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Abstract: The choroid plexus (ChP) is essential for brain homeostasis by regulating the secretion of the cerebrospinal fluid 
(CSF). Despite a substantial body of work on the pathologically alterations of the ChP, there is lack of data concerning the 
naturally occurring morphological changes asso-ciated with ageing. In this study, we investigated 30 human ChP tissue 
samples that were divided into 3 groups according to age. Morphometric analysis of psammoma bodies (PBs) on hema-
toxylin and eosin (H&E)-stained samples and immunohistochemical analysis of ChP were performed (using antibodies 
to transmembrane phosphoglycoprotein protein CD34 and nuclear protein Ki-67). Amyloid deposits were detected using 
Congo red staining. Middle-aged and older individuals exhibited a significantly higher numerical density (ndPB) mostly as 
increased immature forms, which led us to question the proposed nomenclature. The proliferation rate of the ChP epithe-
lium did not show significant difference between groups. The vascular area was markedly decreased and accompanied by 
amyloid deposition in blood vessel walls. While the deposits were limited to middle-sized blood vessels in the middle-aged 
group, in the older group deposits were also present around small vessels. The identified major morphological alterations 
of ageing ChP tissue provide further understanding of disfunctions of the blood-cerebrospinal fluid barrier that underlie 
neurodegenerative disorders.
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INTRODUCTION

The choroid plexus (ChP) is a highly specialized or-
gan, localized in the ventricular system of the brain 
[1]. Its primary role is secretion of cerebrospinal fluid 
(CSF), which is essential for proper brain tissue ho-
meostasis. The ChP is one of the most understudied 
areas of neuroanatomy and neurobiology [2,3]. Some 
authors [4] do not consider that the ChP is the main 
source of the CSF (the so-called classical hypothesis 
of CSF hydrodynamics) based on several arguments 
as follows: (i) this hypothesis originates from Dandy’s 
experiment that was carried out at the beginning of 
the 20th century on a single dog. The methodology of 

the study is not reproducible and repeated attempts 
did not give the same result [5]; (ii) treatment of hy-
drocephalus by surgically removing the ChP did not 
produce the expected results [4]; (iii) ChP removal 
in animal experiments did not show any significant 
change in the production or composition of CSF in 
comparison to the control group [6-8]. In a review 
article it was hypothesized that the main mechanism 
of CSF production is through rapid fluid exchange 
between the capillaries within the brain parenchyma 
[9,10], i.e., between adjacent capillaries with high and 
low hydrostatic pressure, suggesting that the basis of 
CSF production is interstitial fluid [4]. This new hy-
pothesis is not accepted in wider circles, and we, like 
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most researchers dealing with this topic, believe that 
although pioneering experiments utilized question-
able methodologies, recent research has provided 
enough evidence to support the classical hypothesis.

Histologically, the ChP is composed of the lamina 
propria, originating from the connective tissue of the 
pia mater, and of a single layer of epithelial cells, lami-
na epithelialis. The connective tissue is highly vascular-
ized and loose with abundant capillaries. As the ChP 
is the “transition zone” between peripheral blood and 
the central nervous system (CNS), it protects the brain 
by forming the blood-CSF barrier [1,2]. A distinctive 
feature of epithelial cells are the well-developed brush-
type borders, i.e., microvilli on the apical epithelial sur-
face that protrude into the CSF and increase the sur-
face area of the choroidal epithelial, enabling rapid and 
efficient delivery of the CSF [3]. Histological analysis of 
the ChP almost always reveals acellular, laminar struc-
tures in the connective tissue, the so-called psammoma 
bodies (PBs). The nature and the mechanism of their 
occurrence are not fully elucidated, but it is generally 
accepted that they represent dystrophic calcifications 
[11-13]. Some authors differentiate between immature 
and mature forms of PBs [12].

Because of the increase in the number of the elderly 
in the world’s population, much attention is given to 
the study of ageing and age-related diseases, including 
neurodegenerative disorders. The most prevalent neu-
rodegenerative disorder, Alzheimer’s disease (AD), is 
characterized by progressive loss of cognitive abilities. It 
is associated with brain atrophy, changes in blood-CSF 
barrier (BCSFB) [14, 15], abnormal CSF production 
[16] and amyloid deposits [17]. There are numerous 
studies of brain and ChP tissue changes in patients with 
AD and other neurodegenerative diseases. Changes in 
the ChP, CSF and BCSFB resulting from ageing have 
been observed in animal models [18,19]. 

Given that ageing results in changes that are not 
per se a disease [20,21], these alterations in humans 
need to be clearly described and quantified to clearly 
define expected changes in physiological tissue for dif-
ferent ages. Experiences in everyday pathohistological 
diagnostics underline the significance and necessity of 
these data, without which it is difficult to differentiate 
between age-related changes and abnormalities that 
imply pathological process, particularly during the early 

stages of disease. Therefore, the focus of our research 
was a pathohistological, morphological and morpho-
metric analysis of dystrophic calcifications in the form 
of psammoma bodies, changes in ChP vascularization, 
depositions of amyloid and an examination of changes 
in the proliferative capacity of the choroid epithelium.

MATERIALS AND METHODS

Sample collection

Paraffin blocks (n=70) with ChP tissue from the lat-
eral ventricles were collected retrospectively from 
the archives of the Department of Pathology, and the 
study was carried out with the approval of the insti-
tutional Scientific Ethics Committee of the Clinical 
Center of Vojvodina, Novi Sad, Serbia. All 70 paraffin 
blocks were cut to 5-µm thick histological sections 
and stained routinely with H&E. After preparation 
of the slides, the following inclusion criteria for the 
study were applied: (i) a medical history with no re-
cords of any neurological or psychiatric diseases; (ii) 
autopsy findings that pathological changes were not 
identified in ChP tissue; (iii) that ChP tissue was tech-
nically suitable for further histochemical and immu-
nohistochemical staining. Based on these criteria, 30 
samples were included in the study and divided into 
3 groups according to age, and in agreement with the 
World Health Organization recommendations [10]: 
(Y) young individuals: ≤40 years old (n=10); (M) 
middle-aged individuals: 41-64.9 years old (n=10); 
(O) older individuals: ≥65 years old (n=10). 

Morphometric analysis of psammoma bodies

Morphometric analysis was performed on HE-stained 
slides by computer software Fiji-Image J, on 10 ran-
domly selected and photographed areas per slide 
(Leica MC190 HD camera, Germany) under 100× 
magnification. On each photograph we measured (i) 
the surface area of the ChP (saChP); (ii) the numbers 
of total (tPB), mature (mPB) and immature (imPB) 
psammoma bodies (Supplementary Fig. S1); (iii) sur-
face area (saPB) of psammoma bodies; (iv) the di-
ameter (diPB) of all psammoma bodies. Mature and 
immature PBs were differentiated by the concentric 
lamellar appearance of mature forms or the presence 
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of amorphous core of immature PBs [22]. The 
numerical density (ndPB, PB/mm2) and sur-
face area fraction (safPB, %) of the PBs were 
determined.

Histomorphometric analysis of ChP blood 
vessels and epithelial proliferation

Vascularization assessment and morphometry 
was performed on tissue sections immuno-
histochemically stained (according to manu-
facturer’s instructions) with CD34 antibody 
(Thermo Fisher Scientific, USA). Ten photo-
graphs of randomly selected areas of CD34-
stained slides were taken. Using Fiji-Image J 
software, we measured the surface areas of the 
blood vessels (saBV) and the ChP (saChP) in 
each photograph and then calculated the fraction of 
the blood vessel surface area (safBV) as the percentage 
of the saBV within the saChP. Tissue sections stained 
with Congo red were examined under polarized light 
to detect amyloid depositions. In specimens in which 
amyloid deposits were observed, the size of the affect-
ed vessel (small, medium or large blood vessel) was 
noted, and the number of deposits (mild, moderate or 
extensive). The criteria for the size of blood vessels and 
the amount of amyloid deposits were as follows: “small 
blood vessel” – capillaries and vessels present near the 
surface epithelium of the ChP, wall composed of en-
dothelium and basal membrane; “medium blood ves-
sel” – three-layered wall of the vessel, further removed 
from the epithelium, located in a branched areas of 
the ChP; “large blood vessel” – blood vessels within 
the deepest unbranched areas of the ChP, far-removed 
from the epithelial surface; “mild deposits” – not vis-
ible with H&E staining but detected with Congo red 
staining as sparse deposits, barely noticeable under 
polarized light: “moderate deposits” – visible with 
H&E and Congo red staining under polarized light, 
not extending throughout the entire circumference 
of the blood vessel; “extensive deposits” – extending 
through the entire circumference of the blood vessel. 
Epithelial proliferation was estimated based on the 
immunohistochemical expression of Ki-67 (Thermo 
Fisher Scientific, USA). We evaluated epithelial pro-
liferation qualitatively (negative or positive nuclear 
staining), and semi-quantitatively, based on the ap-
proximate number of cells stained as follows: very low 

(<10%), low (11-30%), moderate (31-50%) and high 
(≥51% of cells). 

Statistical analysis

Data were statistically analyzed in IBM SPSS Statistics 
23. Mean values of the measured and calculated pa-
rameters in different groups were analyzed by ANOVA 
with the level of significance set at P<0.05 and P<0.01.

RESULTS

Morphometric analysis of psammoma bodies

The mean values of diPB and saPB were greatest in the 
middle-aged group and lowest in older individuals. 
Statistically, differences between the analyzed groups 
were not significant (P>0.05) (Table 1). According to 
the maturity of the psammoma bodies, we observed 
that the young group had significantly fewer imPB 
(55.58%) compared to middle-aged (67.07%) and 
older individuals (62.84%) (P<0.05). The difference 
between the middle-aged and older groups was not 
statistically significant. The numerical density (ndPB) 
in the young group compared to the middle-aged and 
older groups was significantly lower (P<0.05). The sur-
face area fraction (safPB) showed a similar distribu-
tion among groups, with significantly lower values in 
young individuals compared to the middle-aged and 
older groups (P<0.05) (Table 1).

Table 1. Morphometric characteristics of psammoma bodies within the 
choroid plexus tissue

Young (<40)
MV±SD

Middle-aged 
(40-65)
MV±SD

Older (>65)
MV±SD P value

diPB
(μm) 136.73±33.52 141.84±36.4 128.29±44.53 >0.05

saPB
(μm2) 1385.26±231.56 1597.85±124.58 1325.36±153.44 >0.05

ndPB
(PB/mm2) 7.35±13.13* 18.49±15.61 29.97±34.79 <0.05

safPB
(%) 2.51±3.91* 6.47±7.63 6.06±4.08 <0.05

* – Statistical significance between young individuals compared to middle-aged and 
older individuals. diBP – psammoma body diameter, saPB – surface area of psam-
moma body, ndPB – numeric density of psammoma bodies, number of psammoma 
bodies per mm2 of ChP surface; safPB – surface area fraction of psammoma bodies, 
fraction of surface area of ChP occupied by psammoma bodies.
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Histomorphometric analysis of ChP blood vessels

Our results indicate that about one-third of the saChP 
– 36.48% in the young (Fig. 1A) and 29.86% in the 
middle-aged (Fig. 1B) groups, corresponded to the 
vascular space. The ChP of older individuals displayed 
a significant reduction of the safBV (P<0.01), occupy-
ing less than one-fifth (18.21%) of the ChP (Fig. 1C, 

Fig. 2). Although amyloid deposition was 
not detected in the ChP of young indi-
viduals, it was observed within the walls of 
blood vessels in the middle-aged and older 
groups; in both groups, amyloid deposits 
were detected within the medium-sized 
blood vessels in moderate amounts, exhib-
iting a non-circumferential distribution 
(Fig. 1D, E, F). However, accumulation in 
the small blood vessels was only observed 
in older individuals. Epithelial prolifera-
tion, evaluated through Ki-67 expression, 
was very low (<10% of epithelial cells) in 
middle-aged (Fig. 1H) and older individu-
als (Fig. 1I), while in young individuals, 
62% of specimens displayed a low prolif-
eration rate (11-30% of epithelial cells) 
(Fig. 1G). Despite nonspecific cytoplasmic 
staining, nuclear Ki-67 staining was vis-
ible as mild to moderate in younger indi-
viduals’ ChP. Interestingly, the ChP of the 
middle-aged and older groups had rare, 
single cells with strong nuclear positivity 
to Ki-67. Differences did not show statisti-
cal significance.

DISCUSSION

Although not in itself a disease [20], ageing is charac-
terized by an accumulation of molecular and cellular 
damage, resulting in a progressive decline in physi-
ological functions of all organ systems [23]. One sci-
entific challenge is to develop clear distinctions be-
tween these age-related changes from pathological 
alternations that underlie diseases [20].

PBs are dystrophic calcifications regarded as be-
nign consequences of ageing in ChP stroma [11-13, 
24]. However, they can also be found in tumors of other 
tissues that share some of the features with the ChP, 
such as fenestrated capillaries. These types of capillar-
ies enable the entrance of noxious substances or leu-
kocytes, whose presence, or inflammation itself, may 
induce stromal reaction and the formation of PBs [12].

In our study, young individuals had a significantly 
lower number of tPBs, ndPB and safPB compared to 
the middle-aged and older groups, while significant 

Fig. 2. Surface area fraction of blood vessels within the ChP. safBV 
– surface area fraction of blood vessels; * – statistically significant 
decrease of the safBV in older individuals (P<0.05).

Fig. 1. Histological analysis of the ageing ChP. Vascularization of the ChP as-
sessed by immunochemical staining for CD34, magnification 100×; A – young; B 
– middle-aged; C – older individuals. Amyloid deposition within the wall of the 
blood vessel in middle-aged and older individuals; D – H&E, magnification 20×; 
E – Congo red, magnification 20×; F – Congo red under polarized light, mag-
nification 20×.; epithelial proliferation assessed by the number of Ki67 positive 
nuclei, magnification 60×; G – young; H – middle-aged; I – older individuals.
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differences between the middle-aged and older group 
were not observed. This could indicate that after the 
age of 40, still unidentified factors accumulate and 
allow for an increase in the number of PBs. Most re-
search has focused on the total number of PBs regard-
less of their structure. Although the two forms of PBs 
(with an amorphous and laminated appearance) are 
referred to as mature and immature bodies [12], we 
do not claim that the name is completely justified. We 
established that the number of immature forms in-
creased sharply in middle-aged individuals compared 
to the young group. The designated terms suggest that 
immature forms evolve over time into mature forms. 
Therefore, it would be expected that the number of 
imPB in the elderly decreases, which was not observed 
in our study. Another group of authors uses different 
terminology, according to which ChP stroma shows 
varying degrees of collagen compaction, focally in-
tensely sclerotic and often calcified. The authors dif-
ferentiated between these hyalinized and somewhat 
irregular structures (referred to as “concretions”) from 
PBs by their well-delineated, spherical, laminated and 
often larger appearance [25]; keeping in mind defini-
tions of so-called concretions and immature PBs, it 
can be concluded that they are in fact the same thing. 
The determination of the surface and diameter of PBs 
revealed no statistically significant difference between 
the age groups. Thus, it can be assumed that after their 
formation, PBs do not change in size. Although there 
are undoubtedly two forms of bodies, we question 
whether they truly represent the stage of develop-
ment or qualitative changes and are perhaps the con-
sequence of their different composition. The observed 
age-related changes of PBs mineral composition [12] 
along with a significant increase in their immunore-
activity for amyloid light chains [26,27] point to con-
tinuous qualitative changes and the dynamic nature 
of PBs. Moreover, the CPE basal membrane is often 
attenuated, discontinuous, thickened, or duplicated in 
proximity to the concretions [25]. This finding of al-
tered basal membrane in the proximity of concretions 
(immature PB-like structures) favors our claim that 
PBs (no matter how we call them) disrupt the integrity 
and function of BCSFB, leading to the development of 
more pronounced degenerative disorders.

The choroid plexus is a highly vascularized struc-
ture with a superficial monolayer of choroid plexus 
epithelial (CPE) cells. CPE cells secrete the CSF and 

form the BCSFB, which restricts the entry of mol-
ecules and pathogens from the blood [28, 29] and con-
trols the trafficking of nutrients as well as the clearance 
of toxic molecules, drugs and amyloid from the CSF 
[3]. During ageing or disease, the epithelium becomes 
atrophic, along with thickening of the basement mem-
brane and stromal fibrosis [22], enzymatic activity is 
reduced, and CSF secretion decreases by 50% [29], 
leading to subnormal brain activity. In our study, the 
proliferation of CPE cells was not affected by ageing 
or the increased presence of PBs. However, based on 
our results, we cannot assess the impact of ageing on 
CPE cell function.

Some studies mentioned thicker arterial walls 
[29], but the underlying reason was not investigated. 
In our research, we confirmed both qualitative age-
related changes of ChP blood vessels and quantitative 
changes in vascularization. Amyloid deposits were 
documented in the walls of medium-sized and small 
blood vessels. These deposits cause thickening of the 
vessel walls but may go unrecognized after H&E stain-
ing or appear as fibrin deposits or mucoid degenera-
tion. A reduced vascular network (vascularization) of 
the ChP was documented through significantly de-
creased safBV in the ChP in middle-aged and older 
individuals. The decrease in safBV could be the re-
sult of the reduction in the number of blood vessels 
or their decreased diameter. The reduced diameter 
might be the consequence of thickening of the vessel 
wall due to deposits of fibrin, mucus, calcification or 
amyloid, as in our study, and could result in decreased 
blood flow. It is known that the ChP has a high local 
blood flow rate (5-10 times greater compared with that 
of other tissues) [30], but we cannot say for certain 
whether decreased vascularization impacts blood flow 
to a sufficient extent to cause health difficulties. To 
the best of our knowledge, no other study has dem-
onstrated both qualitative and quantitative changes of 
ChP vasculature in ageing.

As opposed to the lack of description of age-
related changes in ChP blood vessels, several stud-
ies and review articles stated that ageing is linked 
to the changed composition and reduced volume of 
CSF [29,31,32]. While these changes were explained 
solely by changes in CPE and BCSFB, we believe that 
the reduced vascular network documented in our 
research could also play an important role. Possible 
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explanations for this reduction could be a dimin-
ished secretion of growth factors in aged CPE cells, 
such as vascular endothelial growth factor (VEGF) 
and transforming growth factor-beta (TGF-β) [32], 
and increased activation of stromal matrix metallo-
proteinases (MMPs) [15]. In our research, reduced 
vascularity of the ChP coincided with an increase in 
the number of PBs. According to some authors, PBs 
may have significantly higher biological activity and 
function than previously assigned [33]. Several stud-
ies showed that a high number of PBs [22,13,34] or 
concretions [25] are associated with abnormalities of 
ChP tissue. We therefore postulate that the observed 
sharp increase in the number of PBs after the age of 
40 might be an additional important factor that fosters 
the reduction of ChP vascularization, subsequently 
disrupting the integrity and function of BCSFB and 
leading to the development of more pronounced de-
generative disorders.

Everything stated so far supports the importance 
of our findings regarding the increase in the number 
of PBs after the age of 40 as an indicator of possible 
BBB and BCSFB damage. In addition, our research is 
the only one to link this increase with reduced vascu-
larization of the ChP.

Studies on sheep have revealed age-related ChP 
changes and BCSFB disruption, and authors believe 
that these might contribute to age-related cognitive 
decline and neurodegenerative disease in humans 
[19,35]. Alzheimer’s disease, the most common pro-
gressive neurodegenerative disorder [29], is diagnosed 
pathohistologically by amyloid β (Aβ) plaques and 
neurofibrillary tangles in the brain. In an AD model, 
a cascade of detrimental events leads to morphologi-
cal changes in the ChP, similar to those in ageing: 
stromal fibrosis and amyloid deposits, thickened base-
ment membrane, epithelial atrophy, dysregulation of 
CPE cell tight junctions and loss of BCSFB integrity 
[15,17]. Aged and/or damaged CPE and BCSFB en-
able stromal infiltration of soluble amyloid mole-
cules, which precedes clinical signs of AD [15,19,35]. 
Researchers have identified specific CPE transporters 
that bind Aβ and facilitate its removal. Interestingly, 
these receptors were found to be decreased in CSF 
in ageing and AD [35]. In late onset AD (LOAD), 
which shows morphological changes similar to ageing, 
the clearance of Aβ peptide is significantly decreased 

[17]. In light of these conclusions, the question arises 
whether ageing is in itself the beginning of AD, and 
whether in some individuals, changes progress slowly 
throughout life without manifest clinical or pathohis-
tological indicators.

The described animal model of AD revealed that 
the presence of soluble amyloid molecules increased 
MMP gene expression in the ChP connective tissue, 
CPE and MMP activity in CSF [15]. The main role of 
MMP is the degradation of the extracellular matrix, 
providing an optimal medium for the formation of 
PBs. Our results showed an increased number of total 
and immature PBs in middle-aged and older individu-
als, and that the same age groups had amyloid deposits 
in blood vessels. This strongly suggests that ageing 
leads to BCSFB dysregulation, amyloid deposition in 
blood vessel walls and probably some soluble amyloid 
molecules in ChP stroma, resulting in MMP induced 
tissue damage and an increased formation of PBs.
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