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Abstract

RAGE (receptor for advanced glycation end-products) participates in the influx transport of glycated AB (amyloid
beta) from the blood to the brain. Because little is known of the RAGE operating in brain barriers such as those in
the choroid plexus and ependyma, the aim of the present study was to examine the immunodistributions of RAGE
and AP peptides in the choroid plexus where the blood-cerebrospinal fluid barrier (B-CSF) is located, and in ependy-
ma of the brain ventricles associated with functions of the cerebrospinal fluid-brain barrier (CSF-B). The study was
performed on patients over 65 years successfully resuscitated after cardiac arrest with survival a few weeks.
The control group consisted of age-matched individuals who were not resuscitated and died immediately after
cardiac arrest.

In resuscitated patients, but not in controls, RAGE receptors were localized in choroid plexus (CP) epithelial cells and
in ependymal cells bordering the brain ventricles. These cells form the B-CSF and CSF-B barriers. The presence of A
was detected within the CP blood vessels and in the basement membrane of the CP epithelium. In numerous cyto-
plasmic vacuoles of CP epithelial and ependymal cells AB protein was found and our observations suggest that
the contents of those vacuoles were undergoing progressive digestion.

The results demonstrated that CP epithelium and ependymal cells, equipped with RAGE receptors, not only play
an important role in the creation of amyloid deposits in the brain but are also places where A may be utilized.
The RAGE transportation system should be a main target in the therapy of brain amyloidosis, a well-known risk fac-
tor of Alzheimer disease.
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Introduction

Glycation is a non-enzymatic process which
causes post-translational modifications of various
proteins by reducing sugars to form advanced gly-
cation end-products (AGEs), such as amyloid beta
protein (AB), tau, transthyretin and other proteins
associated with several neurodegenerative diseases
[11,6]. Although brain compartments are effectively
isolated from the plasma proteins by the blood-brain
barrier (BBB), localized on the endothelium of the
brain capillaries, there are specialized receptors at
this barrier that may shuttle all these proteins in
efflux and influx directions [1,2]. Efflux transport of
AGEs through the BBB is mediated by the endothe-
lial LRP-1 (lipoprotein receptor-related protein-1),
whereas influx transport involves RAGE (receptor for
advanced glycation end-products). The proper func-
tion for both types of receptors at the BBB is critical
for the regulation of protein homeostasis in the
brain [14].

In aging, dysfunction of the BBB and increased
plasma levels of AGEs may lead to accumulation in
the brain of neurotoxic proteins such as AB [8]. Be-
cause little is known of the RAGE operating in brain
barriers such as those in the choroid plexus and
ependyma, the aim of the present study was to
examine the immunodistributions of RAGE and AB
peptides in the choroid plexus where the blood-cere-
brospinal fluid barrier (B-CSF) is located, and in epen-
dyma of the brain ventricles associated with func-
tions of the cerebrospinal fluid-brain barrier (CSF-B).

Material and methods

The study was performed on thirty patients over
65 years old who were affected by total ischaemia
caused by cardiac arrest, successfully resuscitated
and survived a few weeks before they died and fol-
lowing autopsy their brains were used for the study.
The control group consisted of thirty age-matched
individuals who were not resuscitated and died
immediately after cardiac arrest. The morphological
changes in the brains of all patients were described
previously [10]. Brain samples containing the choroid
plexus and ependyma were drawn from the file or
dissected from the brains during new autopsies. The
brains were fixed and embedded in paraffin or Epon.
RAGE and AB proteins were detected in the tissue
using immuno-histochemical methods and specific
antibodies generated against different domains of
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RAGE and AB proteins. Distribution of the antigens
was examined by light or electron microscope.

Light microscopy

Brain samples containing the choroid plexus and
ependyma were fixed in 4% neutral formalin, dehy-
drated in absolute ethanol, cleared in xylene and
then embedded in paraffin. The paraffin blocks were
cut into 5-um sections that were stained with Harris
haematoxylin, counterstained with eosin and then
evaluated by light microscope. To detect distribution
of RAGE or AB proteins, sections were incubated in
different solutions of polyclonal or monoclonal anti-
bodies generated against RAGE or AB protein of
human origin. The antibodies were purchased from
Santa Cruz Biotechnology, Inc and Sigma-Aldrich
(USA). For incubation, all antibodies were diluted
1:50. Immunoreactions were visualized using appro-
priate biotinylated secondary antibodies and an al-
kaline phosphatase-avidin-biotin conjugate (Santa
Cruz, USA) as previously described [7]. For negative
controls, primary antibodies were replaced with an
appropriate normal immunoglobulin isotope fraction
at matched protein concentration. These were in-
cluded for the examination of each specimen and
consistently produced negative results.

Electron microscopy

Samples of choroid plexus or ependyma were
fixed in 2.5% glutaraldehyde and 4% paraformalde-
hyde in 0.1 M cacodylate buffer (pH 7.4). Specimens
were post-fixed with 1% osmium tetroxide, dehy-
drated through ascending series of ethanol, and
embedded in Epon. The serial semi-thin sections
were stained with 1% toluidine blue and examined
with a light microscope.

The thin sections were incubated in the solution
containing AB antibody as described above but anti-
gen in the tissue was visualized by gold particles
(Chemicon Internat. Inc.) or were double-contrasted
with uranyl acetate followed by lead citrate, and
viewed and photographed with a transmission elec-
tron microscope (Hitachi Ltd, Tokyo, Japan).

Results

The selective transport of AB to the cerebrospinal
fluid requires special receptors such as RAGE. In the
choroid plexus (CP) and ependyma of resuscitated
patients, but not in controls, we found RAGE recep-
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Fig. 1. Immunodistribution of RAGE (red colour) in resuscitated patients in: A) choroid plexus epithelial cells,
B) ependyma cells bordering the brain ventricle. Orig. magn. 200x.

tors precisely in cells that form the barriers. Thus,
RAGE were localized in epithelial cells of CP (Fig. 1A)
and in ependyma cells bordering the brain ventricles
(Fig. 1B). No RAGE receptors were detected on the
endothelium of CP blood vessels. Using electron
microscopy we demonstrated the presence of AB
within numerous CP blood vessels (Fig. 2A) and in
the basement membrane of the CP epithelium
(Fig. 2B). We also found AB protein in numerous
cytoplasmic vacuoles of epithelial and ependyma
cells (Fig. 2C). Our observations suggest that the
contents of these vacuoles were undergoing pro-
gressive digestion. The peripheral part of the vacuole
content appeared undigested and formed characte-
ristic rings or scrolls (Fig. 3), all being immunoposi-
tive with AB antibodies.

Discussion

The choroid plexus (CP) is a small and complex
organ which plays pivotal roles in an extraordinary
range of processes that establish, survey and main-
tain the biochemical and cellular status of the cen-
tral nervous system (CNS) under both normal and
pathological conditions. Although distinct choroidal
pathology has been observed in different brain dis-
orders including stroke and Alzheimer’s disease
(AD), the causal relationship between choroidal
changes and some medical conditions is poorly
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known. Choroid plexus closely cooperates with epen-
dyma in the transportation of numerous compounds
from the circulating blood into the brain, and the
results of our present study document that both of
these structures can participate in the transport of
AP protein as well. The CP epithelium and ependyma
cells, like the endothelium of brain capillaries, are
equipped with the RAGE receptor. RAGE is the key
receptor for the influx transport of glycated proteins
including AB [1]. In contrast to the BBB, the CP capil-
laries have larger diameters than regular brain capil-
laries, and at an ultrastructural level fenestrations
can be seen in their endothelium [12]. Thus, numer-
ous compounds can easily cross the wall of these
vessels and penetrate the core matrix of the CP
However, the tightly sealed monolayer of CP epithe-
lium and ependyma cells makes them the essential
component of the blood-cerebrospinal fluid (B-CSF)
and the cerebrospinal fluid-brain (CSF-B) barriers
that prevent the passive exchange of solutes bet-
ween the blood and the brain. Within the CP, the
B-CSF barrier function is shifted from the vascula-
ture to the epithelium; therefore, we demonstrated
the presence of AB within numerous CP blood ves-
sels, in the basement membrane of epithelium and
in cytoplasm vacuoles of these cells. Our observa-
tions suggest that the contents of vacuoles undergo
successive degradation (digestion), leaving at the
periphery of some vacuoles the undigested part of
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Fig. 2. Immunodistribution of AB visualized by 18 nm colloidal gold particles in: A) choroid plexus blood ves-
sels, B) basement membrane of choroid plexus epithelium, C) cytoplasmic vacuoles of choroid plexus
epithelium. Orig. magn. 5000x.
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Fig. 3. Different stages of digestion of vacuole content: A) initial stage starting in the centre of the vacuole,
B) formation of ring- and scroll-like structures during digestion within two vacuoles, C) undigested materi-
al localized at the periphery of the vacuole. Orig. magn. 5000x.

this material, which has a ring- and scroll-like shape.
Such structures in epithelium of human CP were pre-
viously described by Biondi in 1933. Authors of the
subsequent studies thought that these intracellular
inclusions, called Biondi bodies (Bb), resemble the
cerebral neurofibrillary tangles and extracellular pla-
ques of Alzheimer’s disease. Although it was re-
vealed that Bb contain amyloid-beta protein epi-
topes, [3] the arrangement of their fibres was found
to be different than in plaques and tangles [4,5,13].
In the present studies, we observed that the forma-
tion of such intracellular inclusions and their charac-
teristic shapes are an effect of unsuccessful diges-
tion of the CP vacuoles’ contents. This digestion as
well as the homeostatic and secretory functions of
the CP is linked to energy-dependent mechanisms
and there is compelling evidence that the ageing tis-
sue is unable to maintain appropriate energy output.
On the other hand, ageing and ischaemia are known
risk factors but not the causes of amyloid-beta accu-
mulation in the tissue. Thus, we found Biondi bodies
only in patients affected by both of these factors but
not in the age-matched controls. This means that
severe ischaemia was a more potent factor for the
induction of RAGE and influx of amyloid-beta protein
to the CP than just regular aging of the control
patients who suddenly died. It was recently suggest-
ed that RAGE, which mediates transfer of AP
through the endothelial cells [1], can be upregulated
during ageing [14], but it was also observed that in
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aging, the rate of AB transport by RAGE across the
brain barriers was determined as five- to six-fold
lower than the rate for the transport of large neutral
amino acids [9].

Independently of the age of patients, severe
ischaemia initiates expression of RAGE and increas-
es degradation of amyloid precursor protein (APP) in
the brain and in all peripheral organs. Then, amyloid-
beta protein is produced in the brain and in the
periphery by a number of different cell types and is
transported to the brain across the brain barriers
via receptor-mediated transcytosis. Altered manage-
ment of AB at the brain barrier level is one of the
crucial links between ischaemia, ageing and AD [2].

Our results confirm the observations that severe
ischaemia may stimulate the expression of RAGE in
cells forming barriers and suggest that CP epithelial
and ependyma cells not only play an important role
in the creation of amyloid deposits in the brain, but
are also places where AB may be utilized.

In conclusion, our results strongly support the
observations that the RAGE transportation system
should be a main target in the therapy of brain amy-
loidosis, which is a known risk factor for Alzheimer’s
disease.

References

1. Deane R, Du Yan S, Submamaryan RK, LaRue B, Jovanovic S,
Hogg E, Welch D, Manness L, Lin C, Yu J, Zhu H, Ghiso J, Fran-
gione B, Stern A, Schmidt AM, Armstrong DL, Arnold B, Lilien-

299



FOLIA 4 2011:Folia4-2005.gxd 2011-12-15 15:19 Strona 300 $

Danuta Maslinska, Milena Laure-Kamionowska, Anna Taraszewska, Krzysztof Deregowski, Stawomir Maslinski

10.

11

12.

13.

14.

300

siek B, Nawroth P, Hofman F, Kindy M, Stern D, Zlokovic B.
RAGE mediates amyloid-beta peptide transport across the
blood-brain barrier and accumulation in brain. Nat Med 2003;
9: 907-913.

. Deane R, Wu Z, Zlokovic BV. RAGE (yin) versus LRP (yang)

balance regulates alzheimer amyloid beta-peptide clearance
through transport across the blood-brain barrier. Stroke 2004;
35:2628-2631.

. Eriksson L, Westermark R Intracellular neurofibrillary tangle-

like aggregations. A constatly present amyloid alteration in the
aging choroid plexus. Am J Pathol 1986; 125: 124-129.

. Eriksson L, Westermark P Characterization of intracellular amy-

loid fibrils in the human choroid plexus epithelial cells. Acta
Neuropathol 1990; 80: 597-603.

. Kiktenko Al Biondi bodies in the choroids plexus epithelium of

the human brain. A scanning electron-micro scopic study. Cell
Tissue Res 1986; 244: 239-240.

. Koch M, Chitayat S, Dattilo BM, Schiefner A, Diez J, Chazin WJ,

Fritz G. Structural basis for ligand recognition and activation of
RAGE. Structure 2010; 18: 1342-1352.

. Maslinska D, Laure-Kamionowska M, Maslinski KT, Wojtecka-

-Lukasik E, Szukiewicz D, Maslinski S. Morphology and
immuno-distribution of the histamine H4 receptor and hista-
mine-releasing factor in choroid plexus of patients with para-
neoplastic cerebellar degeneration. Inflamm Res 2009, 58
Supp 1: S45-546.

. Popescu BO, Toescu EC, Popescu LM, Bajenaru O, Mure-

sanu DF, Schultzberg M, Bogdanovic N. Blood-brain barrier
alterations in ageing and dementia. J Neurol Sci 2009; 283:
99-106.

. Segal MB, Preston JE, Collis CS, Zlokovic BV. Kinetics and Na

independence of amino acid uptake by blood side of perfused
sheep coroid plexus. Am J Physiol 1990; 258: F1288-F1294.
Taraszewska A, Zelman IB, Ogonowska W, Chrzanowska H.
The pattern of irreversible brain changes after cardiac arrest in
humans. Folia Neuropathol 2002; 40: 133-141.

Vicente MH, Outeiro TF The sour side of neurodegenerative
disorders: the effects of protein glycation. J Pathol 2010; 221:
13-25.

Vorbrodt AW, Dobrogowska DH. Molecular anatomy of inter-
cellular junctions in brain endothelial and epithelial barriers:
electron microscopist’s view. Brain Res Rev 2003; 42: 221-242.
Wen GY, Wisniewski HM, Kascsak RJ. Biondi ring tangles in the
choroid plexus of Alzheimer’s disease and normal aging
brains: a quantitative study. Brain Res 1999; 832: 40-46.
Zlokovic BV. Clearing amyloid through the blood-brain barrier.
J Neurochem 2004; 89: 807-811.

Folia Neuropathologica 2011; 49/4



