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Abstract

Choroid plexus, pineal gland, and habenula tend to accumulate physiologic calcifications (concrements) over a lifetime.
However, until now the composition and causes of the intracranial calcifications remain unclear. The detailed analysis of
concrements has been done by us using X-ray diffraction analysis (XRD), X-ray diffraction topography (XRDT), micro-CT,
X-ray phase-contrast tomography (XPCT), as well as histology and immunohistochemistry (IHC). By combining physical
(XRD) and biochemical (IHC) methods, we identified inorganic (hydroxyapatite) and organic (vimentin) components of
the concrements. Via XPCT, XRDT, histological, and IHC methods, we assessed the structure of concrements within their
appropriate tissue environment in both two and three dimensions. The study found that hydroxyapatite was a major com-
ponent of all calcified depositions. It should be noted, however, that the concrements displayed distinctive characteristics
corresponding to each specific structure of the brain. As a result, our study provides a basis for assessing the pathological

and physiological changes that occur in brain structure containing calcifications.
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Introduction

The calcification of the human brain structures, such as
the choroid plexus (ChP), pineal gland (PG), and habenula
(HA), is a normal physiological process associated with
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aging. Furthermore, the calcified deposits may also be
involved in pathological processes related to neurodegen-
erative and mental diseases (Bersani et al. 1999; Kunz et al.
1999; Sandyk 1992; Serot et al. 2003). Since the formation
of brain concrements is a dynamic process (Bukreeva et al.
2022), the information about the composition of concre-
ments in normal aging provides a basis to studies of both
normal and pathological changes in brain structures. Our
research focused on brain structures that are highly syntheti-
cally active and are interconnected (very closely in the case
of the pineal gland and habenula) but form a different type
of concrements.

Pineal gland is a part of circadian rhythm regulation system in
the brain. It is composed mainly of pinealocytes, which secrete
serotonin during the day and melatonin at night. PG calcium
deposits reduce active parenchymal volume that might be asso-
ciated with sleep disorders, cancer, and several psychiatric and
neurodegenerative diseases (Kunz et al. 1999; Bruno et al. 2019;
Song 2019; Tan et al. 2018). The growth patterns of human pineal
concrements were described by Kim et al. (2012). Of particular
interest is the fact that in neoplasms in the pineal gland are formed
concrements consisting of amorphous calcium phosphate, which
are not detected in the normal aging (Mgller et al. 1979).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00441-023-03800-7&domain=pdf
http://orcid.org/0000-0001-5828-5393

538

Cell and Tissue Research (2023) 393:537-545

HA plays a central role in the regulation of the human lim-
bic system. Hu et al. suggested that HA, along with PG, is
co-involved in the control of the normal sleep—wake cycle (Hu
et al. 2020). Some researchers revealed a link between calcifi-
cations in HA and neurodegenerative diseases (Sandyk 1992).

ChP is a villous epithelial-endothelial vascular structure
within the ventricular system of the vertebrate brain. The
ChP, primarily responsible for the secretion of cerebrospi-
nal fluid, is involved in a variety of neurological disorders,
including neurodegenerative disorders (Serot et al. 2003), and
inflammatory, infectious, traumatic, neoplastic, and systemic
diseases (Bersani et al. 1999; Wolburg and Paulus 2010).

The chemical compositions of PG and ChP concrements
have been extensively studied. The researchers generally
reported about the PG concretions, which consist mainly of
hydroxyapatite (Mabie and Wallace 1974; Kodaka et al. 1994).
In addition to calcium, some other elements (iron, copper, zinc,
magnesium) were found as well (Michotte et al. 1977a, b).
Some controversial data on the chemical composition of psam-
moma bodies (ChP concrements) was published in the litera-
ture. Several authors assumed that psammoma bodies, like PG
concrements, are the calcified deposits that may contain zinc,
iron, magnesium, manganese, copper besides calcium as well
(Macpherson and Matheson 1979; Modic et al. 1980; Michotte
etal. 1977a, b (2)). Other researchers supposed that the source
of psammoma bodies was meningocytes forming whorls in the
stroma of ChP, which are later impregnated with calcium salts
(Shuangshoti and Netsky 1970).

Our research provides the study of the concrement compo-
sition and morphology in human post-mortem PG, HA, and
ChP. The detailed analysis of concrements was done using
X-ray diffraction analysis (XRD), X-ray diffraction topography
(XRDT), micro-CT, X-ray phase-contrast tomography (XPCT),
as well as histology and immunohistochemistry (IHC). We have
observed that the brain concrements frequently have a concen-
tric layered morphology, but they exhibit a wide variation in
layer configuration. We have found that the concrements in all
three studied brain structures contain hydroxyapatite. However,
PG concrements have no organic matrix, while HA concre-
ments may include an organic core and alternating layers of
ChP concrements containing calcified and noncalcified organic
material with vimentin as its main organic component. Our
work provides a basis for prospective studies on calcified brain
structures to gain insight into the mechanisms of brain calcifi-
cation and how they affect nervous system function in human.

Materials and methods
Samples

The material for the study were PGs, Has, and ChPs
taken from human autopsies and included 25 samples of
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the choroid plexus, 35 samples of the pineal gland, and 9
samples of the habenula (from 27 to 96 years old). The
tissue samples were taken after 12-24 h after the death
and fixed 24-30 h in 10% neutral buffered formalin. After
that they were dehydrated in eight portions of isopropyl
alcohol and embedded in paraffin. The 30 samples were
measured via micro-CT and XP-CT prior to histological
analysis. Histological study was performed on 25 samples
of ChP, 30 samples of PG, and 6 samples of HA. XRDT
experiments were carried out on two kinds of samples: (1)
the first sample was a whole uncut PG (PG parenchyma
with calcification) embedded in paraffin; (2) in the second
experiment, three independent concrements were extracted
from ChP, PG, and HA, one for each brain structure.

XRD analysis was done on the concrement samples (12
in total) collected from ChP (5 samples), PG (6 samples),
and HA (3 samples).

Micro-CT, XPCT, and XRDT experiments with whole
PGs, as well as histological and IHC analyses, were performed
on samples fixed in 10% formalin. The samples of PG, HA,
and ChP for XRD and XRDT experiments were fixed and kept
in 70% alcohol. Before the experiment, the calcifications were
extracted from the tissue. The sample description is summa-
rized in Table S1 in Supplementary information.

Micro-computed tomography (micro-CT), X-ray
phase contrast tomography (XPCT)

Micro-CT and XPCT (see Supplementary information)
provided us the whole-sample 3D images of PG, ChP, and
HA. Laboratory micro-CT setup was used to select sam-
ples containing calcified concrements, which were then
analyzed by other methods. We used synchrotron-based
XPCT free space propagation setup (Snigirev et al. 1995)
to image the samples (see Supplementary information,
Fig. S6). This technique enabled 3D imaging of morpho-
logical structures of soft tissue invisible to micro-CT.

Micro-CT scans were carried out at laboratory micro-
tomography setup “TOMAS.” The accelerating voltage and
current were 45 kV and 40 mA, respectively. X-ray beam
energy was 17.5 keV (pyrographite crystal was used as a
monochromator). Tomographic scans were performed using
1000 X-ray projected images with an angular range of 200°
and a step of 0.5°. For the entire sample, the scan took about
100 min. The XIMEA xiRAY11 detector (Buzmakov et al.
2018) pixel size was of 9 x 9 micron.

After micro-CT experiment the selected samples were
measured via XPCT at the PO5 beamline of the synchro-
tron facility PETRA III, DESY, operated by the Helmholtz-
Zentrum Hereon (PETRA III, DESY) (Wilde et al. 2016;
Khokhriakov et al. 2017) using a monochromatic beam
energy 25 keV. The set of tomographic projections was
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acquired in half-acquisition mode (Vo et al. 2021) with 4000
projections and an exposure time of 0.25 s, covering a total
angle range of 360°. The sample was placed at a distance of
50 cm from the recording system with pixel sizes 1.28 x 1.28

micron® and 0.64 X 0.64 micron?.

Micro-CT and XPCT data processing

The X-ray projected images were pre-processed using dark
field and flat field corrections, as well as Raven filters for
ring removal (Raven 1998). The CGLS algebraic method
(Chukalina et al. 2019) was applied for tomographic recon-
struction of micro-CT data. MatLab package (Moosmann
et al. 2014) was used to perform the pre-processing and
phase and tomographic reconstructions of the XPCT data.
For the reconstruction of X-ray phase-contrast tomograms,
filtered back projection with a linear ramp filter has been
used. In reconstructed tomography images, grayscale varia-
tions indicate changes in absorption coefficients (absorption
contrast) or electron densities (phase contrast). Tools and
plugins of the open-source programs ImagelJ/Fiji (Schindelin
et al. 2012) were used to visualize the data.

X-ray diffraction analysis (XRD)

The main aim of our XRD-based study was to identify the
major mineral constituents of concrement in ChP, PG, and
HA. XRD patterns of concrements extracted from PG, HA,
and ChP were recorded on the XCalibur Eos S2 (Rigaku
Oxford diffraction, Japan) diffractometer in transmission
geometry (Debye—Scherrer) using monochromatic MoKal
radiation (41 =0.7093 A 50kV, 40 mA, beam size 500 x 500
pm?) and CCD detector EOS S2. The sample-detector dis-
tance was 41.5 mm and the exposure time was 40 min. Inte-
gration of two-dimensional diffraction patterns and trans-
formation to one-dimensional form were carried out using
CrysAlisPro software (Rigaku Oxford Diffraction 2019).
The phase identification was performed using the PDXL
program (Rigaku Corporation, Japan) and ICDD PDF-2
datasets (release 2017).

X-ray diffraction analysis (XRDT)

We used XRDT (see Figs. S2-S5 Supplementary informa-
tion) for a non-destructive structural research of individual
crystalline elements (grains or subgrains) in the bulk of
polycrystals (concrements).

The samples from each studied brain structure were meas-
ured on a laboratory X-ray diffractometer “DITOM-M.”
X-ray tube with a molybdenum anode was used as a source
of X-ray polychromatic radiation. The electric current in an
X-ray tube operating at 40 kV was 40 mA. The beam was
formed by a pair of mutually perpendicular slits and had a

dimension 1.5x 1.5 mm?. Diffraction patterns were recorded
using a Ximea XiRay11 2D detector with a field of view of
3629 mm? and a pixel size of 9x9 pm?. A total of 1800
projections were measured for all samples in the rotation
range from 0 to 180° with an angular step of 0.1°. The time
to obtain one frame was 60 s.

XRDT data processing

The projection images were first processed by median filter
(with a window size of 3 X 3 pixels) correction through the
image stack for all angles of rotation to remove the back-
ground noise. After the filtering procedure all images from
the stack were combined in an integrated image, each of
whose pixels contained the maximum value over all images
in the stack at the particular pixel location (maximum inten-
sity projection). The integrated image was used to analyze
crystalline elements (grains or subgrains) of concrements.

Histology and IHC

Paraffin-embedded tissue blocks were cut and the sections of
10 micron thick were prepared for histological and IHC anal-
yses. Mallory method was used for detection of connective
tissue. Antibodies to collagens type I-V and vimentin were
used to detect the organic part of concrements. The other tis-
sues (pia mater, cartilage) from the same persons were used
as positive controls. The names of antibodies and conditions
of IHC reactions are provided in Table S2 in Supplementary
information. The Ultra Vision LP Detection System of the
firm Thermo Scientific (catalog Nr. TL-125-HD) was used
as the second antibodies. To exclude non-specific staining
by secondary antibodies, negative controls were performed
to displace the primary antibody with PBS buffer (Fig. S1
in Supplementary information).

Results and discussion
Micro-CT, XRDT, XRD analysis

XRDT technique revealed that all PG samples contain polycrys-
tals with grain sizes up to 100 microns, with an average value of
20-30 microns (see Figs. S2—-S5 in Supplementary information).

XRD analysis allowed us to identify the crystalline
phases in the concrements of PG, ChP, and HA. The crys-
talline phase composition was determined by comparing the
acquired data with those in reference databases.

Figure 1 illustrates the results of the XRD analysis for the
typical samples of PG (Fig. 1a, a"), HA (Fig. 1b, b"), and ChP
(Fig. 1c, c’) concrements. Two-dimensional XRD images and
the corresponding integrated one-dimensional XRD patterns are
shown in Fig. 1a—c and a'—’, respectively. Microphotographs
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of the concrements are shown in Fig. la'—'. XRD pattern
showed characteristic peaks corresponding to hydroxyapatite
Cas(PO,);(OH) (PDF#1-084-1998) (Hughes et al. 1989) for
all concrements under investigation (PG, HA, and ChP).

The summary graph representing XRD patterns for all
studied brain structures is shown in Fig. 2. The experimen-
tal diffraction patterns of concrements in PG (blue lines),
HA (green lines), and ChP (red lines) match with the XRD
patterns simulated using crystal structure of hydroxyapa-
tite Cas(PO,);(OH) (ICSD#203,027) with the instrumental
broadening of the diffractometer (black line). According to

Fig.1 X-ray diffraction patterns of
a,a' PG, b, b’ HA, and ¢, ¢’ ChP a
concrements. Two-dimensional
XRD images and the correspond-
ing integrated one-dimensional
XRD patterns are a—c¢ and a'—’,
respectively. Microphotographs

of the concrements are shown

in a’—¢’. All structures showed
characteristic peaks (in red) cor-
responding to the reflections of
hydroxyapatite (in blue)

@ Springer

XRD, concrements in PG and HA are primarily composed
of crystalline hydroxyapatite, while the calcified concre-
ments in ChP appear to be predominantly composed of
hydroxyapatite with a low degree of crystallinity.

Histological, IHC, and XPCT analysis
Pineal gland

The internal structure of PG was investigated in 2D and
3D via histological and XPCT imaging, respectively. We
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Fig.2 Summary graph of the XRD experiments. XRD patterns of PG
concrements (blue), HA concrements (green), and ChP concrements
(red). The simulated XRD pattern of hydroxyapatite Cas(PO,);(OH)
(ICSD#203027) (Hughes et al. 1989) is shown in black

identified concrements with different shapes and internal
structure. In particular, we found laminated and aggregated
calcified deposits. The histological images of laminated
concrements and volumetric XPCT image of aggregated
solid concrements are shown in Fig. 3a and b, respectively.
Additionally, we observed the mulberry-like conglomerates
developed as a result of aggregation of numerous agglom-
erated nodes. The volumetric XPCT image of PG calcified
conglomerate is shown in Fig. 3c. We note that the large-
scale PG calcifications were visualized with XPCT imaging
since large concrements are commonly broken during histo-
logical treatment, making the analysis problematic. Moreo-
ver, decalcification during histological sample preparation
can impair the staining of the tissues.

;* ’~f, ':D‘

‘AFA VE 50um b

Habenula

A common finding in HA is small concrements that have
not formed conglomerates. Volumetric XPCT image of PG
with highly calcified HA is shown in Fig. 4a. Image contrast
in the figure was adjusted to visualize the calcified tissue.
The white double arrow at the top of the figure points to the
group of concrement in HA. The single white arrow at the
central part points to large mulberry-like conglomerates in
PG. Figure 4b shows the histological section of HA with
a laminated concrement. Concrements in HA occasionally
have loose core zones, unlike those in PG.

Via XPCT-based study we readily identified PG and HA
as distinct structures with well-visible separation between
them, even in case when these structures were completely
calcified (see Fig. 4a). This implies that concrements were
formed independently in PG and HA, but they shared a
common mechanism of formation. This assumption is con-
firmed by Vigh et al. (1998), where the biochemical basis
of this process is described in detail. Our finding suggests
that the formation of calcified deposits in different brain
structures should be considered structure specific and can
be categorized based on the morphology and composition
of concrements.

Electron microscopy-based investigation showed that the
calcifications of PG begin within cells. Small crystals have
been detected in several cell organelles of PG in Lewczuk et al.
(1994). Our histological and XPCT examinations revealed
some additional aspects of concrement formation. Accord-
ing to our research, after the onset of calcification, layers are
deposited around the primary center, forming individual con-
crements that can later fuse together to form larger conglomer-
ates (see Fig. 3). Interesting results were obtained by A. Novier
and co-authors in the study of the calcium-binding protein cal-
retinin. The authors assume that this protein participates in
the formation of pineal gland concretions (Novier et al. 1996).
In some cases we detected the concrements in PG near of the

Fig.3 PG concrements (female, 41 y.o.). a Histological image of small single laminated concrement, Mallory staining; b XPCT volumetric
image of aggregated solid calcified concretion; ¢ XPCT volumetric image of large mulberry-like calcified conglomerates
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Fig.4 Habenula concrements. a XPCT slice image of small indepen-
dently developed concrements in HA shown with white double arrow,
the single white arrow points to calcified conglomerates in PG (male,

calcified stroma and blood vessels (Bukreeva et al. 2022). The
connection between the calcification processes in blood vessels
and parenchyma cannot be excluded. Calcification of blood
vessels is described in detail by Maheshwari et al. (2022).

In our study, some HA concrements showed a loose core
(Fig. 4b). This may indicate the presence of an organic frac-
tion in the core formed by dead cells, which are later impreg-
nated with calcium salts, in particular, with hydroxyapatite.
On the other hand, some HA concrements showed no struc-
tural differences from the PG concrements. Therefore, the
concrements in HA may actually be two different types: one
organic as is typical of HA only and the other without organic
substances, which occurs in both PG and HA.

Bt

62 y.o.); b histological image of HA tissue (female, 47 y.o.) with con-
crements (Mallory staining); loose core zones are visible

Choroid plexus

XRD analysis of ChP calcifications revealed hydroxyapatite
peaks, as observed for both PG and HA (see Figs. 1 and
2). However, histological and XPCT examination detected
significant differences in the morphological organization
of concrements in ChP compared to other brain structures
under our study. Figure 5 shows different types of ChP con-
crements. They usually have a round layered structure and
never seem to form conglomerates; however, as illustrated
in Fig. 5a, b, they show great variety in the organization of
their layers. Figure 5c illustrates XPCT slice image of ChP
with a variety of concrements.

Fig. 5 Different types of ChP concrements (female, 70 y.o.). a, b His-
tological image, Mallory staining; a concrements with an alternation
of calcified and noncalcified layers; b layers are calcified only on the
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outer surface of the concrements or calcified core of the concrements;
c different types of concrements in XPCT slice image
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Fig.6 IHC analysis of ChP tissue from male, 46 y.o with the antibodies to vimentin. a Immunopositive core zone of the concrements was
observed. b Alternation of immunopositive and immunonegative layers is clearly visible

The number of concrements in each brain structure stud-
ied ranges from nearly completely calcified tissues (in case
of PG and HA) to ones without concrements. Figures 3, 4,
and 5 illustrate one of the typical states of these structures.

Figure 6 illustrates the IHC analysis of two different ChP
tissue parts from male 46 years old. Some layers of the con-
crements show clear presence of vimentin. Collagens of I,
IL, I, IV, and V types were not detected in concrements.

Different types of concrements were found in villi of
ChP; they underplayed the epithelial cell layer (see Fig. 7a,
b). The concrements are also clearly seen in XPCT slice
image (Fig. 7c). IHC analysis of Fig. 7 suggests that they
are composed of collagen III (Fig. 7a) or IV type (Fig. 7b).

ChP produces a specific type of concrements which con-
tain an organic, fibrous component. Although some arti-
cles claimed that collagen in ChP calcification was present,
no evidence of this was found in our research. According
to our IHC analysis, vimentin formed only some layers of
the concrements, which corresponds to results reported in

%ﬁ,,ﬁ& \V } :

o e

y ‘,’v; .Y\

a W 4 50 um o

Korzhevskii (1997). The remaining layers of the concrements
appeared calcified, which can be also clearly seen in XPCT
images (Fig. 5¢). The way in which calcium salt impregnates
these layers cannot be fully understood, given the diversity
of concrement configuration (Fig. 5). In particular, we found
that the most common morphological structure of calcifica-
tion in ChP was the alternation of calcified and noncalcified
layers (Fig. 5a). On the other hand, in some ChPs, calcium-
rich layers formed only the outer surface of concrements
(Fig. 5b), while in other ChPs calcified layers were observed
only in the central part of the concrements (Fig. 5c).

Among the concrements observed in ChP, there were
subepithelial thicknesses that underlay the epithelial cell
layer (Fig. 7). These types of concrements are well visible
in XPCT images. We assume that it can be collagen IV
(Fig. 7b), which causes basement membrane edema, or col-
lagen III (Fig. 7a), which leads to stromal compression. It is
worth noting that even if calcium salt impregnation has not
been proven, it could not be completely excluded.

Fig. 7 Villi of ChP. a IHC staining with the antibodies to collagen III (male, 62 y.o.); b IHC staining with the antibodies to collagen IV (female,
59 y.0.); ¢ XPCT slice image (female, 59 y.o.). Concrements are shown with red arrows
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Conclusion

Physiologic calcifications in ChP, PG, and HA from human
autopsies were analyzed with combination of complemen-
tary methods. XRD indicates that PG and HA concre-
ments are primarily composed of crystalline hydroxyapa-
tite, whereas calcified concrements of ChP contain mostly
hydroxyapatite with a low degree of crystallinity. Based on
multi-technique approach, we have found that the concre-
ments displayed distinct morphological and chemical char-
acteristics for each brain structure. Accordingly, we believe
that our findings may provide a useful basis for study of
physiologic and pathological processes in human brain.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00441-023-03800-7.
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