. https://doi.org/10.1088/0268-1242/26/6/064006 (2011).

Xu, J. et al. Evidence for widespread, severe brain copper deficiency in Alzheimer’s dementia. Metallomics 9, 1106-1119. https://
doi.org/10.1039/C7MT00074] (2017).

Krebs, N. et al. Journal of Trace Elements in Medicine and Biology Assessment of trace elements in human brain using inductively
coupled plasma mass spectrometry. J. Trace Elem. Med Biol. 28, 1-7. https://doi.org/10.1016/j.jtemb.2013.09.006 (2014).

Birkl, C. et al. Effects of formalin fixation and temperature on MR relaxation times in the human brain. NMR Biomed. 29, 458-465.
https://doi.org/10.1002/nbm.3477 (2016).

Mercante, L. A. et al. Magnetic properties of nanoscale crystalline maghemite obtained by a new synthetic route. J. Magn. Magn.
Mater. 324, 3029-3033. https://doi.org/10.1016/j.jmmm.2012.04.049 (2012).

Cohen, J. Statistical Power Analysis for the Behavioral Sciences (Lawrence Erlbaum Associates, New Jersy, 1988).

Muzxworthy, A. Effect of magnetostatic interactions on the hysteresis parameters of single-domain and pseudo-single-domain
grains. J. Geophys. Res. 108, 1-13. https://doi.org/10.1029/2003jb002588 (2003).

Kosterov, A. Low-temperature magnetic hysteresis properties of partially oxidized magnetite. Geophys. J. Int. 149, 796-804. https
://doi.org/10.1046/j.1365-246X.2002.01686.x (2002).

Cao, D. et al. High saturation magnetization of y-Fe,O3 nano-particles by a facile one-step synthesis approach. Sci. Rep. 6, 1-9.
https://doi.org/10.1038/srep32360 (2016).

Morales, M. P.,, Andres-Vergés, M., Veintemillas-Verdaguer, S., Montero, M. I. & Serna, C. J. Structural effects on the magnetic
properties of y —Fe,O3 nanoparticles. . Magn. Magn. Mater. 203, 146-148 (1999).

Goya, G. E, Berquo, T. S., Fonseca, F. C. & Morales, M. P. Static and dynamic magnetic properties of spherical magnetite nano-
particles. J. Appl. Phys. 94, 3520. https://doi.org/10.1063/1.1599959 (2003).

Ayton, S. et al. Brain iron is associated with accelerated cognitive decline in people with Alzheimer pathology. Molecular Psychia-
tryhttps://doi.org/10.1038/s41380-019-0375-7 (2019).

Bartzokis, G. et al. Brain ferritin iron may influence age- and gender-related risks of neurodegeneration. Neurobiol. Aging 28,
414-423 (2007).

Bartzokis, G. et al. Gender and iron genes may modify associations between brain iron and memory in healthy aging. Neuropsy-
chopharmacology 36, 1375-1384 (2011).

Tao, Y., Wang, Y., Rogers, J. T. & Wang, E. Perturbed iron distribution in Alzheimer’s disease serum, cerebrospinal fluid, and selected
brain regions: a systematic review and meta-analysis. J. Alzheimers Dis. 42, 679-690. https://doi.org/10.3233/JAD-140396 (2014).
Connor, J. R, Snyder, B. S., Arosio, P, Loeffler, D. A. & LeWitt, P. A Quantitative Analysis of Isoferritins in Selected Regions of
Aged, Parkinsonian, and Alzheimer’s Diseased Brains. J. Neurochem. 65, 717-724. https://doi.org/10.1046/j.1471-4159.1995.65020
717.x (1995).

Fleming, J. & Joshi, J. G. Ferritin: isolation of aluminum-ferritin complex from brain. Proc. Natl. Acad. Sci. USA 84, 7866-70 (1987).

JAD-161143 (2017).

Bulk, M. et al. Postmortem MRI and histology demonstrate differential iron accumulation and cortical myelin organization in
early- and late-onset Alzheimer’s disease. Neurobiol. Aging 62, 231-242. https://doi.org/10.1016/j.neurobiolaging.2017.10.017
(2018).

SCIENTIFIC REPORTS |

(2020) 10:16440 | https://doi.org/10.1038/s41598-020-73324-5


https://doi.org/10.1134/S0006350917030022
https://doi.org/10.1038/srep17261
https://doi.org/10.1016/j.nano.2011.11.010
https://doi.org/10.1038/srep24873
https://doi.org/10.1016/j.jsb.2004.03.001
https://doi.org/10.1073/pnas.1605941113
https://doi.org/10.1073/pnas.1605941113
https://doi.org/10.1038/nnano.2007.260
https://doi.org/10.1038/nnano.2007.260
https://doi.org/10.1002/anie.201807676
https://doi.org/10.1038/s41598-018-29766-z
https://doi.org/10.1038/s41598-018-29766-z
https://doi.org/10.1038/s41598-018-25021-7
https://doi.org/10.1016/j.bbadis.2006.09.011
https://doi.org/10.1038/srep38916
https://doi.org/10.1038/srep38916
https://doi.org/10.1016/j.bbagen.2010.04.012
https://doi.org/10.1016/0361-9230(95)02132-9
https://doi.org/10.1016/S0925-4439(97)00009-4
https://doi.org/10.1016/S0925-4439(97)00009-4
https://doi.org/10.1016/j.nicl.2019.101665
https://doi.org/10.1063/1.1868272
https://doi.org/10.1063/1.5045299
https://doi.org/10.1088/0268-1242/26/6/064006
https://doi.org/10.1039/C7MT00074J
https://doi.org/10.1039/C7MT00074J
https://doi.org/10.1016/j.jtemb.2013.09.006
https://doi.org/10.1002/nbm.3477
https://doi.org/10.1016/j.jmmm.2012.04.049
https://doi.org/10.1029/2003jb002588
https://doi.org/10.1046/j.1365-246X.2002.01686.x
https://doi.org/10.1046/j.1365-246X.2002.01686.x
https://doi.org/10.1038/srep32360
https://doi.org/10.1063/1.1599959
https://doi.org/10.1038/s41380-019-0375-7
https://doi.org/10.3233/JAD-140396
https://doi.org/10.1046/j.1471-4159.1995.65020717.x
https://doi.org/10.1046/j.1471-4159.1995.65020717.x
https://doi.org/10.3233/JAD-161143
https://doi.org/10.3233/JAD-161143
https://doi.org/10.1016/j.neurobiolaging.2017.10.017

www.nature.com/scientificreports/

46. Raven, E. P, Lu, P. H, Tishler, T. A., Heydari, P. & Bartzokis, G. Increased iron levels and decreased tissue integrity in hippocampus
of Alzheimer’s disease detected in vivo with magnetic resonance imaging. J. Alzheimers Dis. 37, 127-136. https://doi.org/10.3233/
JAD-130209 (2013).

47. Ayton, S. et al. Cerebral quantitative susceptibility mapping predicts amyloid-b-related cognitive decline. Brain 140, 2112-2119.
https://doi.org/10.1093/awx167 (2017).

48. Schrag, M. et al. The effect of formalin fixation on the levels of brain transition metals in archived samples. Biometals 23, 1123-1127.
https://doi.org/10.1007/s10534-010-9359-4 (2010).

49. Perry, S., Perry, R. H., Green, D. W. & Maloney, J. O. Perry’s Chemical Engineers’ Handbook Vol. 38 (McGraw-Hill, New York, 2000).

50. Galazka-Friedman, J. et al. Iron in parkinsonian and control substantia nigra?A Mossbauer spectroscopy study. Mov. Disord. 11,
8-16. https://doi.org/10.1002/mds.870110104 (1996).

51. Altman, D. G. & Bland, J. M. Measurement in medicine : the analysis of method comparison studies. . R. Stat. Soc. Ser. D (Stat.)
32, 307-317 (2008).

52. Langkammer, C. et al. NeuroIlmage quantitative susceptibility mapping ( QSM ) as a means to measure brain iron? A post mortem
validation study.. Neuroimage 62, 1593-1599. https://doi.org/10.1016/j.neuroimage.2012.05.049 (2012).

53. Langkammer, C. et al. Susceptibility induced gray-white matter MRI contrast in the human brain. Neurolmmage 59, 1413-1419.
https://doi.org/10.1016/j.neuroimage.2011.08.045 (2012).

54. Meyers, S. M., Kolind, S. H. & Mackay, A. L. Simultaneous measurement of total water content and myelin water fraction in brain
at 3 T using a T relaxation based method. Magn. Reson. Imaging 37, 187-194. https://doi.org/10.1016/j.mri.2016.12.001 (2017).

55. Van Duijn, S. et al. MRI artifacts in human brain tissue after prolonged formalin storage. Magn. Reson. Med. 65, 1750-1758. https
://doi.org/10.1002/mrm.22758 (2011).

Acknowledgements

This work was supported by the Netherlands Organization for Scientific Research (NWO) through a VENI
fellowship to L. B (016.Veni.188.040). Stuart Gilder is thanked for useful discussion, Laurens Boers is thanked
for help in sample preparation. Ekkes Briick is thanked for providing access to the SQUID magnetometer. The
Netherlands Brain Brank and Laura Jonkman are thanked for providing the material for this study.

Author contributions
L. B, A. W. and L.v.d.W. conceived the experiments. L.B. and A. L. conducted the experiments. L.B. and R. E.
analysed the results. L.B wrote the paper and all authors read and contributed comments to the work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-73324-5.

Correspondence and requests for materials should be addressed to L.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:16440 | https://doi.org/10.1038/s41598-020-73324-5


https://doi.org/10.3233/JAD-130209
https://doi.org/10.3233/JAD-130209
https://doi.org/10.1093/awx167
https://doi.org/10.1007/s10534-010-9359-4
https://doi.org/10.1002/mds.870110104
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1016/j.neuroimage.2011.08.045
https://doi.org/10.1016/j.mri.2016.12.001
https://doi.org/10.1002/mrm.22758
https://doi.org/10.1002/mrm.22758
https://doi.org/10.1038/s41598-020-73324-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of Alzheimer’s disease and formalin fixation on the different mineralised-iron forms in the human brain
	Materials and methods
	Tissue selection. 
	SQUID magnetometry experiments and data analysis. 
	Statistical analysis. 

	Results
	Discussion
	References
	Acknowledgements


