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Abstract

Background: The formation of concrements in human pineal gland (PG) is a
physiological process and, according to many researchers, is associated with
the involution of PG structures. The majority of scientific publications concern
progressive calcification of PG, leaving out studies on the destruction of already
formed calcified concrements. Our study fills the gap in knowledge about calci-
fied zones destruction in PG in normal aging and neuropathological conditions,
which has not been addressed until now.

Purpose: Our objective is to gain insight into human PG tissue impairment
in both normal aging and neurodegenerative conditions. X-ray phase-contrast
tomography (XPCT) allowed us to study PG tissue degeneration at high spatial
resolution and, for the first time, to examine the damaged PG concrements in
detail. Our research finding could potentially enhance the understanding of the
PG involvement in the process of aging as well as in Alzheimer’s disease (AD)
and vascular dementia (VD).

Methods: The research was carried out on human PG autopsy material
in normal aging, VD, and AD conditions. Laboratory-based micro-computed
tomography (micro-CT) was used to collect and evaluate samples of native,
uncut, and unstained PG with different degrees of pineal calcification. The
detailed high-resolution 3D images of the selected PGs were produced using
synchrotron-based XPCT. Histology and immunohistochemistry of soft PG
tissue confirmed XPCT results.

Results: We performed via micro-CT the evaluation of the morphometric
parameters of PG such as total sample volume, calcified concrements volume,
and percentage of concrements in the total volume of the sample. XPCT imag-
ing revealed high-resolution details of age-related PG alteration. In particular,we
noted signs of moderate degradation of concrements in some PGs from elderly
donors. In addition, our analysis revealed noticeable degenerative change in
both concrements and soft tissue of PGs with neuropathology. In particular, we
observed a hollow core and separated layers as well as deep ragged cracks in
PG concrements of AD and VD samples. In parenchyma of some samples, we
detected wide pinealocyte-free fluid-filled areas adjacent to the calcified zones.

Sergey V. Saveliev, Michela Fratini, and Victor E. contributed equally to this work.
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1 | INTRODUCTION

The pineal gland (PG) (epiphysis) is a part of the
epithalamus. This is an asymmetric formation with a
volume of about 1 cm?, located in the geometric cen-
ter of the mammalian brain (Figure 1). One of the
functions of the PG is to synthesize the hormone
melatonin, which regulates the circadian rhythms of liv-
ing organisms.! Pineal concrements (also called brain
sand, corpora arenacea, acervuli,or psammoma bodies)
are common findings in PG autopsy material. Con-
crements in human PG mainly consist of composite
hydroxyapatite. In addition, the trace of manganese,
magnesium, zinc, iron, strontium, copper, uranium, and
yttrium can also be present in the concrements.'?
The formation of concrements in PG is a physiolog-
ical process®* and, according to many researchers,
is associated with the involution of PG structures.”
The number of extracellular formations progressively
increases in aging leading to calcium deposits in the
form of “layered spheres” of concrements® According to
the literature, PG by the age of 35—40 undergoes degen-
eration and decreases in volume.® However, some
researchers reported the age-independent nature of
PG calcification.?'° Moreover, other authors wrote that
the number of deposits might dynamically vary during
life."" In numerous publications, calcium deposits in PG
have been associated with neurodegenerative diseases
such as Alzheimer’s disease (AD) and vascular demen-

Conclusion: The present work provides the basis for future scientific research
focused on the dynamic nature of PG calcium deposits and PG soft tissue in
normal aging and neurodegenerative diseases.

histology, human pineal gland, microtomography, neurodegenerative diseases, X-ray phase-contrast

tia (VD). AD and VD are among the major healthcare
problems.'? They are characterized by progressive cog-
nitive damage, memory loss, and thinking or speech
impairment prevalent among elderly people.'*~'7 VD
can be accelerated by AD, stroke, and some peripheral
diseases. The degree of involvement and damage of
the human PG in the development of AD and VD are
not fully understood yet. Attempts of different authors
to find a correlation between the accumulation of PG
concrements and aging,'® ' melatonin levels2° or neu-
rological disorders?'?? remain controversial. To date, it
is generally accepted that the degree of pineal calci-
fication in people with AD is higher, and PG volume
decreases, compared to healthy people?! The accu-
mulation of calcified concrements can lead to hypoxia
and death of PG cells and, therefore, to lower melatonin
production.

The goal of the present study is the thorough investi-
gation of the morphological features of PG in normal
aging and neurodegenerative condition (AD and VD).
We intend to analyze the topological arrangement of
calcified zones and to investigate the PG soft and cal-
cified tissue degeneration in native uncut unstained
postmortem human PGs. Although PG calcification is
an active process that can be associated with both con-
crements formation and destruction, most publications
focus exclusively on PG formation and no compre-
hensive description of PG concrement destruction has
been provided yet. Our study fills the gap in knowledge

FIGURE 1

(a) Photographic image of the sagittal section of the human brain; (b) human PG; (c) micro-computed tomography (micro-CT)

image of a calcified human PG, dense-calcified structures appear white, whereas low-density PG soft tissue is assigned dark color.
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about calcified zones destruction in PG in normal aging
and neuropathological conditions, which has not been
addressed until now.

PG calcification was studied in the literature with
histological and histochemical methods,?*2° electron
transmission, and scanning microscopy’® as well as
X-ray micro-computed tomography (micro-CT) .2’ Histol-
ogy and immunohistochemistry are the gold-standard
imaging techniques used in biomedicine. However,
they require a decalcification of hard concrements
before cutting PG, which influences the ability of soft
tissues to perceive various histological and immuno-
histochemical staining. Therefore, many researchers
prefer methods without the decalcification step, which
in turn can lead to concrements destruction. SEM and
TEM methods can be used for high-resolution imag-
ing. However, these techniques are destructive and
complicated in sample preparation when compared to
micro-CT and incompatible with the investigation of
large specimens such as massive calcified deposits.
X-ray micro-CT is a useful well-established 3D imag-
ing tool that allows noninvasive investigation of the
topology and the microstructure of PG concrements.
However, it fails in visualizing features which have sim-
ilar and weak X-ray absorption, for example, PG soft
tissue.

X-ray phase-contrast tomography (XPCT) has the
potential to overcome these problems?® The capabili-
ties of XPCT for nondestructive studies of the pineal
organ at the level of PG vascular and neural organi-
zation and micro-architecture of PG calcification have
recently been demonstrated.*2°

In our research, we used micro-CT and propagation-
based XPCT imaging (PBI XPCT) setups as relevant
noninvasive imaging tools for the 3D investigation
of PG. XPCT reconstructed images enabled high-
resolution 3D visualization of the whole PG sample
with micro-features of the parenchyma and calcifica-
tion, which could not be detected with other imaging
techniques.

Our study via XPCT revealed high-resolution details
of age-related PG alteration. In particular, some PGs
from elderly donors presented signs of moderate con-
crements damage such as detachment of layers within
concrements and the partial splitting of concrements
from calcified conglomerates. In PGs obtained from AD
and VD donors, severe degenerative abnormalities such
as hollow cores and multiple highly segregated layers
were more apparent than in healthy PGs. In several sam-
ples with neuropathology, we observed large concre-
ments crisscrossed by deep, jagged fractures leading to
partial or total cleavage within calcified conglomerates.
In the parenchyma, we detected wide pinealocyte-free
fluid-filled areas adjacent to the calcified zones. Our find-
ings demonstrate the dynamic nature of PG calcification
that provides new insights into the formation of PG
concrements in normal aging and neurodegenerative
diseases.

MEDICAL PHYSICS——=%
2 | MATERIALS AND METHODS

21 | Sample description

Thirty-two PGs tissue samples, 6 x 7 x 7 mm? in media
dimension each, with different extents of calcification
were taken from postmortem human brains. Fifteen
samples were PGs in normal aging without neurodegen-
erative pathology (34—95-year old), 6 with VD pathology
(66—80-year old),and 11 with AD pathology (65—92-year
old). Table S1 in Suplementary materials reports the
description of the samples, including its name as well
as gender and age.

The study was carried out on autopsy material
obtained from the collection of Federal State Scien-
tific Institution Research Institute of Human Morphol-
ogy (Moscow, Russian Federation). All protocols were
approved by the Ethical Committee of the Research
Institute of Human Morphology of the Russian Academy
of Medical Sciences (now FSSI Research Institute of
Human Morphology) (No. 6A of 19 October 2009) and
are in correspondence with instructions of the Dec-
laration of Helsinki, including points 7—10 for human
material from 12.01.1996 with the last amendments
from 19.12.2016.

2.2 | Sample preparation for X-ray
tomographic, histological, and
immunohistochemical image acquisition

The samples fixed in formalin or Carnoy fluid were
measured via X-ray micro-CT in air without paraffin
embedding. Next, the PGs were dehydrated in eight
portions isopropyl alcohol and embedded in cylindrical
paraffin blocks 7 x 7 x 10 mm? dimension, as for rou-
tine histological examination, and were measured via
micro-CT and XPCT.

After the X-ray experiments, the samples were pre-
pared for histological and immunohistochemical analy-
sis. Paraffin blocks were cut at 6-um thickness sections
and stained with Mallory-method for connective tis-
sue or gallocyanine for the visualization of cell nuclei.
Immunohistochemical staining with GFAP-antibodies
(dilution 1:1000, Thermo Fisher Scientific) was used for
the identification of glial tissue. These sections were
examined microscopically to identify areas within the
blocks that contained histological features of interest—
namely, pinealocytes, connective and glial tissue, and
concrements. The Zeiss A1, made in Germany, a light
compound microscope was used for the microscopic
measurement.

2.3 | Experimental setup

Micro-computed tomography (micro-CT): Laboratory-
based micro-CT was used to select and evaluate
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samples of PGs with different degrees of pineal calci-
fication. Micro-CT experiments were carried out using
the laboratory microtomography setup TOMAS (Fed-
eral Scientific Research Center “Crystallography and
Photonics” RAS). Micro-CT image contrast is gener-
ated due to different absorptions of X-ray radiation by
structures of the investigated object having different
electron densities. The accelerating voltage and cur-
rent were 45 kV and 40 mA, respectively. X-ray beam
energy was 17.5 keV (pyrographite crystal was used
as a monochromator). In each tomographic scan, 1000
X-ray projected images were acquired in an angular
range of 200 degrees with a step of 0.5 degrees.
The experiments were carried out with a parallel beam
geometry. The scan time for the whole sample was about
100 min. The XIMEA xiRAY 11 detector had a pixel size
of 9 x 9 um?230

X-ray phase-contrast tomography: Detailed high-
resolution 3D images of some samples selected
by micro-CT were produced using synchrotron-based
XPCT. This imaging technique is sensitive to small den-
sity variations in weakly absorbing objects. We used PBI
XPCT technique that exploits image contrast formation
via free wave propagation between sample and detec-
tor (the overview of X-ray phase-contrast imaging and
tomography techniques, as well as related references,
can be found in Ref. [31]).

The XPCT scans of the samples of PGs in nor-
mal aging, AD, and VD pathology were performed at
the SYRMEP beamline of the Elettra Synchrotron, Tri-
este, Italy. The samples were scanned using a white
(polychromatic) X-ray beam with a mean energy of
21.5 keV. Si filter of 1.5 mm was used for filtering the
energy spectrum. Each sample was scanned with a
setup resulting in acquired images having an effective
pixel size of 3 x 3 um? and also with a setup capa-
ble of imaging a region of interest (ROI) within each
sample resulting in acquired images with an effective
pixel size of 0.9 x 0.9 um?. During a stepwise tomo-
graphic scan, we acquired 1800 projections with rotation
of the sample over 180 degrees. The detector exposure
time for each projection was 250 ms. The sample-to-
detector distance was 50 cm for the low-resolution (i.e.,
3 x 3 um?) scans and 15 cm for the high-resolution
(i.e., 0.9 x 0.9 um?) scans. We measured each sample
with two vertical steps in low-resolution and 4—5 vertical
steps in high-resolution scans.

The samples of PGs in normal aging and AD pathol-
ogy were measured in a series of experiments at
the P05 beamline of the synchrotron facility PETRA
Ill, DESY, operated by the Helmholtz-Zentrum Hereon
(PETRA llI, DESY).2? A double crystal monochromator
(Si111) was used to produce a monochromatic beam. In
the first experiment, the X-ray energy was about 25 keV.
The tomography was acquired in extended field of view
(eFOV)33 with 4000 projections and an exposure time
of 0.25 s, covering a total angle range of 360 degrees.

The sample was placed at a distance—50 cm from the
recording system with pixel sizes 0.64 x 0.64 um?.In the
second experiment, a monochromatic beam energy of
30 keV was used. As the sample dimensions exceeded
the beam size, the tomography was acquired in an eFOV
setup, and three FOVs with 3 mm distance from each
other were measured for each sample. A total of 9003
projections were taken for each FOV covering a total
angle range of 360 degrees. Exposure time was 500 ms.
The sample was placed at a distance of 25 cm from the
recording system. Each projection image was acquired
with magnification 10x, resulting in an effective pixel size
0.64 x 0.64 um?. The detector has 5120 x 3840 pix-
els, but an ROl in vertical direction was used to cut off
unusable parts of the image. Thus, each sample was
scanned with 4—5 vertical steps.

2.4 | Image reconstruction procedure
The tomographic reconstruction of micro-CT data
was performed with the CGLS algebraic method.3#3°
Morphometric analysis of the micro-CT reconstructed
images was done with the Python-based workflow for
ad-hoc data analysis developed at Federal Research
Center “Crystallography and Photonics” RAS, Moscow.
A preliminary median filtration of 3D micro-CT images
was performed before virtual segmentation of the sam-
ple. The subsequent segmentation of the PG as well
as the calcium concrements was carried out using
global threshold binarization. In Table S1, the total sam-
ple volume (TV) and calcified concrements volume
(CV) parameters were calculated by counting voxels of
binarized images.

XPCT data preprocessing, phase, and tomographic
reconstructions were performed using the open-source
software toolkit SYRMEP Tomo Project®®3” and MAT-
LAB package® Each X-ray projected image was pre-
processed via dark field and flat field corrections and
a ring removal Raven filter3° The algorithm based on
Paganin equation*’ and the reconstruction pipeline®®
were applied to the preprocessed projections to retrieve
the phase shift information. Filtered Back Projection
with a linear ramp filter was used for tomographic
reconstruction. Grayscale variations in reconstructed
tomography images represent changes in absorption
coefficient (absorption contrast) or electron density
(phase contrast).

Average intensity projection (“Z Project” tool of
ImageJ/Fiji) through tomographic volume with a thick-
ness of 6 um was used to match histological sections
that in routine have about 6-um thickness. Image pro-
cessing and data visualization were performed using
standard tools and plugins of the open-source program
ImageJ/Fiji*' and Ref. [42]. The average diameter of
concrements was estimated using distance-transform
methods described in Ref. [43].
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2.5 | Statistical analysis

Micro-CT image-based statistical analysis was car-
ried out by means of the software Statistica, version
12. Normal distributions of data were proved by the
Kolmogorov—Smirnov normality test. The data were ana-
lyzed using the Kruskal-Wallis test for non-normally dis-
tributed values. Differences were considered statistically
significant at p < 0.05 for all statistical tests.

3 | RESULTS

3.1 | Micro-CT experiments

Figure 1a shows a photographic image of the sagit-
tal section of the postmortem human brain. The red
arrow shows the location of PG in the epithalamus, near
the center of the brain. Figure 1b displays the image
of PG (with habenula visible at the top of the figure).
Figure 1c illustrates 3D tomographic image of PG. The
PG in the figure contains many aggregated and non-
aggregated concrements of different sizes and shapes.
High absorbing calcifications are visible in white.

We classified the calcified deposits in 32 samples (15
PGs in normal aging, 11 PGs with AD, and 6 PGs with
VD) based on their location in the PG. The result is
shown in Figure 2. The figure provides the name of the
samples, neurological status of PG donors, topological
arrangement of calcified zones, and cysts.

In Table S1,we have reported detailed description the
samples shown in Figure 2,including PGs morphometric
characteristics of each PG obtained via micro-CT (see
description in Section 2): TV—total sample volume, mm3,
CV—concrements volume, mm3, CV/TV—percentage
of concrements in the total volume of the sample, %.

Results of the statistical analysis (see the descrip-
tion of the method in Section 2) based on morphometric
parameters listed in Table S1 are shown in Figure 3.

The box plots in Figure 3 show (a) the total vol-
ume (TV), (b) CV, and (c) degree of pineal calcification
(CVITV) of PGs in normal aging and PGs with neu-
rodegenerative pathology. As we notice some outlier
values in samples with neuropathology are remarkably
larger than the average value. PG volume in VD is on
average noticeably smaller when compared with PG
in normal aging. No significant correlations between
the degree of pineal calcification and neurological sta-
tus are observed. This result is consistent with Vigh
etal'?

3.2 | XPCT experiments: the normal PG

The XPCT images were used to study in detail the
micromorphology of PGs. Images in Figure 4 illustrate
typical PG tissue in natural aging. Grayscale XPCT slice

MEDICAL PHYSICS ——=%

image of PG is shown in Figure 4a. The region/tissue of
interest was selected to illustrate both calcified deposits
(bottom right) and soft tissue (rest of the PG tissue sur-
rounding the deposits). The gray level in the figure is
adjusted to show both parenchyma and calcified tissue.
The calcified region shown in the figure is a collection
of both non-aggregated and aggregated concrements.
A large-scale calcified conglomerate shown with the
white arrow was formed due to the coalescence of
several concrements independently developed from the
primary centers of their formation. Free space between
the incompletely fused concrements is well visible in
Figure 4a. This calcified conglomerate was observed in
the inner part of the parenchyma.

Figure 4b shows the zoom of the XPCT image high-
lighting the region of parenchyma with fibrovascular
stroma (yellow arrow), blood vessels (red arrow), and
pinealocytes (cyan arrows). Figure 4c presents the
XPCT image of the parenchyma arranged in lobules.
Figure 4d shows the image, obtained via immunohisto-
chemical staining of PG with GFAP-antibodies to detect
glial fibers, corresponding to the image in Figure 4c. The
lobular pattern is well visible in both figures. To assess
the micromorphological features of the parenchyma and
reach information on the arrangement and state of
parenchyma cells in the XPCT images, we performed
virtual segmentation of the cells. The result of the seg-
mentation is shown in Figure 4e. PG cells and their
processes are marked in purple, and blood vessels are
marked in yellow. Figure 4f illustrates the histological
section (Mallory staining) of the sample with morpho-
logical features similar to the reconstructed XPCT slice
in Figure 4e. Clusters of the pinealocytes, glial cells
and their processes, and the blood vessels surrounded
by glial fibers are well distinguishable in both parts (f)
and (e) of Figure 4. Via XPCT, we identified in some
samples single and multiple cysts surrounded by PG
parenchymal tissue with a fibrous structure composed
of glial cells processes replacing pinealocytes in cys-
tic lesions (for more information about PG cysts, see
Ref. [29]).

3.3 | Pineal gland in old-age, VD
pathology, and AD disease (XPCT imaging)

The results and summary of the XPCT research con-
ducted on the PG samples in normal aging and patho-
logical conditions are presented here in Figures 1-7
and in Figures S1-S9. Both PGs with and without neu-
ropathology showed a wide variety of shapes and types
of concrements. Concrements located in the pial cap-
sule (extrapineal location) and inside the parenchyma
(intrapineal location) were common findings in each
group of PGs. In some specimens, the intrapineal con-
crements were absent. In each group we observed both
laminated and nonlaminated calcified concrements. In
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FIGURE 2 Location of calcified zones and cysts in PGs

addition, in some specimens we find mulberry-like con-

glomerates formed of numerous agglomerated nodes.

The aggregation of multiple concrements in some cases
caused large-scale lamination on the whole conglom-
erate. Additionally, we observed micro-granules with
irregular shapes scattered in PG parenchyma. Sep-
arate concrements reached a dimension of hundred
microns. Aggregated concrements formed calcified con-
glomerate with the size of up to several mm. In

some specimens, stroma and vessels were calcified.

The results are in agreement with the micro-CT, CT

experiments, and with previously published scientific
reports 26.44-46

XPCT imaging revealed high-resolution details of
age-related PG alteration. In particular, PG concrements
of PGs from 2 elderly donors aged 81 and 82, showed
evidence of moderate destruction. In specimens with
neuropathologies, we observed the noticeable degener-
ation process such as segregation of concrements from
PG calcified aggregates, hollow core in non-aggregated
concrements, and high segregation of layers in con-
crements with concentric lamination structure. In some
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FIGURE 3

Box plots showing the variation of PGs morphometric characteristics within PGs in normal aging, and PGs with AD and VD

pathologies: (top left) TV—total volume of the sample, mm3; (top right) CV—concrements volume, mm3; (bottom left) CV/TV—percentage of
concrements in the total PG volume, %; (bottom right) legend and number of samples per group

of AD and VD specimens, we observed well-marked
numerous large deep cracks passed through the whole
PG concrements.

Figure 5 illustrates examples of intrapineal calcified
deposits that can occur in both neuropathology (a—d)
and old-age (e and f). Parts (a) and (b) of Figure 5
show, respectively, an XPCT slice and histological sec-
tion (Mallory staining) of a concrement surrounded by
pinealocytes. Figure 5c presents XPCT slice image of
multiple concrements with concentric lamination. The
concrements aggregated together to form a larger con-
crement. In the center of concrement formation, a
dense granule (visible in white) was observed. Simi-
lar granules were found in different samples with and
without neuropathology (see white spots in Figure 5c,e,
respectively). The origin of the granules is unknown
and requires further research. Figure 5d illustrates
the aggregation of concrements independently devel-
oped from primary centers of their formation and the
detachment of concrements.

Damage of concrements may also be present in nor-
mal PG. The analysis of PGs without neuropathology
showed moderate signs of concrements destruction in
two elderly donors. Figure 5e,f illustrates detachment
of layers within concrements and the partial splitting of
concrements, respectively. However, we observed that
PGs in neuropathology, compared with normal PGs,
typically show more pronounced degenerative abnor-

malities such as hollow nuclei, highly segregated layers,
and deep cracks.

Figure 6a shows a grayscale XPCT image of the
concrement in VD pathology with concentric lamina-
tion structure of alternating light (denser) and dark
(less dense) layers. The layered concrement developed
from the single primary centers, started to disintegrate
with the segregation of denser layers. The arrow indi-
cates the internal links remaining after the segregation.
Figure 6b presents a concentric concrement with a hol-
low core in VD pathology. The arrow points the indicative
signs of the detachment on the internal surface of the
hollow concrement. Figure 6c¢ illustrates a calcified con-
glomerate in VD sample traversed by a deep, jagged
fissure that caused the laminated concrement inside to
be completely fragmented.

Moreover, in the sample with AD pathology, the invo-
lution of PG calcification has a distinct character (see
Figure 6d—f). The AD sample, shown in Figure 6d, con-
tains heavily degraded concrements with segregated
layers and a hollow core. Concrements in Figure 6e,f
have numerous large deep cracks. The evident sign of
PG degeneration indicates that apparently, the forma-
tion of PG calcification in neurodegenerative diseases
is a dynamic process characterized by the development
and destruction of calcified PG zones.

In our XPCT research, we were particularly interested
in studying PG soft tissue adjacent to the calcified

85U8017 SUOWIWIOD BAIIRID 8|qedldde ay) Aq peusenob afe sajonte VO ‘8sn J0 S8 10} ARIq1T8UIUO 48] UO (SUONIPUCD-PUR-SLB)0D A8 | 1M Afe1q1 U1 |UO//:SANY) SUORIPUOD Pue WS | 38U} 88S *[720Z/0T/9T] Uo ARiqiTauluo Ae|iM ‘ezusides eewoy 1 AIseAIUN Aq 0809T dw/Z00T 0T/I0p/LI0d" A3 1M ARe.q 1 jpuljuo"widee//Sdny Wo.j pepeoumod ‘€ ‘€202 ‘602rELYT



PINEAL GLAND CALCIFICATION

% | \MEDICAL PHYSICS

FIGURE 4 Typical PG in normal aging: (a) XPCT image of PG tissue with PG concrements (white arrow) at the bottom right of the figure.
Blood vessels (red arrow) and nuclei of pinacocytes (white spots marked with the cyan arrow) are visible in parenchyma; (b) zoom of the XPCT
image highlighting the region of parenchyma with fibrovascular stroma (yellow arrow), blood vessels (red arrow), and pinealocytes (cyan arrow);
(c) PG parenchyma arranged in lobules (XPCT image): pinealocytes (cyan arrows) and glial fibers (yellow arrow); (d) immunohistochemical
staining with GFAP-antibodies glial fibers showing the lobular structure corresponding to (c); (e) XPCT image with the virtual segmentation of
pinealocytes (purple) and blood vessels (yellow); (f) histological section (Mallory staining) of PG parenchyma with morphological features
similar to the XPCT image (e). (a and b) SYRMEP ELETTRA experiment, voxel size = 0.9 x 0.9 x 0.9 um3. (c and e) PETRA Ill, DESY

experiment, voxel size = 0.64 x 0.64 x 0.64 um?3

zones. Figure 7a,b shows XPCT slices of PG in AD
and VD pathologies, respectively. The concrements
in the figures are mulberry-like conglomerates with
numerous interconnected nodes. One can see a hol-

low core and segregation of layers in concrements.

In the PG parenchyma of samples with neurodegen-
eration, wide pinealocyte-free fluid-filled areas were
detected around concrements (Figure 7). In some AD
samples (not shown here), we observed concrements

surrounded by an outer layer of connective tissue.

Figure 7c illustrates the histological section (Mallory
staining) of the PG corresponding to Figure 7b.

4 | DISCUSSION

In the present study, we observed a wide variability
of pineal morphology, including the shape and size of
the PG, the structure of PG parenchyma and stroma,
as well as the topological arrangement and texture
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FIGURE 5 XPCT image of PG with V pathology (a, ¢, d), and PG from old donor without neuropathology (e and f): (a) concrement
surrounded by pinealocytes; (b) histological section (Mallory staining) of PG with VD; (c) two concrements with concentric lamination
aggregated together to form a larger concrement; (d) aggregation of multiple concrements with well visible segregation some of them; (e)
detachment of layers within concrements; (f) the partial splitting of concrement. SYRMEP ELETTRA experiment, voxel size 0.9 x 0.9 x 0.9 um3

FIGURE 6 Grayscale XPCT slice image. (a—c) VD group: (a) concrement with segregation of layers. The arrow indicates the internal links
remaining after the segregation; (b) concrement with a hollow core. The arrow indicates characteristic irregularities on the surface of the
concrement; (c) calcified conglomerate traversed by a deep, jagged fissure; (d—f) AD group: (d) concrements with segregation of layers and
hollow core; (e) concrements with numerous large cracks; (f) zoom of a concrement with cracks. (a—d) SYRMEP ELETTRA experiment, voxel
size 0.9 x 0.9 x 0.9 um3; (e and f) PETRA Ill, DESY experiment, voxel 0.64 x 0.64 x 0.64 um?

of calcium deposits. The prevalence of pineal calcifi-
cation in each group was either single deposits with
or without laminar structure or mulberry-like calcified
conglomerates with large numbers of concrescences.
In many samples, we observed the coexistence of

several types of concrements. Occasionally calcified
deposits were absent in some specimens of each
group. We did not observe a correlation between
morphometric parameters of PG and the neuropatho-
logical state of the pineal organ. This is likely to
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FIGURE 7

PG parenchyma and concrements in samples with neurodegeneration. (a and b) XPCT slice of AD (a) and VD (b) samples.

Parenchyma is colored purple, concrements are yellow; (c) histological section (Mallory staining) of the PG corresponding to (b). In (a and b),
holes in the concrements and pinealocyte-free fluid-filled areas of the soft tissue adjacent to concrements are clearly visible.

be because of a limited number of samples under
investigation.

In literature, the correlation of PG calcification with
aging and neurodegenerative disorders is still contro-
versial. It has been generally said that calcified deposits
in human PGs, correlate positively with aging, and that
their amount might be associated with a variety of neu-
rological diseases.” Currently, it was reported a strong
association of PG calcification with AD. The degree
of PG calcification in AD patients was higher com-
pared with controls and patients with other types of
dementia.'® On the other hand, the authors of Ref.
[27] reported the opposite results, that is, fewer con-
crements have been found in PG in patients with AD.
Moreover, studies*®8 reported that in their research on
PG neither pineal weight nor calcium deposition showed
changes in AD. In addition, the PGs of AD patients,
cells, or afferent fibers were clear from neuropatho-
logical hallmarks of AD, that is, neurofibrillary tangles,
the accumulation of neurofilaments, tau, hyperphospho-
rylated tau, or beta/A4 amyloid deposition.*® Despite
the numerous studies on the calcification of the PG
in AD, research of PG concrements in VD patients is
underrepresented in scientific literature.

The possible reasons for these inconsistencies in lit-
erature might be a prominent individual variability of
the pineal organ and different degrees of calcification
among nations and populations living in different time
zones.°%%° On the other hand, the ambivalent findings
might be related to the limited capabilities of ordinary
research techniques.

The advanced XPCT imaging technique we used in
this research enabled 3D visualization of the whole
unstained PG with micro-features of the parenchyma
and calcification, which could not be seen with other
imaging tools. The most important finding of our XPCT-
based investigation is the detection of degenerative
process in concrements and parenchyma of PGs with
neurological pathology. In particular, we observed the
considerable segregation of concrements from calcified
mulberry-like conglomerates. In addition, we detected
a hollow core and highly segregated layers in con-
crement with lamination structure. Moreover, we found

numerous deep cracks passing through the PG con-
crements with lamination structure. In the parenchyma
of the samples with neurodegeneration, we detected
wide pinealocyte-free fluid-filled areas adjacent to the
calcified zones. We found in AD concrements sur-
rounded by an outer layer of the glial fibers and partly
of fibroblast replaced the pinealocytes. Similar find-
ings previously have been reported by Saveliev et al.
in the case of schizophrenia®® They suspected the
process of active calcium exchange between the calci-
fications and the surrounding tissues. In their opinion,
pathological processes can accelerate the dissolution
of the concrements. The nature of this process is still
unclear.

To the best of our knowledge, no one has observed
in 3D a degeneration of concrements or examined in
deep the parenchyma next to concrements in AD and
VD. Well-established imaging techniques such as his-
tological and immunohistochemical methods as well as
transmission and scanning electron microscopy have a
limited capability due to invasive sample preparation (in
particular, for the visualization of PG parenchyma with
large concrements). On the other hand, PG researches
with noninvasive imaging such as X-ray microtomogra-
phy, MRI, and XPCT previously have been limited by
either spatial resolution of image (MRI), low sensibility
to soft tissue visualization (micro-CT),2” or by the object
of study (XPCT, PG in aging)*?°

The process of PG calcification has been known and
studied for a long time, but the genesis and dynam-
ics of PG concrements are not yet well understood.
Before our research, the prevalence of publication on
PG calcification dynamics was dedicated to the pro-
cess of PG formation; no studies have investigated the
destruction of concrements. Several mechanisms pos-
sibly responsible for the development of calcification in
PG of different species have been proposed in Refs.
[25,57-61]. Both components, including pineal cells and
collagen fibers, are thought to be involved in these pro-
cesses. Our research indicates that, apparently, the PG
calcification formation is a dynamic process characteriz-
ing by both the development and destruction of calcified
PG zones. To complement the current results, XPCT
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could be combined with structural techniques such as
X-ray diffraction imaging.5?

In our research, we indicated two ways of PG
calcification degeneration possibly correlated with neu-
rodegenerative diseases. The analyzed data reported
in this study will be an important resource for further
investigation of PG morphology and the mechanism of
formation and degeneration of concrements in aging
and neuropathology.

This study deals with the micromorphology of PG,
and it did not address the issue of melatonin. However,
because melatonin as an antioxidant and neuropro-
tector may contribute to the pathogenesis of AD and
VD, it would be interesting to study in future research
the correlation of morphology and dynamics of PG
calcifications to the production of melatonin.

In this research, XPCT was helpful in detecting the
PG degeneration processes. As future perspective, addi-
tional extensive studies may be carried out over a larger
set of samples per group (control, AD, VD).

5 | CONCLUSIONS

XPCT in-deep investigation of the PG micromorpholog-
ical features revealed the evident signs of degeneration
in PG concrements and parenchymal tissue adjacent to
calcified zones in AD and VD samples. We indicated
several ways of PG concrements destruction. Particu-
larly, we observed a hollow core and highly segregated
layers in laminated concrements, as well as humerous
deep cracks passing through the PG calcified deposits.
Our scientific finding indicates that PG calcification is a
dynamic process characterized by the development and
destruction of calcified zones. Moreover, we observed
large pinealocyte-free fluid-filled regions surrounding
calcified zones that had not been detectable with other
imaging techniques. Our research provides a basis for
the future study of PG involvement in neurodegenera-
tion and enriches the knowledge about PG in the normal
and pathological state.
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