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Review paper

Heterogeneity of histopathological presentation of pilocytic 
astrocytoma – diagnostic pitfalls. A review

Ewa Matyja1, Wiesława Grajkowska2, Katarzyna Stępień1, Ewa Naganska1

1Department of Experimental and Clinical Neuropathology, Mossakowski Medical Research Centre, Polish Academy of Sciences, 
2Department of Pathology, The Children’s Memorial Health Institute, Warsaw, Poland 

Folia Neuropathol 2016; 54 (3): 197-211� DOI: 10.5114/fn.2016.62530  

A b s t r a c t

Pilocytic astrocytomas (PAs) are the most frequent primary astroglial tumours affecting children and adolescents. 
They occur sporadically or in association with a  genetically determined syndrome – neurofibromatosis type 1.  
Classic PA usually manifests as a  well-circumscribed, often cystic, slowly growing tumour, which corresponds to 
WHO grade I. The majority of pilocytic tumours arise along the neuraxis, predominantly in the cerebellum. They are 
associated with favourable long-term outcome or spontaneous regression, even after incomplete resection. However, 
the behaviour and prognosis might also be related to tumour histology and location. Pilomyxoid astrocytoma (PMA) 
represents a variant of classical PA with more invasive growth and increased risk of recurrences and dissemination. 
Typically, PAs exhibit distinct histology with biphasic architecture of loose, microcystic and compact, fibrillary areas. 
However, some tumours arise in an uncommon location and display heterogeneous histopathological appearance. 
The morphological pattern of PA can mimic some other glial neoplasms, including oligodendroglioma, pleomorphic 
xanthoastrocytoma, ependymoma or diffuse astrocytoma. Not infrequently, the advanced degenerative changes, 
including vascular fibrosis, and recent and old haemorrhages, may mimic vascular pathology. Sometimes, the neo-
plastic piloid tissue can resemble reactive gliosis, related to long-standing non‑neoplastic lesions. Not infrequently, 
PA exhibits histological features typical for anaplasia, including necrosis, mitoses and glomeruloid vascular prolifer-
ation that can suggest a diffuse high-grade glioma. However, even those PAs that lack distinct histological features 
of anaplasia can behave unpredictably, in a more aggressive manner, with leptomeningeal spreading. 
Genetic alterations resulting in aberrant signalling of the mitogen-activated protein kinase (MAPK) pathway have 
been considered to underlie the development of PAs. The most commonly identified KIAA1549-BRAF fusion is import-
ant for appropriate tumour molecular diagnosis. 
In this paper we summarize the clinicopathological presentation of PAs, with emphasis on their heterogeneous 
morphology, based on our own experience in the field of surgical neuropathology and the literature data. Diagnosis  
of pilocytic tumours requires careful analysis of clinical, histopathological and molecular features to avoid misinter-
pretation of these benign neoplastic lesions. 

Key words: pilocytic astrocytoma, pilomyxoid variant, low-grade glioma, heterogeneous morphology.
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Introduction

Pilocytic astrocytoma (PA) is a  well-circumscrib
ed, well-differentiated, slowly growing tumour, corre-
sponding to WHO grade I. It is included in the group  
of “other astrocytic tumours” in the revised 4th edition 
of the current 2016 WHO Classification of Tumours  
of the Central Nervous System [25]. Typically, PAs 
exhibit a non-diffuse pattern of cell growth, although 
they may locally infiltrate leptomeninges or adjacent 
brain tissue.

The vast majority of cases are associated with 
benign clinical behaviour and a favourable long-term 
outcome, particularly those of cerebellar location 
and complete surgical resection [27-29,60]. How-
ever, some tumours, despite their benign histology, 
may behave more aggressively. The pilomyxoid vari-
ant of pilocytic astrocytoma (PMA) is suggested to 
represent a subtype with more invasive growth and 
increased risk of recurrences [49,50]. Occasionally, 
the classic PA may exhibit the distinct histological 
features of anaplasia such as necrosis, mitoses and 
vascular proliferation [10,25,31,53,82,90,101]. Some 
other factors, including partial resection, brainstem 
location and adult age, are also associated with 
a worse prognosis [27].

Generally, PA is characterized by distinct clinico-
pathological features, but not infrequently it mani-
fests heterogeneous appearance, including older age 
of patients, uncommon location, lack of classical 
biphasic pattern, presence of nuclear atypia, mito-
ses, necrosis and vascular glomeruloid changes. In 
such cases the accurate diagnosis may be challeng-
ing [60]. Moreover, the biological behaviour of pilo-
cytic astrocytomas, independently of their clinical 
course and morphology, is not always predictable.

This report evaluates our own experience in the 
field of surgical neuropathology of PA and reviews 
the literature. The correct diagnosis of PA has 
important therapeutic and prognostic implications; 
thus the careful analysis of clinical, histopathological 
and molecular features is required to avoid misinter-
pretation in differential diagnosis. 

Incidence

Pilocytic astrocytomas occur most commonly in 
paediatric and young adults in the age group 0-19 
years [71], constituting 10% of cerebral and 85% of 
cerebellar tumours. They are often associated with 
neurofibromatosis type 1 (NF1), especially those cas-

es developing in the optic/chiasmatic region. The lat-
ter account for at least 40% of cases associated with 
NF1 [58]. Pilocytic astrocytomas are rarely encoun-
tered in patients older than 50 years [20,37,59].  
The oldest patients with pathologically confirmed PA 
were an 86-year-old woman [63] and an 85-year-old 
man with post mortem diagnosis of PA in the brain-
stem [20].

Localization

Pilocytic astrocytomas may arise along the entire 
neuraxis. They affect preferentially the cerebellum 
but may arise in the optic pathway, hypothalamus, 
brainstem and spinal cord [27,60]. Less commonly 
they are located in the basal ganglia and cerebral 
hemispheres. In the paediatric age group, PAs devel-
op preferentially in hemispheres of the cerebellum, 
followed by the brain stem and spinal cord. Occa-
sionally, PA may develop in the neurohypophysis/
suprasellar region [79] and pineal gland [8]. Brain 
stem tumours usually appear as a  compact dorsal 
exophytic mass lesion [5]. Exceptionally, paediatric 
PA may occur as a cerebellopontine angle mass, well 
separated from the brain stem [65,92]. 

In adult patients, the majority of PAs are located 
supratentorially [14,18], less commonly in the cere
bellum [96,100], cervicomedullary region [103] or 
other parts of the spinal cord [37,74,86]. Occasional-
ly, PA in adult patients are associated with haemor
rhages and manifest as spontaneous intracranial 
haemorrhage [57,59].

Clinical and radiological findings

The clinical presentation of PA depends on tumour 
location. The neuroimaging findings of PAs, includ-
ing conventional and advanced magnetic resonance 
imaging (MRI) sequences, depend on the tumour 
size, location and tendency to infiltrate the surround-
ing structures [22]. Typically, PA occurs on comput-
ed tomography (CT) and MRI as a well-demarcated, 
contrast-enhancing lesion that reveals characteristic 
solid and micro- or macrocystic components [98].  
The cyst with an enhancing mural nodule is a  clas-
sic radiological feature. The solid part usually shows 
homogeneous contrast enhancement. On MRI, the 
tumour appears as hypo- or isointense lesion on 
T1-weighted images and hyperintense on T2-weight-
ed images [55]. Tumour calcifications occur only occa-
sionally.

http://rcin.org.pl 
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In some PA cases, the neuroradiological images 
may be unusual, including small cyst formation, het-
erogeneously or irregularly enhancing tumour nod-
ules and internal haemorrhages [68]. Uncommonly, 
the radiological features of PAs can resemble high-
grade gliomas. 

Histopathology

The borders of PAs are usually well-defined, but 
sometimes the neoplastic infiltration of adjacent 
brain tissue can be seen (Fig. 1A). Tumours of cor-
tical location may demonstrate invasion of the lep-
tomeninges with extensive desmoplastic reaction 
(Fig. 1B). 

Typically, PA exhibits a  well-recognizable bipha-
sic pattern with a  mixture of loose microcystic 
and more compact regions (Fig. 1C, D). Such dis-
tinct biphasic architecture is particularly evident 
in tumours of cerebellar location. Numerous small 
cysts of different size and shape, filled with eosin-
ophilic, myxoid material, could be seen (Fig. 1E, F).  
The microcystic, loose-textured areas contain stel-
late astroglial cells resembling protoplasmic astro-
cytes and globular, mulberry-shaped, eosinophilic 
granular bodies (EGBs) or hyaline globules (Fig. 2A). 
Eosinophilic granular bodies are formed by aggre-
gates of tiny granular bodies (Fig. 2B) situated within 
the astrocytic processes. They exhibit periodic acid-
Schiff, α1-antichymotrypsin and α1-antitrypsin reac-
tivity. The compact parts of the tumour are mostly 
composed of bipolar piloid cells with delicate “hair-
like” processes. Some more solid areas may contain 
a  large amount of eosinophilic structures corre-
sponding to EGBs and/or hyaline droplets (Fig. 2C) or 
Rosenthal fibres (Fig. 2D). The latter appear as eosin-
ophilic, hyaline, corkscrew-like structures (Fig. 2E), 
which accumulate within the tumour cell processes. 
Ultrastructurally, they are electron-dense granular 
masses surrounded by intermediate glial filaments. 
Rosenthal fibres are composed of α-B-crystallin and 
do not express glial fibrillary acidic protein (GFAP) 
positivity or exhibit only peripheral immunostain-
ing. Some regions are composed entirely of a large 
number of Rosenthal fibres. It is well known that 
both EGB and Rosenthal fibres are not specific for PA; 
nevertheless, they can serve as a suitable marker of 
slow-growing lesions. Eosinophilic granular bodies are 
often present in other non-diffuse glial and glio-neu-
ronal tumours, including ganglioglioma and pleomor-
phic xanthoastrocytoma. Rosenthal fibres are also 

a frequent component of chronic reactive piloid glio-
sis associated with other neoplastic brain lesions, i.e. 
craniopharyngioma, cerebellar haemangioblastoma 
or spinal ependymoma. Similar looking gliosis might 
also be encountered in the pineal cyst and various 
non-neoplastic lesions associated with the reactive 
response of astroglia. It is noteworthy that both EGBs 
and Rosenthal fibres are not required for the diagno-
sis of PA. 

Immunohistochemically, the neoplastic cells of PAs 
show strong GFAP immunoreactivity (Fig. 2F), S-100 
protein and OLIG2 positivity.

The classic biphasic architecture was evident in 
the majority of PAs cases. However, some tumours 
are composed predominantly or even entirely of one 
growth pattern. They display either microcystic or 
solid appearance, with or without EGBs or Rosenthal 
fibres. Such monomorphic morphology can be con-
fusing and challenging for neuropathologists.

Not infrequently, PAs contain areas of oligoden-
droglioma-like pattern (Fig. 3A) with a honeycomb 
picture formed by uniform cells with a  clear peri-
nuclear halo (Fig. 3B). Such morphology mimicking 
oligodendroglioma predominates in the histological 
picture of some pilocytic astrocytomas [95].

Pilocytic astrocytomas usually show signs of 
degenerative changes, typical for slowly growing, 
long-standing lesions. They include not only presence 
of Rosenthal fibres and EGBs, but also focal increase 
of cellularity with nuclear hyperchromasia (Fig. 3C) 
and cellular pleomorphism (Fig. 3D). Large, pleomor-
phic, often multinucleated cells reflect advanced 
degenerative changes which have no prognostic sig-
nificance (Fig. 3E). Some cells, corresponding to the 
cells known as “pennies-on-a-plate”, exhibit multiple 
nuclei arranged circumferentially in the cytoplasm 
(Fig. 3F). Occasionally, thin or psammomatous cal-
cifications can be found (Fig. 3G, H). It is a frequent 
finding in optic nerve, hypothalamic/thalamic and 
superficially located cerebral tumours. Densely cal-
cified PAS of the brainstem [15] and unique cases of 
intraventricular PA with densely calcified tissue and 
psammomatous bodies were reported [47,52].

Some tumours exhibit a focal angiocentric pattern 
with ependymoma-like perivascular arrangement 
of neoplastic cells (Fig. 4A). Such a  pattern might 
be seen in oligodendroglioma-like areas (Fig. 4B). 
Occasionally, the neoplastic cells are arranged in rib-
bons or palisades (Fig. 4C). The fibrillary pattern of 
neoplastic tissue, resembling diffuse astrocytomas, 

http://rcin.org.pl 



200 Folia Neuropathologica 2016; 54/3

Ewa Matyja, Wiesława Grajkowska, Katarzyna Stępień, Ewa Naganska

A B

C D

E F

Fig. 1. Morphology of pilocytic astrocytoma. A) Well demarcation of the tumour from the surrounding tissue 
with only limited infiltration along the border zone. B) Superficially located tumour with leptomeningeal 
tumour growth. C) Classic biphasic pattern with microcystic tissue. D) Biphasic architecture with loose, 
spongy component and compact, fibrillary elements. E) Small cysts of different size and shape within loose, 
microcystic background. F) Microcyst filled with eosinophilic, myxoid material.
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A

C

E

B

D

F

Fig. 2. Typical histopathological features of pilocytic astrocytoma. A) Microcystic, loose-textured areas con-
taining eosinophilic granular bodies (EGBs) and hyaline droplets. B) Eosinophilic granular bodies formed  
by the aggregates of tiny granular bodies. C) Eosinophilic, compact region with numerous eosinophilic struc-
tures corresponding to EGBs and/or hyaline droplets. D) More solid component with increased cellularity 
and focal accumulation of Rosenthal fibres. E) Compact, fibrillary tumour tissue with numerous Rosenthal 
fibres. F) Glial fibrillary acidic protein expression in neoplastic cells.
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Fig. 3. Heterogeneous pattern of pilocytic astrocytoma. A) Pilocytic astrocytoma with predominant oligo-
dendroglioma-like architecture. B) Oligodendroglioma-like pattern with uniform cells exhibiting clear peri-
nuclear halo. C) Compact tissue with increased cellularity, nuclear hyperchromasia and atypia. Rosenthal 
fibres are present. D) Spongy tissue with pleomorphic cells displaying degenerative nuclear atypia. E) Large, 
pleomorphic, often multinucleated cells. F) Cell with multiple nuclei arranged circumferentially in the cyto-
plasm, corresponding to “pennies-on-a-plate”. G) Compact, fibrillary tissue with Rosenthal fibres and tiny 
calcifications. H) Fibrillary tissue with psammomatous calcifications.
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Fig. 4. Patterns of pilocytic astrocytoma mimicking other glial neoplasms. A) Ependymoma-like perivascular 
arrangement of neoplastic cells. B) Angiocentric arrangement of neoplastic cells resembling oligodendro-
glioma cells. C) Ribbons or palisaded arrangement of neoplastic cells. D) Tumour tissue resembling diffuse 
astrocytomas. E) Neoplastic cells with cytological atypia, nuclear hyperchromasia and fine fibrillary back-
ground. F) Slightly spongy tissue composed of uniform neoplastic fibrillary astrocytic cells mimicking diffuse 
astrocytoma.
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is not unique (Fig. 4D). Sometimes, the fine fibrillary 
background is accompanied by cytological atypia, 
uneven cell distribution and nuclear hyperchromasia 
(Fig. 4E). Slightly spongy tissue composed of uniform 
neoplastic fibrillary astrocytic cells may mimic diffuse 
astrocytoma (Fig. 4F).

Pilocytic astrocytomas often appear as highly 
vascular tumours. The blood vessels may exhibit 
advanced fibrosis and/or hyalinization of vascular 
walls (Fig. 5A). Sometimes, the closely packed, scle-
rotic, largely hyalinized vessels can resemble vascu-
lar malformations, i.e. cavernous angioma (Fig. 5B). 
The neoplastic tissue may be scant and dispersed 
between conglomerates of thickened, hyalinized 
blood vessels (Fig. 5C, D), thus more mimicking reac-
tive piloid gliosis around a lesion of vascular pathol-
ogy than true neoplastic proliferation. In such cas-
es the misleading diagnosis of cavernous angioma 
might be established. The advanced angiomatous 
proliferation might resemble capillary haemangio-
ma, and the diagnosis of so-called angioglioma has 
been proposed [62]. In chronic lesions, the hemosid-
erin deposits of old haemorrhages and calcifications 
are often seen. An unusual case of pigmented cer-
ebellar PA, presenting with posttraumatic haemor-
rhage in a 38-year-old man, has been described [93]. 
Advanced vascular abnormalities are sometimes 
associated with infarct-like necrosis. Other vas-
cular changes are associated with proliferation of 
microvessels. Such microvascular proliferation often 
appears as linear arrays (Fig. 5E), especially with-
in the cyst wall of the tumour. Typical glomeruloid 
changes of the vessels with hyperplasia of endothe-
lial cells might suggest the diagnosis of high-grade 
gliomas (Fig. 5F). However, the microvascular pro-
liferation of glomeruloid type in PAs should not be 
considered as a sign of anaplasia. Nevertheless, the 
careful analysis of clinicopathological findings sup-
ported by the molecular profile is required to distin-
guish PA from diffusely infiltrating gliomas.

Additionally, nuclear atypia, mitosis, necrosis, 
vascular proliferation and spread into leptomenin-
ges and/or surrounding tissue, mimicking high-
grade diffuse gliomas, may be rarely observed. Only 
occasionally, tumours with brisk mitotic activity, 
necrosis and marked nuclear pleomorphism have 
been diagnosed as anaplastic PA [82]. It has been 
documented that anaplastic/malignant transforma-
tion of PA occurred most often in association with 
previous ionizing radiation [75] or surgery alone [88], 

whereas spontaneous malignant transformation 
was unique [10,72,90]. The majority of anaplastic 
cases have been described in adults [10,101]. Never-
theless, PAs with anaplastic features do not always 
exhibit a clear correlation between morphology and 
tumour behaviour. Only some cases of malignant PA 
have been documented to progress extremely rap-
idly [53]. 

Occasionally, the pre-existing neurons may be 
entrapped in the neoplastic tissue. Such lesions with 
residual neuronal elements should be distinguished 
from true gangliogliomas with a  piloid astroglial 
component. 

Histological variant 

The pilomyxoid variant (PMA) of pilocytic astro-
cytoma exhibits different histological features and 
behaves more aggressively than PA [50]. It demon-
strates piloid cells within a  markedly loose, myx-
oid background that lacks Rosenthal fibres or EGB,  
characteristic for classic PAs (Fig. 6A). Bipolar tumour 
cells are arranged radially around blood vessels, 
thus resembling the angiocentric arrangement or 
perivascular pseudorosettes seen in ependymomas  
(Fig. 6B). Some tumours revealed intermediate fea-
tures of both PMA and classic PA. 

Pilomyxoid astrocytoma usually develops in the 
hypothalamic region, optic chiasm and third ventri-
cle in infants and young children, less commonly in 
the thalamus, posterior fossa, brain stem, temporal 
lobe and spinal cord [49]. It has been suggested that 
PMAs ought to be included in the differential diag-
noses of the lesions invading the sella turcica [3]. 

The clinical behaviour of PMAs is unpredictable. 
Usually, they behave more aggressively than conven-
tional PAs. Pilomyxoid astrocytoma was classified as 
a tumour of grade II in the 2007 WHO classification 
of tumours of the central nervous system [17], but in 
the current revised 4th edition of the WHO 2016 clas-
sification, the determination of its grade of malig-
nancy is not recommended. 

Immunohistochemistry

Pilocytic astrocytomas express markers from the 
astrocytic lineage. They show strong GFAP immu-
nostaining, S-100 protein and OLIG2 positivity.  
The Rosenthal fibres are strongly positive for α-B 
crystallin and exhibit only peripheral GFAP staining. 
Synaptophysin immunoexpression could be found 
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Fig. 5. Vascular changes in pilocytic astrocytomas. A) Neoplastic tissue with advanced vascular abnor-
malities associated with intratumoural bleeding. B) Conglomerates of hyalinized vessels and hemosiderin 
deposits. C) Vessels with considerably thickened, fibrous walls. D) Severe vascular hyalinization surrounded 
by a  few neoplastic cells dispersed between conglomerates of vessels. E) Linear arrays of proliferating 
microvessels. F) Glomeruloid changes of the microvessels with hyperplasia of endothelial cells mimicking 
high-grade glioma.
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focally. The Ki-67 proliferative index is usually low, 
sometimes with a  focal increase. Immunohisto-
chemistry for R132H-mutant IDH1 protein is absent 
in all PAs and helps to distinguish PA from diffuse 
astrocytomas. Unfortunately, the majority of pae-
diatric diffuse astrocytomas also lack IDH1 and/or 
IDH2 mutations. Phosphorylated MAPK immunos-
taining with V600E-mutant BRAF positivity could be 
detected.

Molecular findings

There are some genetic alterations that are con-
sidered to underlie the development of PAs, with 
a  key role of dysregulation/activation of the mito-
gen-activated protein kinase (MAPK) pathway, par-
ticularly through a tandem duplication leading to an 
oncogenic BRAF fusion gene [76,83,102]. Mitogen- 
activated protein kinase pathway abnormalities are 
found in the vast majority of PA cases; thus PA is 
considered as a  one-pathway disease [24]. Recent 
studies have pointed towards the role of activation 
of the PI3K/AKT pathway in addition to MAPK/ERK 
signalling pathways in histologically anaplastic and 
biologically aggressive PA variants [81].

In sporadic PAs the most common genetic 
alteration is a  tandem duplication at chromosome 
7q34, which results in fusion between KIAA1549 
and BRAF genes. This tandem duplication is found 
in 60-94% of PAs and leads to downstream activa-
tion of the MEK/MAPK/ERK/p16 pathway [12,23,85].  
The KIAA1549–BRAF fusion is more commonly en- 
countered in PAs originating in the cerebellum [40]. 
These molecular alterations are more frequent in  

children than in adults [87]. However, their prognostic 
significance is unclear. KIAA1549-BRAF fusion caus-
es a deletion of the amino-terminal domain of BRAF 
and constitutive activation of its kinase activity [44]. 
A proteomic study confirmed the predominance of the 
MAPK pathway for childhood PA and introduced novel 
findings regarding ERK-2 expression [6]. 

The genetic association between neurofibroma-
tosis type 1 and PA is well known. Patients with NF1 
demonstrate inactivation of the tumour suppres-
sor gene NF1, which encodes neurofibromin (NF1), 
a protein involved in the MAPK and mTOR-pathway 
through RAS-RAF signalling. Loss of neurofibromin 
leads to an increase of the active form of Ras and 
negative regulation of the RAS/ERK pathway and 
activation of the mammalian target of rapamycin 
mTOR/AKT pathway [21]. The Ras/ERK pathway is 
also involved in cell differentiation responsible for 
slow tumour growth. Mechanisms of tumourigene-
sis in low-grade gliomas with and without NF1 are 
different, including the different signalling pathways 
and tumour microenvironment [38].

The molecular changes can be used as diagnos-
tic markers [26]. KIAA1549/BRAF fusion is common 
in PA but infrequent in diffuse gliomas, whereas 
IDH1 mutation is common in diffuse astrocytomas in 
adults and uncommon in PA. Such molecular differ-
ences can help to establish the correct diagnosis [51]. 
Moreover, molecular targeted therapy might be con-
sidered as a  possible novel therapeutic treatment, 
particularly in patients suffering from tumours with 
an unfavourable anatomical location preventing their 
complete surgical resection. 

A B

Fig. 6. Pilomyxoid astrocytoma. A) Markedly loose, myxoid background with angiocentric arrangement  
of neoplastic cells. B) Bipolar tumour cells arranged radially around blood vessels in loose, myxoid tissue. 
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Treatment

Cerebellar and superficial cerebral pilocytic 
tumours are usually surgically treated by gross total 
or subtotal resection. Deeply situated lesions can be 
only partially resected. Disseminated PA lesions are 
usually treated by multi-modal therapy, including 
surgical resection, chemotherapy, and radiotherapy 
with extended-field radiation [16]. It is noteworthy 
that PAs are generally indolent tumours and attention 
should be paid to avoiding aggressive therapy [80].

Prognosis

Pilocytic astrocytomas are typically well-circum-
scribed, slowly growing WHO grade I lesions that are 
generally associated with excellent prognosis, favour-
able long-term outcome or spontaneous regression 
with a 10-year survival rate of more than 95% cases. 
Total or even subtotal removal is an effective treat-
ment in cerebellar and superficial cerebral pilocytic 
tumours [29]. The long-term functional outcome is 
generally favourable, in the absence of post-opera-
tive complications and brain stem involvement [2]. 
The surgery is usually followed by tumour stabiliza-
tion even when the tumour is only partially resect-
ed and the patient does not receive complementary 
radiation. Deeply located lesions are usually associat-
ed with worse prognosis and risk for local recurrence. 
However, some superficial tumours might also exhib-
it an unexpected clinical course with recurrences. 

Spontaneous involution of PA has been reported 
in children, particularly in cases associated with NF1 
[19,33,36,56,73,84]. It has been documented that 
the optic pathway/hypothalamic gliomas, treated 
by subtotal resection, biopsy and radiotherapy or 
radiation alone, might stabilize or even completely 
disappear on serial MR images [39]. This phenom-
enon has rarely been observed in adults, especially 
without NF1 [11]. Nevertheless, postoperative MRI 
monitoring seems to be important both in adults 
and in children. 

Clinical behaviour is often unpredictable, and 
PAs may recur locally after incomplete resection or 
disseminate to the leptomeninges, especially when 
they are located in the hypothalamic region [1]. It 
must be noted that recurrences of PA are not associ-
ated with histological malignant progression. Some 
data suggest that PAs in adult patients behave more 
aggressively than in children and might be associat-
ed with recurrences, progression and higher mortal-

ity [31,43,91,94,99]. The possibility of rapid tumour 
recurrence and malignant transformation indicate 
the need for careful post-operative follow-up for 
adult patients with PAs [30].

Additionally, dissemination into the subarach-
noid space occurs in a  small percentage of cases, 
most often related to local recurrences. Dissem-
ination of cerebellar PAs can be associated with 
obstructive hydrocephalus leading to an unfavour-
able prognosis [32,41,42]. Leptomeningeal dissem-
ination of the cerebellar tumours into the spinal 
cord might occur many years after primary surgery 
[45,66,78]; less commonly the meningeal seeding 
appears at the initial presentation [67]. Spread into 
the spinal meninges can be observed in PAs of the 
spinal cord [1,9] and optic chiasm [4,48]. Extreme-
ly rarely, spinal cord PA can spread via the cerebro-
spinal fluid pathway (CSF) to the cerebral meninges 
[69]. Metastases of juvenile PA to the left cerebellar 
tonsil and lumbosacral region were also reported in 
PA of the hypothalamic region [70]. Only occasion-
ally, the tumour may exhibit multifocal recurrences 
and extensive dissemination [7]. An unusual case 
of recurrent supratentorial intraventricular PA with 
local recurrence and disseminations along the com-
plete neuraxis in a short period of one year after pri-
mary surgery was described [77]. 

A  particular clinicopathological presentation of 
PAs might be associated with fatal haemorrhages, 
which are most often subarachnoid (SAH) [34,46,54, 
61,64]. Such tumour manifestation is less common-
ly observed in PMA [35,89]. The haemorrhages likely 
result from vascular abnormalities, often observed 
in PAs. Tumour haemorrhage should be considered 
in the differential diagnosis of spontaneous intrace-
rebral haemorrhage [97]. 

Differential diagnosis

The correct diagnosis of PA and its differentiation 
from diffuse gliomas is important as it is related to 
different prognosis and specific therapy based on 
the molecular signal pathways. The diagnostic cri-
teria include age of patients, MRI findings, tumour 
location and typical histology with biphasic picture, 
presence of piloid cells and degenerative chang-
es with EGBs and Rosenthal fibres. The majority of 
cases meet these criteria, but some of them pres-
ent unusual clinicopathological features, including 
uncommon location, older age group, misleading 
histological appearance or inadequate biopsy spec-
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imens. Histologically, the diagnosis of PA can often 
be challenging. The microscopic pictures of PA may 
mimic some other neoplasms, including pleomorphic 
xanthoastrocytoma, diffuse astrocytoma and glio-
blastoma or even piloid reactive gliosis typical for 
long-standing, non-neoplastic pathological process-
es. Distinction from all these lesions bears import-
ant therapeutic and prognostic implications. Caution 
is required to avoid misinterpretation; however, in 
small and/or non-representative biopsy specimens 
it can be difficult or even impossible. The frequent 
mutation of IDH1 and IDH2 in diffuse gliomas, which 
is usually not seen in PAs [51], allows tumours of dif-
ferent prognosis and treatment to be distinguished. 
Only one case of a 72-year-old woman with a right 
cerebellar PA of WHO grade I and IDH1 mutation has 
been reported so far [13].

Conclusions

Pilocytic astrocytoma is a  tumour of distinct 
clinicopathological features, but not infrequently it 
presents with atypical features, including older age 
of patients, uncommon location and lack of classic 
biphasic morphology. The different histopathological 
pattern, presence of nuclear atypia, vascular chang-
es, mitoses, necrosis and glomeruloid microvascular 
proliferation can lead to misdiagnosis. Moreover, the 
biological behaviour of PAs independently of their 
morphology is not always predictable. In conclusion, 
the diagnosis of PA may be challenging, and careful 
analysis of clinical, histopathological and molecular 
features is required to avoid misinterpretation fol-
lowed by inadequate therapy. 
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A b s t r a c t

Sirtuins (SIRT1 to -7) are unique histone deacetylases (HDACs) whose activity depends on NAD+, thus making them 
capable of sensing the cellular metabolic status. Sirtuins orchestrate the stress response and damage repair, and 
are able to modulate the course of ageing and neurodegenerative diseases. Despite their classification as HDACs, 
sirtuins deacetylate a vast number of targets in many cellular compartments, and some display additional enzymatic 
activities including mono(ADP-ribosyl)ation. SIRTs interact with multiple signalling proteins, transcription factors 
and enzymes including p53, FOXOs (forkhead box subgroup O), PPARs (peroxisome proliferator-activated receptors), 
NF-κB, and DNA-PK (DNA-dependent protein kinase). Sirtuins also interact extensively with the family of poly(ADP- 
ribose) polymerases (PARPs), a crucial and widespread class of NAD+-consuming post-translational protein modifiers. 
PARPs share a significant number of roles with sirtuins: these enzymes modulate DNA repair, gene expression, and 
the activities of signalling pathways. 
We focus on the expanding cross-talk between sirtuins, transcription factors and PARPs, which is a highly promising 
therapeutic target in a number of age-related neurodegenerative disorders, including the most devastating: Alzhei-
mer’s and Parkinson’s diseases.
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Introduction 

Sirtuins belong to the broad category of his-
tone deacetylases (HDACs), enzymes that modu-
late signalling proteins, enzymes and transcription 
factors (TFs) via removal of lysine acetylation. Acy-
lations (including Lys acetylation) are an increasing-
ly recognized, evolutionarily conserved category of 
post-translational protein modifications; the action 

of HDACs thus allows highly controlled spatiotem-
poral regulation of protein activity, interactions and 
localization. Crucial aspects of cellular homoeostasis 
depend on acylations including the prevention and 
mitigation of stress and the removal of the resulting 
damage. There are over 45 HDAC enzymes identified 
in eukaryotes, divided into 4 groups (classes) accord-
ing to their homology to yeast HDACs [38]. Class I 
enzymes (HDAC1 to -3 and HDAC8) show the stron-
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gest similarity to yeast Rpd3 (reduced potassium 
dependency 3), while class II enzymes are related to 
yeast HDA1 and fall into two sub-classes according to 
the same structural criterion: IIa (HDAC4 to -7 and -9)  
and IIb (HDAC6, -10). The seven known mammalian 
class III enzymes are termed sirtuins (SIRT1 to -7;  
the name stems from a  yeast homologue dubbed 
silent information regulator 2) (Table I). Sirtuins are 
the only HDACs to use NAD+ for the reaction; these 
enzymes localize to various cellular compartments 
(Table I) [132,207,234] including cytosol (SIRT1, -2), 
mitochondria (SIRT3-5), and nucleus (SIRT1, -6 and -7, 

plus cell cycle-dependent transient re-location of 
SIRT2). Class IV includes only one enzyme, HDAC11. 

The unique dependence on NAD+ availability 
makes sirtuins excellent sensors of metabolic con-
dition of the cell. Sirtuins transfer the acetyl group 
removed from a protein to the ADP-ribose moiety of 
NAD+; this causes the NAD+ molecule to break down 
to nicotinamide and O-acetyl-ADP-ribose (OAADPR), 
which are SIRT auto-inhibitory compounds. More-
over, OAADPR undergoes rather extensive metabo-
lism and may serve as a signalling molecule capable 
of modulating gene silencing, ion channel opening, 

Table I. Mammalian sirtuin sub-cellular localisation and activities. According to [20,234], modified

 Predicted MW Primary subcell. 
localization 

Activity Key targets 

SIRT1 80.41;  
76.0 kDa1

233	 499	 747

Nucleus Deacetylase p53, FOXO1, 3 & 4, PARP-1; 
APE1; DNA-PK; RARβ, 

PGC1α, PPARγ, NFκB, IGF1, 
histone H1, H3, H4 

SIRT2 43.2;  
39.5 kDa2 

65	 340	389

Cytoplasm Deacetylase Histone H4, α-tubulin 

SIRT3 28.8 kDa; 36.6 kDa3 ; 43.6 kDa14 

126	 382	399

Mitochondria Deacetylase, 
ADP-ribosyltransferase 

Acetyl-coA 
synthetase, glutamate 
dehydrogenase, Ku70, 

isocitrate dehydrogenase 

SIRT4 35kDa15 to 47.3 kDa4 

45� 314

Mitochondria ADP-ribosyltransferase Glutamate 
dehydrogenase 

SIRT5 33.8 kDa5 

41� 309 310

Mitochondria, 
cytosol11 

Deacetylase, 
demalonylase, 
desuccinylase10 

Cytochrome c; carbamoyl 
phosphate synthetase 1; 

urate oxidase 

SIRT6 39.1 kDa6 

35� 247     355

Nucleus12, 
synaptosomes13 

Deacetylase, 
ADP-ribosyltransferase 

Histone H3; PARP-1; 
DNA-PK 

SIRT7 44.9 kDa7 

35� 331 400

Nucleus Deacetylase9 RNA Pol I complex; 
RNA Pol II complex; 

histone H39; chromatin 
remodelling proteins8 

1Mouse; two alternative splicing variants predicted in silico; Measured MW ~120 kDa [230]. 
2Human; two alternative splicing variants predicted [231]. 
3Mouse; two alternative splicing variants predicted [232]. 
4Mouse [233]. 
5Human [234]; http://www.uniprot.org/uniprot/Q9NXA8#Q9NXA8
6Human [235]. 
7Human [236]. 
8[237]. 
9[238]. 
10[6]. 
11[239]. 
12[7]. 
13[240].
14[241]. 
15[242].
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and the function of macro-domain histone proteins 
[197]. Nicotinamide in turn is also used to re-syn-
thesize NAD+, and this aspect has additional impor-
tance for SIRT activity. However, despite the signif-
icant sequence homology between sirtuins, not all 
of them are deacetylases, and some display other 
enzymatic activities (Table I). SIRT5 has been found 
to remove succinyl and malonyl groups from lysines 
in proteins [47]. SIRT3 and SIRT6 can ADP-ribosylate 
proteins [113,182] in addition to their deacetyl-
ase function [53,90]. Moreover, SIRT4 displays pro-
tein mono(ADP-ribosyl)transferase activity and no 
detectable deacetylation capability [5,71]. 

Despite the somewhat misleading ‘histone de- 
acetylase’ term, sirtuins also (un)modify a vast spec-
trum of non-histone proteins. The targets of SIRT1, 
which is by far the best characterized sirtuin, include 
histones, a  broad range of stress signalling proteins, 
and transcription factors (TFs) (Table I). SIRT1 is mainly 
involved in the regulation of the stress response and 
macromolecular repair (through its influence on p53 
[64], heat shock factor HSF1 [114], forkhead box sub-
group O – FOXO proteins [25], peroxisome prolifera-
tor-activated receptor – PPAR family [159], Ku70 [85]), 
anti-inflammatory response (via NF-κB [136,230]), 
exerts a pro-survival influence (through IIS – insulin/
IGF-I signalling [210]), and modulates the generation 
of mitochondria [66]. Long-term experimental SIRT1 
activation in vivo is able to retard the onset of age- 
related metabolic stress and mortality [136]. Its roles 
in neuronal plasticity/learning and memory phenom-
ena have also been demonstrated [59]. 

The extensive links of sirtuins with stress sig-
nalling, cellular metabolism rates and energy status 
parallel their cross-talk with the family of poly(ADP- 
ribose) polymerases (PARPs). PARP-1, the oldest 
known and best described member of the family, is 
a 113 kDa protein (in humans) involved in the reg-
ulation of chromatin structure, DNA repair, gene 
expression, and cell death. Its moderate activation is 
necessary for cellular survival under stress [60]. How-
ever, PARP-1 overactivation by glutamate-evoked NO 
(nitric oxide) production mediates neuronal death 
in a  number of pathological conditions [2,43,188]. 
The complexity of the enzyme’s engagement in the 
modulation of the cell survival/death equilibrium 
is additionally reflected by the large changes of its 
stress response capacity with age [189]. Moreover, 
the activity of PARPs can be influenced by glutama-
tergic, cholinergic and possibly other neurotransmis-

sion systems [3,63,142], although the significance of 
this dependency is not fully understood. 

An array of interactions has been identified 
between PARPs and sirtuins, adding to the multiple 
already described levels of sirtuin regulation (Fig. 1),  
with increasingly recognized significance for the 
stress response, metabolic regulation and survival/
death decisions. 

The multiple levels of sirtuin regulation 

SIRT1 to -7 are expressed in the brain and undergo 
regulation in response to a number of stimuli leading 
to high regional and developmental variation [169,209] 
which is modified in the course of ageing [23] and 
numerous diseases. The transcriptional and post-tran-
scriptional regulation of sirtuins (Fig. 1A-C) occurs at 
all levels from mRNA expression to post-translational 
modifications and protein-protein binding. 
– �A  reciprocal relationship links sirtuins with TFs 

from the FOXO family. Although the majority of 
findings point to the influence of sirtuin on FOXOs 
(described below), there are results indicating 
that FOXOs are able to modulate sirtuin signal-
ling (Fig. 1A, C). The SIRT-1 gene contains several 
functional FOXO-responsive elements [219]. The 
signalling between sirtuins and FOXOs extensive-
ly cross-talks with the p53 pathway (Fig. 1A, C,  
Fig. 3A, B). The SIRT1 promoter contains p53-bind-
ing sites; p53 interacts there with FOXO3a, medi-
ating the induction of SIRT1 expression by caloric 
restriction (CR) [144]. In the regulation of glucose 
metabolism, SIRT6 is important for the p53-depen-
dent nuclear sequestration of FOXO1 [235]. p53 
potentially could also impact sirtuins through its 
links with microRNAs, especially with the miR-34 
family [171]. 

– �A feedback mechanism links SIRT1 with the activity 
of E2F1 (E2 promoter binding factor), which senses 
stress conditions (oxidative/stress, CR) [206]: E2F1 
activates SIRT1 gene transcription, while SIRT1 
exerts feedback inhibition on its TF activity. E2F1 
also suppresses Sirt6 expression, relieving the sir-
tuin’s negative influence on glycolysis in cancer 
cells [217]. 

– �Oxidative stress activates SIRT1 expression via 
APE1 (apurinic/apyrimidinic endonuclease-1), a DNA 
repair endonuclease that possesses much less 
understood secondary activity as a gene expression 
regulator [7]. 
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AP-1 – activator protein-1, APE1 – apurinic/apyrimidinic endonuclease-1, AROS – active regulator of SIRT1, CKII – casein kinase II, CR – caloric restric-
tion, Cdk1 – cyclin-dependent kinase 1, DBC-1 – deleted in breast cancer-1, E2F1 – E2 promoter binding factor 1, FOXO – forkhead box subgroup O, HuRs 
– Hu RNA-binding proteins, Jnk – Jun N-terminal kinase, MST1 – mammalian sterile 20-like kinase 1, NF-κB – nuclear factor κB, PPAR – peroxisome 
proliferator-activated receptor 

*Only selected aspects of p53-dependent modulation are shown; p53 binds a number of sites in the SIRT1 gene, with varying influence on its RNA 
synthesis and splicing.

Fig. 1. The multiple levels of sirtuin regulation. A) SIRT1, B) SIRT3, SIRT5, C) SIRT6. 

A

B

C
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Apart from transcriptional regulation, sirtuin 
expression has been described to undergo modula-
tion by RNA-binding proteins and non-coding regu-
latory RNAs. 
– �The stress-modulated HuR proteins (Hu antigen R, 

the name derived from the role in the paraneoplas-
tic neurological Hu syndrome) stabilise Sirt1 mRNA 
[30] and can influence its alternative splicing [238]. 

– �Sirt1 mRNA is down-regulated by an antisense long 
non-coding RNA [214]. 

– �A number of microRNAs also reduce Sirt1 expres-
sion [175], notably in the context of metabolic 
disturbances, i.e. in the course of obesity-induced 
changes in fat storage, regulation of mitochondri-
al numbers, and oxidative energetic metabolism 
[57]. Persistent down-regulation of Sirt1 is also 
observed in ageing. Like in obesity [57], it is caused 
by elevated miRNA-34a [106,184], a proposed brain 
ageing marker [108] which is capable of modulat-
ing cellular senescence [9,83]. A  similar effect on 
senescence has been noted for other microRNAs 
that target Sirt1: miRNA-22 [81,241] and miRNA-217 
[129]. Sirt-1 reduction by up-regulated miRNA (miR-
181) also occurs in the hippocampus of a mouse  
AD model (3×Tg) [170]. Sirtuin regulation by micro
RNAs might be in fact a widespread phenomenon in 
inflammatory and thus possibly neurodegenerative 
conditions: links exist between miRNA-34a, -132, 
-138, -217, -373- and -520c-mediated Sirt1 reduc-
tion with NF-κB signalling (at least in the periph-
ery) [49,115,191,220,231], and a reciprocal impact 
of NF-κB on Sirt1 expression via miRNA has been 
noted [94]. Some of the Sirt1-regulating miRNAs 
also respond to oxidative stress, further supporting 
their potential involvement in neurodegenerative 
insults [34]. 
�Apart from Sirt1, also Sirt6 undergoes regulation 
by microRNAs. Although the results are much less 
numerous, they also suggest links with aging/
senescence and metabolic regulation [37]. Notably, 
potential feedback regulation between Sirt6 and 
miRNA-766 modifies the former’s role in aging. 
SIRT6 undergoes reduction by miR-766; with 
increasing donor age, the re-programming poten-
tial of human fibroblasts and the SIRT6 levels fall 
while miRNA-766 increases. The SIRT6 3’-untrans-
lated region binds miRNA-766 and the microR-
NA reduces both SIRT6 expression and fibroblast 
re-programming potential. In turn, SIRT6 reduction 
could be linked to the increased acetylation of 

histones observed during ageing in the gene cod-
ing for miR-766 [180]. Besides direct suppression, 
microRNAs can also impact sirtuins indirectly via 
down-regulation of NAD+ biosynthesis [36], or by 
affecting IIS components [89], and can mediate IIS’ 
modulation of sirtuins [176]. 

Beyond the translational level SIRT1 protein binds 
AROS (active regulator of SIRT1), a protein capable 
of differentiating its impact upon sirtuin activity 
depending on the cell status. In response to geno-
toxic insults in cancer cells AROS supports the inhib-
itory influence of SIRT1 on p53 [99], while in normal 
cells the interaction is weak and incapable of mod-
ifying SIRT1 activity [102]. SIRT1 also interacts with 
DBC-1 (deleted in breast cancer-1), which inhibits its 
enzymatic activity and anti-apoptotic influence, also 
in a manner dependent on cell phenotype (normal 
vs. transformed) [10]. 

SIRT1 protein also undergoes a number of cova-
lent modifications. 
– �Its nuclear translocation and activation in con-

ditions of oxidative stress is mediated by JNK1 
(Jun N-terminal kinase 1)-catalysed phosphory-
lation [143]. Inhibition of DNA damage-induced, 
p53-dependent apoptosis by SIRT1 occurs after 
its phosphorylation by CKII (casein kinase II) 
[93]. The pro-survival SIRT1 activation also 
takes place in response to its phosphorylation 
by DYRK1 and DYRK3 (dual specificity tyrosine 
phosphorylation regulated kinases) [68]. How-
ever, DNA damage may also lead to SIRT1 inhibi-
tion, which is done by MST1 (mammalian sterile 
20-like kinase 1) [232]. 

– �Lysine SUMOylation (small ubiquitin-like modifier) 
is an activating event important for SIRT1 activity 
towards p53; de-SUMOylation of SIRT1 overrides 
its anti-apoptotic activity in stress conditions [227]. 

– �Activating S-glutathionylation of SIRT1 by the redox- 
modulated enzyme glutaredoxin 2 may be critical to 
the sirtuin’s role in vascular development [24]. 

Besides these specific mechanisms of regula-
tion, the activity of sirtuins has also been shown to 
be post-translationally de-stabilized and inhibited 
by products of oxidative damage to lipids such as 
4-hydroxynonenal [27,56]. 

A number of further protein-protein interactions 
and post-translational sirtuin modifications are des
cribed below. They form part of the multiple feedback 
regulatory loops connecting sirtuins with their signal-
ling targets. 
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Transcriptional and post-transcriptional 
regulators as sirtuin targets 

Sirtuins post-translationally regulate vast num-
bers of proteins including histones, TFs and co-acti-
vators, and enzymes (Table I, Fig. 2). Deacetylation 
restores the affinity of inactivated core histones 
to DNA, thus allowing general gene silencing [82] 
(Fig. 2). This mechanisms may constitute one of 
the ways sirtuins reduce overall metabolic rates 
[145] and improve neuron survival. However, bind-
ing to specific promoters (e.g. via interactions with 
sequence-specific proteins there) allows sirtuins to 
modify histones and affect chromatin structure also 
in a localized manner [21]. 

Interactions with transcription factors is a major 
mechanism of sirtuins’ influence on metabolism and 
cell fate. The links between TFs of the FOXO family 
and sirtuins are extensive (Figs. 2 and 3) [219]. Sirtu-
ins modulate FOXOs directly; moreover, sirtuins also 
add another level of FOXO regulation via modulation 
of the IIS pathway: 
– �SIRT1 deacetylates FOXO1 (Fig. 2) with varying 

effects on its activity: FOXO1 deacetylation increases 
its TF activity on SIRT1 and some other genes [219] 
while suppressing it in other situations (possibly 
due to different protein complex composition/pro-

moter sequence) [228]. SIRT1 also modulates FOXO1 
through enhancement of its nuclear presence [55] 
and probably changes its target gene spectrum [62]. 
�SIRT2 in turn facilitates DNA binding by FOXOs 
[207]; deacetylation by SIRT2 inhibits the Akt-medi-
ated nuclear sequestration of FOXO1 [88] (Fig. 3C).  
This enhances the inhibitory influence FOXO1 
exerts on PPARγ, thus mediating the changes in 
adipose metabolism induced by nutrient depriva-
tion or exposure to low temperature [208]. FOXO3 
and FOXO4 are also deacetylated by SIRT1 and 2; 
this exerts a  complex influence on their down-
stream mediators including superoxide dismutase, 
p27kip1, and GADD45 (growth arrest and DNA dam-
age 45) and target processes such as stress resis-
tance cell cycle and death [25,78,101,173,207]. 
�SIRT3 is a  necessary partner in the mitochondri-
al gene expression control by FOXO3a. CR (caloric 
restriction) causes FOXO3a to accumulate in mito-
chondria, where it interacts with SIRT3 and with 
RNA polymerase to activate gene expression, which 
boosts mitochondrial respiration [155].

– �FOXOs also are modulated indirectly via insulin(-like) 
signalling (IIS)/Akt. The outcome varies depending 
on the different sirtuins involved and cell lines used. 

*PPARγ inhibition by SIRT1 exerts a much less clearly understood immunomodulatory role. 

Fig. 2. SIRT1 signalling targets with potential impact on neurodegenerative processes. According to [234], 
modified. BER, base excision (DNA) repair; DNA-PK, DNA-dependent protein kinase; inh., inhibition; NER, 
nucleotide excision repair; NHEJ, non-homologous end-joining (DNA repair); XPA, xeroderma pigmentosum 
group A; XPC, xeroderma pigmentosum group A; YY1, yin yang 1. 
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A

B

CR – caloric restriction, Diff. – cellular differentiation, inh. – inhibition, reg. – regulation, ROS – reactive oxygen species

Fig. 3. Signalling network of SIRT2 to -7. A) Interactions of sirtuins with p53 and its co-activator p300.  
B) Sirtuins, NF-κB and its co-activator p300. C) FOXO transcription factors and sirtuins. 

C
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SIRT1 enhances IIS signalling – it occurs through at 
least two ways: 

– �deacetylation of p53 leads to reduction of its 
protein levels, relieving IIS inhibition by the 
IGF-binding protein-3 [215]; 

– �SIRT1 can also directly deacetylate Akt, restor-
ing its ability to bind phosphoinositides and 
become activated by phosphoinositide-depen-
dent protein kinase 1 [192]). 

�These dependencies have already been confirmed 
to impact metabolic deregulation, cardiac dysfunc-
tions and tumour formation, and might result in 
inhibition of the IIS target FOXO1 [67]. 
�In addition to SIRT1, also SIRT2 can physically 
interact with Akt; the sirtuins may be exchanged 
depending on the activation state of the IIS 
pathways. SIRT2 is necessary for full activation 
of Akt in response to insulin/growth factor sig-
nalling, while a deficient Akt response is noted 
in metabolic disturbances including insulin resis-
tance [164]. Together with the above-mentioned 
results it suggests an image of extremely tight-
ly regulated, multi-level influence of SIRT2 on 
FOXO-mediated events. 
�Besides direct interactions with FOXO3a, SIRT3 
also has a potential indirect impact on FOXOs by 
moderating Akt overactivation by ROS [158]. 
�SIRT6 has been shown to suppress IIS signal-
ling-modulated genes [194], resulting in reduced 
FOXO1 expression [193]. SIRT6 also mediates 
p53-induced nuclear sequestration of FOXO1 in the 
regulation of energy metabolism [235]. 

The FOXOs’ extensive interactions with various  
stress signalling and protein turnover pathways allow 
them to mediate a broad spectrum of homeostatic 
responses. Their role in the longevity/neuroprotec-
tive effects of IIS (insulin/insulin-like signalling)- 
dependent modulation of stress resistance is of par-
ticular importance. FOXOs’ links may be crucial for 
the pathomechanism of a  number of (mostly age- 
related) diseases associated with disturbed somatic 
maintenance, including AD, leading to suggestions 
that they could constitute targetable integrating fac-
tors influencing various neurodegenerative mecha-
nisms [125]. 

The highly conserved tumour suppressor p53 
and its paralogues (p63, p73) have long been 
known to take part in the DNA damage response, 
especially cell cycle arrest, cellular senescence, and 
death. These TFs are also capable of direct modula-

tion of DNA repair genes and proteins [146]. More-
over, the p53 family could also be linked to ageing 
at the organism level [146,160]. Other emerging 
roles of p53 in glucose and lipid metabolism, ROS 
signalling and oxidative stress [64] suggest a  sig-
nificant functional overlap with SIRT pathways. 
p53 undergoes extensive post-translational modi-
fications of several types; this makes it sensitive 
inter alia to inhibition and destabilisation via sirtu-
in-catalysed deacetylation (Figs. 2 and 3B). More-
over, SIRT1 binds and inhibits p53 promoter [52]; 
SIRT1’s interactions with the senescence modulator 
miRNA-34a also allow a post-transcriptional influ-
ence on p53 [77,229], while both SIRT1 and p53 can 
be miRNA-34a’s targets as well [229]. SIRT1 expres-
sion increases in the conditions of H2O2-induced 
oxidative stress, and sirtuin activation inhibits 
p53-dependent apoptosis [240]. Down-regulation 
of SIRT1’s influence on p53 mediates responses to 
several stressors in other cell types [204,224] and 
to a range of age/hyperglycaemia-related vascular 
endothelial pathologies [107,233]. Similar mech-
anisms of age-related, glucose-elicited damage 
might also be involved in neurodegenerative dis-
orders along with generalized oxidative/nitrosative 
stress. Indeed, it is suggested that a significant part 
of SIRT1’s neuroprotective signalling could be medi-
ated through p53 [234], including SIRT1’s roles in 
AD and PD [39,98,151]. Sirtuin-mediated changes  
in p53 stability and TF activity also occur in an 
experimental model of hippocampal neuronal plas-
ticity [112]. 

Less characterised sirtuin family members have 
also been noted to signal through p53 (Fig. 3B). 
Administration of a  SIRT2 inhibitor resulted in 
increased p53 acetylation [226]. The influence of 
SIRT2 on p53 appears to be complex; it can either 
block its trans‑activating influence on gene expres-
sion (via direct deacetylation) [87], or enhance its 
degradation [18], sometimes only when working in 
concert with SIRT1 [153]. SIRT3 is able to modulate 
p53 degradation mediated by MDM2 (mouse double 
minute 2 homolog), and the influence p53’s role as 
a metabolic regulator [237]. SIRT6 also takes part in 
p53’s modulation of energy metabolism via nuclear 
sequestration of FOXO1 [235]. A  recently identified 
cytoplasmic pool of SIRT7 binds p53 in a  complex 
with TPPII (tripeptidyl-peptidase II, also capable of 
modulating NF-κB) [141]. 
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Moreover, sirtuins also interact with an import-
ant partner of p53 and NF-κB, p300 (Figs. 2 and 3B). 
p300 is a  transcriptional co-activator able to block 
the interaction of histones with DNA through their 
acetylation. However, p300 is also able to reduce p53 
stability via its negative regulator MDM2, in a man-
ner that appears to depend on the type of upstream 
signals or on cell type [109]. SIRT1 can inhibit the 
acetylating activity of p300 [22], which might exert 
a  pro-survival influence in AD [48]. However, the 
influence of SIRT2 on p300 appears to be opposite 
to that of SIRT1 [18], as mentioned above in the con-
text of p53 degradation. In turn, p300 inhibits SIRT2 
through acetylation, attenuating its negative influ-
ence on p53 [73]. 

The NF-κB pathway has been proposed to be 
a  nearly universal booster of the innate immunity 
and pro-inflammatory responses that largely coun-
teracts the FOXO system [173]. NF-κB activity often 
significantly contributes to neuronal damage in AD, 
ischaemia, and other disorders; the blockage of 
NF-κB-dependent gene transactivation by sirtuin sig-
nalling offers neuroprotection in amyloid β (Aβ) tox-
icity [32]. Moreover, the regulatory activities of NF-κB 
are altered during ageing [76], while NF-κB is capable 
of modulation of ageing/senescence largely via its 
sirtuin interactions [96]. Despite varying intracellular 
localisations and interactions repertoires, most sirtu-
ins modulate NF-κB, often in a negative manner. 
– �SIRT1 inhibits NF-κB (Fig. 2) through: 

– �deacetylation of the RelA subunit of NF-κB (this 
RelA modification is dependent on p300 or 
PCAF – the p300/CBP-associated factor) [230]; 

– �interactions with NF-κB’s transcriptional co- 
repressor TLE1 (transducin-like enhancer pro-
tein 1) [61]. 

– �SIRT2 is also able to inhibit the TF via deacetyla-
tion of p65 (Lys 310) (Fig. 3C); [117]. However, its 
known positive influence on p300 [18] suggests 
that the regulatory interactions between these 
proteins might be significantly more complex than 
currently known. 

– �SIRT3, itself a transcriptional target of NF-κB [116], 
mediates the inhibitory effect of metformin on 
NF-κB in a cellular model of oxidative stress and 
insulin resistance [185]. In contrast, in a different 
cell line SIRT3 has been found to activate H2O2-in-
duced, NF-κB-dependent expression of, inter alia, 
superoxide dismutase [31], strongly suggesting 

that the interaction is promoter-specific and/or 
modified by further interactions. 

– �SIRT4 blocks the degradation of IκB (inhibitor of 
κB) [33] and reduces the nuclear translocation of 
NF-κB and resulting pro-oxidative and pro-inflam-
matory phenotype [196]. 

– �SIRT6 binds RelA and is able to repress NF-κB tar-
get promoters that become activated during aging 
[96], and can delay cellular senescence [218]. How-
ever, the effect has not been observed in some 
other models/conditions [65], possibly due to the 
dynamic and interdependent character of the inter-
action with NF-κB [97]. 

– �Besides these, the sirtuin target FoxO3a interacts 
with NF-κB [111] and with its PI-3K (phosphoinos-
itide 3-kinase)/Akt-dependent upstream activator 
IKKβ (IκB kinase β) [154], which suggests addition-
al paths of influence. 

Sirtuins thus simultaneously impact the pro-in-
flammatory and potentially deleterious actions of 
NF-κB and activate FOXO somatic maintenance sig-
nalling [173]. The effect may modulate the stress 
resistance signals of IIS, which is able to regulate 
both FOXOs and NF-κB [70]. 

The family of hypoxia-inducible factors (HIFs) 
modulates, inter alia, energy metabolism and the 
stress response depending on oxygen concentra-
tion. SIRT1 inhibits HIF1 [110] but activates HIF2 
(Fig. 2) [45], while SIRT6 may be a co-repressor for 
HIF-1α [242]. The significance of this discrepancy 
has not been extensively tested, but invertebrate 
data suggest engagement of HIFs in the modula-
tion of ageing rates. Moreover, HIFs’ transactivation 
targets include genes with known neuroprotective 
products, although it has been suggested that these 
TFs might play either protective or detrimental roles 
[54,86,140, 223].

The sirtuin interaction partners peroxisome pro-
liferator-activated receptors (PPARα, PPARβ/δ, PPARγ) 
are a class of nuclear receptors, TFs whose intracellu-
lar localization and activity are regulated by ligand 
binding. PPAR roles include metabolic regulation in 
response to environmental cues, proliferation con-
trol, and cardiovascular homoeostasis; they modu-
late oxidative stress, inflammation, or insulin resis-
tance. PPARs can antagonize neurodegeneration in 
AD/PD/cerebral ischaemia/brain trauma [139,161]. 
They may also be of therapeutic interest in the met-
abolic syndrome [58]. PPARs also modulate inflam-
mation that partially mediates these pathologies 
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[58,139,161,165]. PPARs may also constitute plausi-
ble targets in diabetes and diabetes-linked neurop-
athy. 

SIRT1 is involved in a  two-directional interac-
tion with PPARα. SIRT1 binds PPARα on its DNA 
response elements. The binding is tightly regulated 
depending on the DNA sequence [150]. The resulting 
deacetylation enhances PPARα activity [167] (Fig. 2). 
SIRT1 also facilitates the protein-protein interaction 
between PPARα and NF-κB (p65) [159]. Sirt1 and 
PPARα genes are regulated in a coordinate manner 
by the ageing-linked miRNA-22 [69] and miRNA-34a 
[44], while SIRT1 is able to modulate miRNA-34a  
in concert with p53 [77]. This suggests a precisely 
regulated feedback mechanism, but the potentially 
significant topic has not been explored much fur-
ther. The widely used natural sirtuin activator res-
veratrol has been shown to bind and activate PPARα 
directly [195]. SIRT1 also reverses the p300-depen-
dent acetylation of PPARγ [72] and seems to inhib-
it its transactivation function [156]. PPARα, PPARγ,  
and PPARδ agonists were able to increase SIRT1 
expression [35,100,213]; PPARα activation also 
blocked SIRT1 export from the nucleus [213]. The 
Sirt5 gene promoter contains potential PPARα- 
responsive sequences, and the PPARα agonist is able 
to increase its expression [26]. Besides SIRT1, also 
SIRT6 displays links with the signalling network of 
PPARs [225]. 

Not surprisingly, the interactions between sirtu-
in and PPAR pathways profoundly modulate energy 
metabolism [26] and appear to have an impact on 
a  number of pathophysiological conditions (Fig. 2). 
SIRT1 is involved in a  potential senescence-related 
feedback interaction with PPARγ [72]. PPARγ is widely 
present in the brain (neurons and microglia), lowers 
local levels of iNOS (inducible nitric oxide synthase) 
and COX-2 (cyclooxygenase-2), and might constitute 
an effective target in the treatment of ischaemia [42]. 
Moreover, the impact of metabolic stress on SIRT1-
PPARγ signalling has been suggested to modulate 
β-secretase and thus the rate of amyloid β produc-
tion in AD [211]. Additionally, differential expression 
of Sirt1 and PPARγ has been noted in Aβ-treated glia, 
which would fit the above-mentioned antagonistic 
regulation of Sirt1 by PPARγ; it has been proposed 
to mediate the neuroprotective reaction of astrocytes 
elicited by in vitro Aβ treatment [4]. Outside the brain, 
PPARα is one of the effectors of SIRT1’s cardioprotec-
tive actions [159], although in some circumstances 

the SIRT1-PPARα interaction may actually promote 
heart hypertrophy [149]. 

PPARγ co-activator 1α (PGC-1α) is an important 
player in the PPAR network, capable of modulating 
respiration/oxidative stress resistance [183] and 
neuronal survival. Its ASN-induced [221] disturbanc-
es may be implicated in the pathogenesis of Parkin-
son’s disease [40], and PGC-1α has been proposed 
as a therapeutic target in PD [239]. 

PGC-1α regulates mitochondrial biogenesis by 
working together with SIRT1 [8]. SIRT1 reverses the 
p300-mediated acetylation of PGC-1α in a  unique 
nuclear-mitochondrial cross-talk [8]. Additionally, 
SIRT1 binds the PGC-1α promoter and takes part in 
its positive regulation loop [6]. An interesting inter-
action takes place between PGC-1α and SIRT6: the 
sirtuin deacetylates and activates the acetyltransfer-
ase GCN5 (general control non-repressed protein 5), 
which leads to increased acetylation of PGC-1α and 
inhibition of its transcriptional co-activator func-
tion [46]. PGC-1 has been proposed to mediate the 
protective SIRT1/PPAR-dependent action of Aβ-chal-
lenged astrocytes towards neurons (the increase of 
neuronal biogenesis of mitochondria and survival in 
the co-culture with astroglia) [4]. 

AP-1 (activator protein-1) is a  dimeric TF con-
sisting of proteins from Fos and Jun families, with 
a wide variety of roles in development, cell prolifera-
tion, survival and migration, and ROS (reactive oxy-
gen species)/low oxygen signalling [133,181]. AP-1 
has been implicated in the control of brain plasticity 
and damage [162], including a hypothesized central 
role in AD/PD [166], and of numerous peripheral 
functions. 

SIRT1 exerts a  varied, context-specific influence 
on the transactivation of genes by AP-1 to modulate 
processes ranging from cyclooxygenase expression 
to pathogen replication [168,236]. The Sirt3 gene con-
tains an AP-1 binding site [15] in its longevity-correlat-
ing intronic enhancer [16]. As alleles displaying the 
lowest activity of this enhancer are notably absent 
from the oldest old group, the interaction may have 
strong significance for the modulation of human 
lifespan [16]. SIRT6 (which has also been associat-
ed with lifespan modulation via IIS [92]) binds c-Jun, 
undergoes recruitment to its target promoters and 
reduces their activity via histone deacetylation [193]. 
c-Fos is able to induce transcription of the Sirt6 
gene; the sirtuin in turn represses survivin via NF-κB.  
The significance of apoptotic resistance regulation 
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by AP-1–SIRT6 signalling in the survival of pre-neo-
plastic lesions is further strengthened by the obser-
vation that both display specific expression patterns 
in pathological tissue samples [134]. 

Further elucidation should cast more light on 
sirtuin–AP-1 cross-talk, which could have significant 
consequences for, inter alia, brain development, 
homeostasis, learning and memory, and neurodegen-
erative conditions [162]. 

While microRNAs are an emerging mechanism 
of sirtuins’ gene regulation, relatively little is known 
about the possible specific impact of sirtuins on 
miRNA metabolism (see above, PPAR section). 

Sirtuins and DNA repair 

The interaction with stress-related TFs may have 
vast significance for the regulation of DNA repair by 
sirtuins. Additionally, some TFs (such as FOXO3a, 
p53, NF-κB, E2F1, Sp1 – specificity protein-1, or 
some nuclear receptors) have also been implicated 
in the repair process itself, possibly via relaxation of 
chromatin structure, though the matter still needs 
some clarification [124,201]. However, sirtuins are 
able to directly influence proteins involved in the 
repair of macromolecular damage. 

– �Apurinic/apyrimidinic endonuclease 1 (APE1) is 
one of the crucial factors involved in the base 
excision repair (BER) pathway which removes the 
ubiquitous products of free radical-related dam-
age from DNA. APE1 has been shown to be inacti-
vated by acetylation at multiple sites [222]. SIRT1 
binds APE1 and deacetylates two of its lysines. 
This stimulates APE1 to bind its partner XRCC1 
(X-ray cross-complementing-1) and increases its 
activity in the BER complex. The net effect of sir-
tuin-mediated stimulation of APE1 is an improve-
ment of the efficiency of this crucial repair mech-
anism, as measured by reduced levels of abasic 
sites in DNA [222]. 

– �SIRT1 is also known to facilitate the activity of 
nucleotide excision repair (NER), a mechanism that 
removes a wide spectrum of DNA lesions/adducts 
and has demonstrated crucial significance in can-
cer prevention. SIRT1 deacetylates two lysines of 
the core NER protein XPA (xeroderma pigmento-
sum group A); this reaction is necessary for the full 
efficiency of UV damage removal [50]. SIRT1 also 
relieves the repression of the XPC gene coding for 
a protein that recognizes DNA lesion and recruits 
other NER components [135]. 

Table II. Mammalian PARP enzymes. According to [79,205], modified

Old name New unified name Activity – measured Activity – postulated 

PARP1 ARTD1 PARylation

PARP2 ARTD2 PARylation

PARP3 ARTD3 Mono(ADP-ribosyl)ation PARylation

vPARP/PARP4 ARTD4 Mono(ADP-ribosyl)ation PARylation

Tankyrase-1/PARP5a ARTD5 PARylation

Tankyrase-2/PARP5b/PARP6 ARTD6 PARylation

PARP6 ARTD17 Mono(ADP-ribosyl)ation

PARP7 ARTD14 Mono(ADP-ribosyl)ation

PARP8 ARTD16 Mono(ADP-ribosyl)ation

PARP9 ARTD9 Not detected

PARP10 ARTD10 Mono(ADP-ribosyl)ation

PARP11 ARTD11 Mono(ADP-ribosyl)ation

PARP12 ARTD12 Mono(ADP-ribosyl)ation

PARP13 ARTD13 Not detected Mono(ADP-ribosyl)ation (mouse) 

PARP14 ARTD8 Mono(ADP-ribosyl)ation

PARP15 ARTD7 Mono(ADP-ribosyl)ation

PARP16 ARTD15 Mono(ADP-ribosyl)ation
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– �DNA-dependent protein kinase (DNA-PK) is involved 
in non-homologous end-joining (NHEJ) repair, which 
neutralises double-strand breaks, a  highly muta-
genic and lethal type of DNA lesion. DNA-PK is also  
an anti-apoptotic signalling protein. The Ku70 sub-
unit of DNA-PK undergoes inhibitory acetylation on 
at least 8 lysines by, inter alia, PCAF (p300/CBP-as-
sociated factor), a  histone acetyltransferase that 
also collaborates in DNA damage signalling with 
p53 [179]. SIRT1 associates with and deacetylates 
Ku70, thus activating DNA-PK in both its roles 
[41,85]. SIRT6 also appears to be involved in DNA 
maintenance [21] and modulates the binding of 
DNA-PK to regions of DNA double-strand breaks, 
thus facilitating the removal of these deleterious 
lesions [127]. 

– �SIRT6 was observed to be an important factor in 
telomere maintenance through deacetylation of 
histone H3. Moreover, SIRT6 appears to stabilize 
the association of Werner protein with telomeric 
chromatin, further contributing to the regulation 
of its architecture [131].

Sirtuins and PARPs 

Sirtuins interact in a  complex way with the ver-
satile family of Poly(ADP-ribose) polymerases (PARPs) 
(Table II, Fig. 4). The roles of various PARPs include 
DNA repair (modulated chiefly by PARP-1 to -3), reg-
ulation of gene transcription (PARP-1, -2, and struc-
turally different macroPARPs: PARP-9, -14, -15) [128], 

RNA processing in the nucleus and cytoplasm (PARP-1, 
-7, -10, -12 to -15, tankyrase-1) [19], cellular RNA trans-
port (probable role of vault PARP and PARP-10) [1], 
cellular transport of proteins (mainly PARP-16) [1], 
and telomere maintenance (somewhat ambiguously 
including PARP-1, tankyrase-1 and possibly tankyrase-2) 
[174,177]. 

The family’s founding member PARP-1 detects 
DNA damage (single- and double-strand breaks, 
abnormal spatial structures) and post-translational-
ly modifies histones to locally de-condensate chro-
matin, thus facilitating access for the repair machin-
ery [190]. It also directly recruits and modulates 
DNA repair proteins involved in BER, NER, NHEJ, and 
homologous recombination DNA repair pathways, 
and numerous signalling proteins [188]. Besides reg-
ulating chromatin accessibility [199], PARPs can act 
more specifically, as activators/co-activators or (co-)
repressors for numerous TFs. PARP-1 modulation of 
transcription factors impacts both gene regulation 
and the recently identified role of TFs in DNA repair 
[84,124]. 

The extensive network of interactions between 
PARP-1 and the p53 pathway cross-talks with other 
post-translational modifiers [216], possibly including 
sirtuins [138], with vast significance for most pre-
viously identified PARP functions [74]. The co-op-
eration between PARP-1 and numerous TFs also 
includes NF-κB and is important for neurodegenera-
tion in Alzheimer’s disease [95], for brain ischaemia 
[80], etc. 

Mt metab. – mitochondrial metabolic regulation, mech. stress – mechanical stress, NAM – nicotinamide

Fig. 4. Interactions between sirtuins and poly(ADP-ribose) polymerases. 
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Despite the pro-survival physiological significance 
of PARP-1, its excessive activation by DNA damage 
induced by ROS/RNS (reactive nitrogen species) 
[187], Aβ, or mutagens [189] has long been associated 
with cell death. The long-postulated theory of passive 
cellular demise via stress-induced energy imbalance 
suggested that PARP over-activation by intense DNA 
damage would lead to massive PARylation, depleting 
cellular stores of NAD+ and consequently ATP (which 
is used to re-synthesize it). However, more recent 
works have suggested that in post-mitotic cells nucle-
ar NAD+ depletion itself could be more significant, 
inhibiting some crucial enzymes that utilise the nucle-
otide as a substrate [157]. PARP-1’s KM towards NAD+ 
should be low enough to make it relatively insensi-
tive to the changes of NAD+ concentration and to 
allow continued activation despite ongoing metabol-
ic disruption. In contrast, the nuclear SIRT1 displays 
KM closer to the reported intracellular NAD+ levels 
and thus should be significantly influenced by such 
pathophysiological changes [28,157]. Indeed, cell 
death caused by PARP over-activation was rescued 
by various interventions that boosted NAD+ levels 
and occurred only in the presence of the intact SIRT1 
orthologue Sir2α [157]. Increased activity of SIRT1 in 
PARP-1–/– mice was also noted [12]. The PARP–sirtuin 
substrate competition has already been confirmed 
to impact SIRT1 downstream events linked to the 
regulation of cell death/survival [157] or mitochon-
drial metabolism [12]. Disruption of the SIRT1-PGC-1α 
axis by (over)activated PARP-1 has been suggested 
to be of significance for the pathomechanism of sev-
eral DNA repair disorders accompanied by neurode-
generation where mitochondrial abnormalities may 
play significant roles [51,178,200]. SIRT1 inhibition via 
NAD+ depletion might also mediate other neurode-
generative insults such as the death of hippocampal 
cells in culture in a model of acute epileptic neuron 
loss [212]. 

Sirtuins other than SIRT1 also display KM that 
would suggest dependency on PARP-induced NAD+ 
fluctuations. However, the phenomenon of inac-
tivation by PARP-mediated substrate competition 
appears to be restricted to SIRT1. The (in)sensitivity 
of various sirtuins to competition with PARP-1 might 
stem from several factors, including their intracellu-
lar localisation and their ability or not to pre-bind 
NAD+ and thus escape the NAD+ depletion [28]. 
Moreover, in some situations sirtuin inhibition by 

oxidative stress may be direct and not mediated by 
the competition with PARPs for the substrate [27]. 

Yet other mechanisms of cross-talk might exist, 
as both PARP-1 [147,148] and SIRT1 [17] interact 
with YY1 (yin yang 1). YY1 is an important regula-
tor of miRNAs and protein-coding genes related to 
neuronal plasticity [59] and degeneration [104] as 
well as DNA repair [147]. A  potentially significant 
topic for sirtuin regulation is the observed impact 
of PARP-1 on both upstream modulators and sig-
nalling targets of sirtuins. PARP-1 appears to be 
critically involved in the modulation of Akt activity 
[91,186]; however, despite its importance for, inter 
alia, neurodegeneration [130], or ischemic damage 
[105] the mechanism of this interaction has not 
been explored further. PARP-1 also directly binds 
and PARylates FOXO1, leading to suppression of 
FOXO1-dependent genes [172]. 

The more favourable KM of PARP-1 should allow 
it to out-perform SIRT1 in the competition for NAD+ 
in all situations [12]. However, both enzymes are 
able to block each other’s activity by releasing the 
inhibitory by-product nicotinamide [103]. SIRT1 has 
also been able to mitigate the rapid PARP-1 activa-
tion in oxidative (H2O2-induced) stress while SIRT1 
knock-out has led to enhanced apoptotic signalling 
and cell loss in these conditions [103]. The results 
obtained by Rajamohan suggest that depending on 
the conditions the difference in KM could be negligi-
ble: the value for PARP-1 activated by pERK or the 
histone acetyltransferase PCAF (p300/CBP-associ-
ated factor) is just 10% to 20% lower than that of 
SIRT1 [163]. 

The activation of PARP-1 by PCAF in stress condi-
tions occurs via acetylation [163], making it a good 
substrate for SIRT1. SIRT1 has been shown to inter-
act with and de-acetylate PARP-1 [163], reversing 
its enzymatic stimulation and reducing it to nearly 
undetectable levels. Surprisingly, acetylation boost-
ed only the basal activity of PARP-1 and not its maxi-
mum, DNA damage-induced activity. However, remov-
al of this modification inhibited PARP’s (mechanical 
stress-related) activation, thus potentially offering 
some cytoprotective potential [163]. Although the 
physical interaction between SIRT1 and PARP 1 is  
dependent on NAD+ availability and gradually dimin-
ishes with its increasing concentration, SIRT1 pre-
bound to NAD+ is still able to bind PARP-1 physically 
(and possibly deactivate it) despite the lack of sub-
strate. This suggests a potential mechanism for pre-
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serving SIRT1 activity despite NAD+ depletion [163]. 
Most work on SIRT1-mediated PARP-1 inhibition 
has been done on cell lines of non-neuronal origin. 
However, it has been shown that the influence of 
SIRT1 on PARP-1 can indeed be of significance in 
oxidative stress conditions, thus raising hopes for 
using it as a potential target in neurodegeneration. 
The absence of SIRT1 sensitized the cells via PARP 
to H2O2-induced death [103], while over-expression 
of SIRT1 in HeLa cells reduced PARP-mediated, DNA 
damage-induced death in a mode dependent on its 
deacetylase function [163]. 

SIRT1 is capable of modulating not only PARP-1 
protein but also its gene expression. SIRT1 over-ex-
pression in cardiomyocytes has been shown to 
reduce PARP-1 gene promoter activity and PARP-1 
mRNA, which translated into lower protein levels; 
deacetylase activity was necessary for the effect. 
SIRT1 did not appear to influence the degradation of 
PARP-1 protein, as shown in experiments with prote-
asomal and lysosomal inhibitors [163]. 

Other PARPs (Figs. 1B and 4; Table II), whose 
activities typically fall well below those of PARP-1, 
are able to modulate sirtuins in ways independent 
of NAD+ fluctuations. [11]. PARP-2 is a direct nega-
tive regulator of the SIRT1 promoter, and its impact 
on the SIRT1 gene has direct consequences for ener-
getic metabolism and mitochondrial function (Fig. 4) 
[137]. PARP-7, or tetrachlorodibenzo-p-dioxin-induc-
ible poly(ADP-ribose) polymerase (TiPARP), appears 
to have the ability to inhibit SIRT3 activity (but not 
mRNA expression) in conditions of oxidative stress 
(Fig. 4); this leads to reduced expression of super-
oxide dismutase-2 and might further exacerbate the 
damage [75]. 

It is not clear if the acetylated residues present in 
PARPs other than PARP-1 could be targeted by sirtu-
ins or if these isoforms are able to significantly affect 
SIRT activities. 

The influence of SIRT2 to -7 on PARPs is not ful-
ly determined. A  rather unusual interaction takes 
place between SIRT6 and PARP-1 [126]. SIRT6 
resides largely in the heterochromatin; it is recruit-
ed to double-strand break sites and its expression 
is enhanced in response to DNA damage. Its stimu-
latory effect on DNA repair was visible both under 
resting and stress conditions evoked by paraquat 
(producing superoxide), neocarzinostatin (a single- 
and double-strand break inducer) or H2O2. SIRT6 
physically binds PARP-1 in a  manner enhanced 

by the damage and mono(ADP ribosyl)ates it on 
Lys521. PARP-1 enzymatic activity is stimulated by 
this interaction and mediates the positive effect of 
SIRT6 on the efficiency of NHEJ and homologous 
recombination repair (Fig. 4); [126]. Although SIRT6 
did not influence the acetylation level of PARP1, 
both SIRT6 enzymatic activities have been found 
to take part in the regulation of DNA repair [126].  
The opposite influence of SIRT1 and -6 on PARP activ-
ity prompted Cantó et al. to suggest that these pro-
teins could constitute a signalling switch in the DNA 
repair network [28]. In an example scenario, ATM 
(ataxia-telangiectasia mutated), which senses DNA 
damage, would phosphorylate DBC-1 protein, facil-
itating its inhibitory influence on SIRT1. This would 
remove the inhibition of PARP-1, thus leaving only 
the positive influence of SIRT6 and allowing PARP-1 
to efficiently perform its protective function [28].

The described unique characteristics of sirtuins 
correspond to their broad links to signalling path-
ways and enzymes involved in cellular maintenance 
and the stress/damage response. Some sirtuins 
localise to mitochondria and modulate their bio-
genesis as well as the function of the respiratory 
machinery. Moreover, sirtuins are capable of influ-
encing anti-oxidative proteins and the unfolded pro-
tein response there, as well as the mitochondrial cell 
death signalling. A growing body of evidence links 
sirtuins to aging and neurodegenerative diseases, 
making these HDACs highly promising research and 
therapeutic targets. 
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A b s t r a c t

Sonodynamic therapy (SDT) is a promising technique based on the ability of certain substances, called sonosensitiz-
ers, to sensitize cancer cells to non-thermal effects of low-energy ultrasound waves, allowing their destruction. Sono-
sensitization is thought to induce cell death by direct physical effects such as cavitation and acoustical streaming as 
well as by complementary chemical reactions generating oxygen free radicals. One of the promising sonosensitizers is 
5-aminolevulinic acid (ALA) which upon selective uptake by cancer cells is metabolized and accumulated as protopor-
phyrin IX. The objective of the study was to describe ALA-mediated sonodynamic effects in vitro on a rat RG2 glioma 
cell line. Glioma cells, seeded at the bottom of 96-well plates and incubated with ALA (10 μg/ml) for 6 h, were exposed 
to the sinusoidal US pulses with a  resonance frequency of 1 MHz, 1000 μs duration, 0.4 duty-cycle, and average 
acoustic power varying from 2 W to 6 W. Ultrasound waves were generated by a flat circular piezoelectric transducer 
with a diameter of 25 mm. Cell viability was determined by MTT assay. Structural cellular changes were visualized 
with a fluorescence microscope. Signs of cytotoxicity such as a decrease in cell viability, chromatin condensation and 
apoptosis were found. ALA-mediated SDT evokes cytotoxic effects of low intensity US on rat RG2 glioma cells in vitro. 
This cell line is indicated for further preclinical assessment of SDT in in vivo conditions.

Key words: 5-aminolevulinic acid, sonodynamic therapy, rat RG2 glioma cells, cell viability.
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Introduction

Sonodynamic therapy (SDT) is a new treatment 
modality of solid cancers in the early preclinical 
development phase. The idea of SDT stems from 
photodynamic therapy (PDT) in which photo-sensi-
tizer substances excited by light produce the ava-
lanche of cytotoxic reactive oxygen species that 
kill cancer cells. Unlike PDT, SDT uses low-intensity 
ultrasound (US) waves to kill cells. A  low-intensity 
ultrasound may be defined as US which does not 

produce hyperthermia which would be directly cyto-
toxic (> 43oC). To obtain cell killing by low-intensity 
US it is necessary to expose cells to a sonosensitizer, 
i.e. a substance that displays a property of sensitiz-
ing cells to US. Many photosensitizers, for example 
hematoporphyrin and its derivatives, act also as 
sonosensitizers. Low-intensity sonication of cells 
causes cavitation and other direct acoustic effects 
that, in the presence of a  sonosensitizer, evoke 
cytotoxic oxygen free radicals. An ideal sonosensi-
tizer should be preferentially taken up and retained 
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by cancer cells, and display no significant toxicity 
toward normal tissue. Unlike PDT, which due to lim-
ited penetration of light through tissues is applicable 
only to superficially located tumors, SDT might be 
used to treat deeply seated cancers [12,16].

One of the photosensitizers used in PDT and 
potentially useful also for SDT is 5-aminolevulinic 
acid (ALA), a natural precursor of protoporphyrin IX 
(PpIX). Due to peculiar metabolic abnormality usu-
ally associated with cancer, PpIX is preferentially 
accumulated in cancer cells, in particular in cells 
of malignant gliomas, therefore ALA is capable of 
sensitizing them selectively [4,13]. Development of 
SDT is particularly awaited for the most malignant 
glioma, glioblastoma multiforme, which infiltrate 
brain, cannot be totally removed by surgery and 
escape radio- and chemotherapy, therefore it recurs 
and in the majority of cases is lethal within less 
than 2 years [3].

In the previous study [8] we developed an exper-
imental arrangement for investigating effects of 
sonication on glioma cells in vitro and used this sys-
tem to determine a relationship between US energy 
delivered to the rat C6 glioma cells in vitro and their 
vitality; we also established the threshold exposure 
time that does not induce thermal effects which 
would be directly cytotoxic. The next step in the 
translational development of SDT for gliomas should 
be experiments with glioma cells implanted orthot-
opically into brains of experimental animals. C6 rat 
glioma cells implanted to the rat brain have been 
extensively used as a rat model of human malignant 

gliomas, but these cells evoke immune response 
which restricts their infiltrative growth [1]. Therefore 
for further studies we chose the RG2 rat glioma cell 
line which is not immunogenic when implanted to 
rats of Fisher or Wistar strain and displays a highly 
infiltrative pattern of growth, reminiscent of human 
glioblastoma multiforme [15]. 

Material and methods
Cell culture and reagents

The rat RG2 glioma cells were obtained from the 
cell bank of the American Type Culture Collection 
(Manassas, VA). The cells were cultured in Petri’s 
dishes in a  Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco, Life Technologies Inc., USA) supple-
mented with a 10% fetal bovine serum (FBS, Hyclone, 
USA) and 1% antibiotics (penicillin and streptomy-
cin). The cells were maintained at 37°C in a humid-
ified atmosphere with 5% CO2/95% air in incubator 
(Esco). In each experiment cells were used after 24 h 
of growth.

5-Aminolevulinic acid, 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyl tetrazolium bromide and other chemi-
cals used were purchased from Sigma-Aldrich (Ger-
many), unless specified otherwise. 

Experimental set-up for sonodynamic 
therapy 

To examine the impact of ALA-mediated SDT 
therapy on the tested cells in vitro the experimental 
setup shown in Figure 1 was used. 

H2O

Transducer

Temperature control

Power Amplifier
ENI 3100LA

Arbitrary Function  
Generation

Agilent 33250A

21°C

Fig. 1. The experimental arrangement (left) for sonification of rat RG2 glioma cells and its photo (right).
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To eliminate the temperature rise in the region  
of cells caused by the overheating of the US source, 
the transducer was mounted in the water bath coax-
ially with wells. The cells cultured on the bottom of 
wells were sonicated from the bottom of 96-well 
plates submerged in the water bath, with tempera-
ture set to 21ºC. 

Ultrasonic waves were generated with a planar cir-
cular transducer made of a power piezoceramics Pz28 
(Meggitt, Kvistgaard, Denmark) with the resonance 
frequency of 1 MHz and diameter of 25 mm. The 
transducer had neither a back load nor a quarterwave-
length matching layer and was excited by 1000-cycle 
sinusoidal pulses with a  resonance frequency, 0.4 
duty-cycle and varied voltage. The electrical pulses 
were generated by an arbitrary function generator 
Agilent 33250 (Colorado Springs, USA) and amplified 
with a power amplifier ENI 3100L (ENI, Rochester, NY, 
USA). The average acoustic power of the generated 
beam was varied from 2 W to 6 W at 2 W (initial 
intensity ISATA was varied between 0.5 and 1.5 W/cm2) 
and measured using Ultrasound Power Meter UPM-
DT-10AV (Ohmic Instruments Co., Easton, USA). These 
specific ultrasound field parameters were selected to 
induce no thermal lethality of the cells tested.

Determination of acoustic parameters 
of pulsed ultrasonic beams 

The acoustic properties of the generated pulsed 
pressure (intensity) beams were determined on the 

basis of preliminary measurements in water. First, 
the transducer excitation voltage, providing genera-
tion of the beam with the selected average acoustic 
power measured by the Ultrasound Power Meter, was 
determined. As mentioned above, the transducer was 
excited by 1000-cycle sinusoidal pulses generated 
from an arbitrary function generator Agilent 33250 
and amplified by the power amplifier ENI3100LA.  
The source pressure amplitude and the initial intensi-
ty ISATA of the generated beam for each voltage applied 
was determined by two methods: (1) using the mea-
surements of the averaged radial pressure distri-
bution near the transducer radiating surface using 
the calibrated 0.2 mm needle hydrophone S/N1661 
(Precision Acoustics, Dorchester, UK) and (2) using 
the measurements of the average acoustic power 
using Ultrasound Power Meter UPM-DT-10AV (Ohmic 
Instruments Co., Easton, USA). The measurements by 
the needle hydrophone were carried out laterally at 
the axial distance of 1 mm from the transducer sur-
face for the tone bursts with duration of 8 μs and PRF 
of 0.1 kHz. The RMS value for the pulse duration was 
recorded with a  LeCroy 62xi oscilloscope. The sen-
sitivity of the needle hydrophone for the frequency 
used was equal to 59.7 mV/MPa. The convergence of 
the source pressure amplitudes obtained by the two 
methods was within 4.4% and of the initial intensities 
or powers was within 9%.

The spatial acoustic pressure distributions in the 
ultrasonic beams used were measured in water under 
free field conditions using broadband bilaminar mem-
brane PVDF hydrophone (with active electrode of 
0.5 mm in diameter).

Sonodynamic therapy protocols

The rat RG2 glioma cells were seeded on the bot-
tom of 24 wells (6 x 4 wells) in 96-well polystyrene 
plates (Cellstar 96 Well Cell Culture Plate, Greiner 
Bio-One, USA), as shown in Figure 2. 

200 μl of the cell suspension in DMEM medium 
supplemented with a 10% FBS, containing the same 
number of cells (2 x 104) were introduced to each 
well. After 24 h incubation at 37ºC the medium was 
changed to DMEM without FBS or to DMEM with-
out FBS but with ALA, and the cells were exposed for  
3 min to ultrasound. During sonication a bottom of 
each plate was immersed in a water bath with tem-
perature set to 21ºC. The thickness of the bottom of 
polystyrene plates was about 1 mm. 

	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12

A

B

C

D

E

F

G

H

Fig. 2. Schematic arrangement of 4 groups of 
wells in each plate according to the kind of fac-
tor impacting cells: white – empty wells, black 
– control wells, gray – 5-aminolevulinic acid 
(ALA) alone wells, grid on a white background – 
ultrasound (US) alone wells, grid on a gray back-
ground – ALA + US wells.
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The wells in each plate were allocated to 4 groups: 
1) No exposure (Control); 2) Exposure to ALA; 3) Expo-
sure to US and 4) Exposure to ALA + US. For ALA 
and ALA + US experiments the cells were incubat-
ed for 6 h in serum-free DMEM with 100 µM ALA to 
give them time to take up ALA and convert it to pro-
toporphyrin IX. For the Control and US only experi-
ments the same amount of DMEM was used. In the 
US and ALA + US experiments the cells were soni-
cated by pulsed ultrasound at a resonance frequen-
cy of 1 MHz and acoustic power varied from 2 W to  
6 W  (spatial-averaged temporal-averaged intensi- 
ty [ISATA] in the region of cells varied from 0.5 to  
1.5 W/cm2) during 3 min exposure. As demonstrated 
in the previous report [8] for such intensity levels and 
exposure time lethal thermal effects in the region of 
cells are not reached. After the treatment procedure 
the cells were re-suspended in fresh DMEM and sub-
jected to further analyses.  

Cell viability detection

To evaluate the effects of ALA and/or US on 
the rat RG2 glioma cells viability, a  colorimetric 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay was used. Following exposure 
to ALA and/or US the cells were incubated at 37°C 
for 24 h, then 15 μl solution of MTT at a  concen-
tration of 5 mg/ml was added to 150 μl of culture 
medium in each of these wells (final concentration of 
MTT was 0.5 mg/ml). After 3 h incubation the media 
were removed. The formazan crystals were dissolved 
in 200 μl of dimethyl sulfoxide and this solution  
was added to each well. The absorbance of cells at 
570 nm was measured using an Epoch micro-plate 
reader (Bio-Tek, ELX800, USA) in relation to the ref-
erence value at 630 nm. The viability of treated cells 
was determined by comparing to the untreated ones 
in the Control group. 

Cell morphology and visualization  
of apoptosis

After the experiments and 24 h incubation the 
cells were stained by the Hoechst 33342 Nuclear 
Staining Dye (Invitrogen) with a  concentration of 
1 μg/ml at 37ºC for 10 min. Nuclear Morphology 
of cell nuclei (chromatin condensation, presence of 
apoptotic bodies) was evaluated under an inverted 
fluorescence microscope IX81 Cell R equipped with 
a LUCPlanFLN objective (Olympus).

Statistical analysis

Statistical evaluation of data was performed 
using Graph-Pad Prism version 6.04 for Windows 
(GraphPad Software, San Diego, CA, USA). One way 
ANOVA was followed by Bonferroni’s multiple com-
parisons post hoc test. Differences were considered 
significant when p < 0.05 vs Control (n = 8). There 
were performed 2 independent MTT experiments 
with 8 repeats as well as 2 independent experiments 
of staining by Hoechst with 4 repeats.

Results

Enhancement of ultrasound induced 
cell killing during ALA-mediated SDT

As shown in Figure 3 at the exposure to US of 
2 W cell survival for ALA + US group did not signifi-
cantly differ from the respective controls (ALA alone), 
indicating no sonosensitization. However, when 6 W 
ultrasound was used, the cytotoxic effect in ALA + US 
group after 24 h was significant (see Fig. 4).

Changes in morphology of cell nuclei

The changes in cellular morphology, quantity of 
cells and chromatin condensation/apoptosis induced 
by ALA-mediated SDT on rat RG2 glioma cells depend
ing on the acoustic power of ultrasound used are 
shown in Figures 5 and 6. 

Discussion

In the present study, rat RG2 glioma cells were 
exposed to 5-aminolevulinic acid and afterwards son-

O
D

	 Control	 2 W	 ALA	 2 W + ALA

2.0

1.5

1.0

0.5

0

ns.

Fig. 3. Cytotoxic effect of 5-aminolevulinic acid 
and ultrasound (ALA + US) (2 W, 3 min. exposure) 
on viability of rat RG2 glioma cells after 24 h 
(mean ± SD, n = 8).
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icated with pulsed low intensity ultrasound waves. 
Our aim was to look for the sonodynamic effect, and 
in particular for signs of SDT-mediated apoptotic cell 
death. As mentioned in the introduction, the RG2 
cells seem to be better suited for preclinical research 
using orthotopic implantation than the C6 cells 
because they are less immunogenic and their growth 
in brain is more infiltrative. Nevertheless, the RG2  
glioma cells are much less used in research than  
the C6 glioma cells. In particular, whereas several 
papers described reactions of the C6 cells in vivo to 

ALA-mediated PDT [2,7,17] and SDT [8,9,14], we were 
unable to find any report on experiments with the 
RG2 cells and either SDT or PDT. 

Currently the mechanism of sonosensitization 
of glioma cells by ALA is poorly understood. Results 
obtained in the present study provide evidence for 
ALA-mediated sonosensitization of RG2 rat glioma 
cells in vitro, but this effect was evident only when 
the cells pre-incubated with ALA were sonicated by 
US with intensity of 6 W, which we consider the 
upper limit of US dose that is not directly lethal to 
the cells due to rise in temperature. In the present 
experiments, neither the concentration of PpIX, nor 
the amount of free radicals in the cells were mea-
sured, therefore no direct evidence can be presented 
for a  mechanism of sonosensitization. While other 
mechanisms of cytotoxicity such as necrosis or auto-
phagy cannot be excluded, the present experiments 
provided evidence of apoptosis being the major event 
evoked by sonosensitization of RG2 cells with ALA.

The SDT technique is tested not only in vitro, but 
also in vivo. A  selective effect of low intensity US 
against C6 glioma cells implanted to the rat brain was 
achieved for the first time with the use of Rose Bengal 
dye given intravenously as a sonosensitizer [10]. Since 
then two other publications have reported on experi-
ments in which ALA-mediated STD were tested in vivo 
on orthotopically transplanted C6 glioma [5,11]. In 

O
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	 Control	 6 W	 ALA	 6 W + ALA

2.0

1.5

1.0

0.5
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Fig. 4. Cytotoxic effect of ultrasound 5-amino-
levulinic acid and ultrasound (ALA + US) (6 W, 
3 min. exposure) on viability of rat RG2 glioma 
cells after 24 h (mean ± SD, n = 8).

	 Control	 ALA	 US (2 W)	 ALA + US (2 W)

Fig. 5. The morphology, quantity and chromatin condensation/apoptosis of RG2 rat glioma cells 24 h after 
5-aminolevulinic acid (ALA)-mediated SDT (3-minute exposure to 2 W ultrasound). The top images show 
cell cultures visualized by a light microscope (contrast phase). The bottom images show the nuclear mor-
phology (Hoechst 33352 staining, fluorescence microscopy). There are slight differences in the cell number 
and their morphological features between ALA, ultrasound (US) (2 W) and ALA + US (2 W) groups. 
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5-Aminolevulinic acid-mediated sonosensitization of rat RG2 glioma cells in vitro

	 Control	 ALA	 US (6 W)	 ALA + US (6 W)

Fig. 6. The morphology, quantity and chromatin condensation/apoptosis of RG2 rat glioma cells 24 h after 
5-aminolevulinic acid (ALA)-mediated SDT (3-minute exposure to 6 W ultrasound). The top images show cell 
cultures visualized by a light microscope (contrast phase). The bottom images show the nuclear morphol-
ogy (Hoechst 33352 staining, fluorescence microscopy). There are noticeable differences in the cell number 
and their morphological changes between ALA alone, ultrasound (US) (6 W) alone and ALA + US (6 W) 
groups. Arrows point to nuclei with chromatin condensation, arrowheads show apoptotic bodies.

these papers SDT-induced decreases in gross tumor 
volume evaluated post-mortem were shown.

Effective therapy of human malignant gliomas 
would require elimination of clonogenic glioma cells 
which spread beyond tumor margins that are visi-
ble during surgery or visualized by radiological tech-
niques [6]. These cells, some of which are located at 
a considerable distance from gross tumor margins, 
cause glioma recurrence. While it has already been 
shown that ALA-mediated SDT applied to intracrani-
ally growing C6 glioma in rat can cause gross tumor 
margins to shrink, it remains to be investigated 
whether this technique can also eliminate clonogen-
ic glioma cells located at a distance from the tumor. 
For such study RG2 glioma cell line would certainly 
be a better choice.  
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A b s t r a c t

The biological features of glioma cells may define their clinical outcome. Little is known about the interactions 
between KAI1/CD82 metastatic suppressor protein and PDGFRβ in gliomas. The aim of the study was to examine 
KAI1/CD82 and PDGFRβ expression in gliomas in order to find the impact of these proteins on progression of the 
tumors. PDGFRβ, KAI1/CD82 protein expression and mRNA of genes were evaluated on eighty four paraffin-em-
bedded tissue of gliomas using immunohistochemical staining and RT-PCR analysis. The PDGFRβ expression was 
higher in IV/III than in I/II glioma grades (p = 0.0004). The level of mRNA PDGFRβ was associated with the degree 
of PDGFRβ immunoreactivity. Downregulation of KAI1/CD82 was associated with tumor malignancy (p = 0.007). 
The increased level of KAI1/CD82 gene expression (3-4-fold) was found in gliomas with strong KAI1/CD82 immuno-
reactivity. The parallel KAI1/CD82 and PDGFRβ expression was more significantly associated with cases in a group 
graded as III and IV than in a group graded as I/II (p = 0.002).
We found that a loss of KAI1/CD82 and an increase in PDGFRβ expression in gliomas relate to a progressive tumor 
growth. The correlation between PDGFRβ and KAI1 expression in high grade gliomas suggests that a direct or indirect 
interaction between these proteins might have an impact on cell motility and invasive behavior of the tumor.
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Introduction

Gliomas are the most frequent primary neo-
plasms of the central nervous system (CNS). Most 
of them are characterized by their extensive inva-
sion into the brain parenchyma [17,19,20]. Grade I/II 
astrocytomas are slow-growing tumors without ag
gressive features, whereas grade III and IV gliomas 
possess a malignant phenotype associated with high 
proliferative activity and vascular formation [18,19]. 
Glioblastoma (grade IV) is one of the most aggressive 

and deadly malignant brain tumors with an average 
survival time of 15 months after diagnosis [8,13,18,20]. 
Most primary glioblastomas develop de novo but 
some parts of diffuse astrocytomas grade II and III 
may progress to grade IV as secondary glioblastomas 
[12,25]. 

The high infiltration capacity of individual glioma 
cells is related to the unique biological features of 
these cells [5,12,18]. According to some authors, the 
migratory behavior of glioma cells observed during 
the tumor progression might be a result of the activa-
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tion of surface receptors and signaling pathways [19]. 
A number of alternations in different genes have been 
identified in human gliomas and some of them are 
involved in glioma progression [8]. Among the growth 
factors, the platelet-derived growth factor (PDGF) has 
been well described in glioblastomas [19,20]. 

A lot of data suggested that the PDGF receptor 
activates a number of downstream signal transduc-
tion pathways including PI3K/Akt/mTOR and Ras/
Raf/MAPK pathways and may play an important 
role in both normal development and tumorigenesis 
of the CNS [19,20]. Overexpression of PDGF ligands 
and receptors are frequent events in human glio-
mas regardless of the tumor grade. Their expression 
pattern in gliomas suggests the presence of auto-
crine and paracrine stimulatory loops [20]. It was 
revealed that PDGF signaling alone may be suffi-
cient to induce glioma formation [10]. Blocking of 
PDGF signaling strongly implies that PDGF signaling 
is necessary and sufficient to maintain the malig-
nant phenotype in the in vitro model [31].

The specific biological mechanisms that medi-
ate tumors’ invasive nature are still unknown [30]. 
Glioma progression may be compared to other sol-
id tumor metastasis process. This process involves 
a molecular mechanism which requires the contri-
bution of a multiple gene alteration [15,30]. The role 
of metastasis suppressor genes has been discussed 
very rarely in gliomas [8,19]. The most interesting is 
the KAI1/CD82 gene originally identified as a puta-
tive metastasis suppressor gene for prostate cancer 
[9]. The KAI1/CD82 gene is a member of the tetra-
span transmembrane super family (TM4SF) [30]. 
KAI1/CD82 is expressed in various human tissues 
and plays an important role in cell fusion, adhesion, 
migration, signaling, fertilization, differentiation and 
invasion [11]. Downregulation of both KAI1/CD82 
mRNA and protein expression is observed during 
progression and increased invasive behavior of 
tumors [7,15,30]. Several mechanisms have been 
proposed by which KAI1/CD82 might influence and 
control tumor cell behavior [29]. It was established 
that KAI1/CD82 plays an important role in regulat-
ing melanoma cell migration through the controlling 
of Rho and GTPases signaling activity [23]. Another 
study revealed that KAI1/CD82 might have an inhib-
itory role in the PI3K/AKT pathway [1,6,23]. So far, 
the correlation between KAI1/CD82 expression and 
the signal transduction pathway has been exam-
ined in breast and ovarian cancers [29]. 

Little is known about the interaction between  
the members of metastasis suppressor genes and 
kinase receptors in primary brain tumors and their 
role in glioma cell behavior. The relationship between 
KAI1/CD82 and tyrosine kinase receptor PDGFRβ has 
not been evaluated in gliomas. To investigate the 
possible suppressive role of KAI1/CD82 in gliomas 
and their influence on PDGFRβ expression we exam-
ined KAI1/CD82 and PDGFRβ expression and the rela-
tion between them in gliomas in order to find the 
impact of these proteins on progression of gliomas.

Material and methods

The study was performed on tissue sections from 
84 patients diagnosed with primary gliomas hospi-
talized in the Clinic of Neurosurgery of the Wroclaw 
Medical University, Poland between 2007 and 2012. 
Tumor tissues were obtained at initial surgery. None 
of the patients received any treatment before the 
operation. All tumors were histologically verified to 
confirm the diagnosis, histological type and tumor 
grade according to established criteria classification 
of the central nervous system tumors by the World 
Health Organization (WHO) [17]. Based on the WHO 
classification, gliomas were subdivided into the fol-
lowing groups: grade I – 6 cases (6 cases of pilocytic 
astrocytoma), grade II – 24 cases (22 cases of fibril-
lary astrocytoma, 2 cases of oligodendroglioma), 
grade III – 15 cases (12 cases of anaplastic astrocy-
toma, 3 cases of anaplastic oligodendroglioma) and 
grade IV – 39 cases of glioblastoma multiforme. 

The study was conducted in accordance with the 
declaration of Helsinki. This study was approved by 
the Local Ethic Committee of Human Research of the 
Medical University of Wroclaw, Poland (permission 
no. 37/2012). Written informed consent was obtained 
from all participants.

Immunohistochemical staining

Immunohistochemical staining (IHC) for the ana-
lyzed proteins was performed on paraffin-embedded 
tissue using the Universal DakoCytomation LSAB 
+ Kit, Peroxidase procedure (LSAB+ Kit:HRP, Dako, 
Copenhagen, Denmark) and the following primary 
monoclonal antibodies: anti-KAI1 (G2) (Santa Cruz 
Biotechnology, USA) and anti PDGFRβ (28E1) (Cell 
Signaling Technology, USA).

Five-micrometer sections from one selected block 
from each lesion were deparaffinized and boiled for  

http://rcin.org.pl 



243Folia Neuropathologica 2016; 54/3

Characteristics of the expression of KAI1/CD82 and PDGFRβ and their impact on glioma progression

3 x 5 minutes for each antibody in citrate buffer  
(pH 6.0) at 700 W  in a  microwave oven. After the 
microwave treatment, the tissue sections were slow-
ly cooled for 20 minutes. Endogenous peroxidase  
reactivity was blocked with 3% H2O2 and nonspe-
cific tissue reactions with 10% BSA (bovine serum 
albumin). Tissue specimens were incubated with 
primary antibodies (anti-KAI1 anti-PDGFRβ) over-
night at 4ºC. Following washing with 0.1 M Tris-buffer,  
pH = 7.4 (TBS), the tissue specimens were incubat-
ed with a  secondary biotinylated rabbit antibody, 
anti-mouse IgG (Dako, Copenhagen, Denmark) and 
with streptavidin-horseradish peroxidase-conjugated 
(Dako) both for 15 minutes at room temperature. After 
washing with TBS, the antigen-antibody reaction  
was visualized by DAB (3,3’-diaminobenzidine) (Dako, 
Denmark) as a chromogen (8 minutes, room tempera-
ture). Sections were counterstained with hematoxylin 
and mounted. The incubation buffer (TBS) without 
the primary antibody was used as a negative control. 
The internal positive controls were performed accord-
ing to the manufacturer’s protocol.

The preparations were evaluated under a BX-51 
Olympus light microscope. The localizations, distri-
butions and intensity of immunostaining were eval-
uated in the tissue sections. For KAI1 and PDGFRβ 
membrane immunostaining was considered as pos-
itive when at least 10% of tumor cells were stained.

The intensity of staining was scored as 0 for neg-
ative, + weak, ++ moderate, and +++ strong. The im
munohistochemical analyses were interpreted with-
out prior knowledge of the clinical information.

Reverse transcription polymerase chain 
reaction 

For reverse transcription polymerase chain reac-
tion (RT-PCR) analysis of KAI1/CD82 and PDGFRβ 
genes, immunopositive cases for both proteins were 
divided into three groups: 10-40% positive tissue, 
41-70% and 71-100% positive tissue. Each group con-
sisted of 10 cases. 

We used the method of RT-PCR for analysis of 
KAI1/CD82 and PDGFR gene expression. RNA was iso-
lated from the freezing tissue of 30 patients with gli-
omas (which revealed a different level of KAI1/CD82 
and PDGFRβ expression in IHC staining) according 
to the method of RNeasy Plus Mini from Qiagen.  
The reverse transcription was performed with Quanti- 
Tect Reverse Transcription kit (Qiagen). The estima-
tion of KAI1/CD82 and PDGFRβ gene expression was 

performed in Rotor-Gene TM. The reaction mixture 
for RT-PCR volume of 25 μl contained 2 μl comple-
mentary DNA (cDNA) and 2 μl gene sequences of 
primers for KAI1/CD82 (Hs_CD82_1_SG Quant Tect 
Primer Assay Qiagen), PDGFRβ (Forward – 5’-AAT-
GTCTCCAGCACCTTCGT-3’489-509, Reverse – 3’-AGC-
GGATGTGGTAAGGCAATA-5’) (1177-1156) and reagents 
Rotor-Gene SYBR Green Master Mix and RNase-free 
water. The standard curve plotted on the basis of the 
reference gene peptidyl prolyl isomerase C (cyclophil-
in C, CYCC, Hs PPIA Quant Tect Primer Assay, Qiagen) 
with a different concentration; diluted 10-, 100- and 
1000-fold. The RT-PCR reaction consisted of one cycle 
PCR initial activation step of 95ºC for 5 seconds, fol-
lowed by 40 cycles of 95ºC for 5 seconds and 60ºC of 
10 seconds.

Statistical analysis

Correlations between KAI1 and PDGFRβ expres-
sion and glioma grade malignancy were statistically 
studied by χ2 test. Associations between KAI1 and 
PDGFRβ expression were analyzed by Spearman’s 
rank correlation. Differences were considered as sig-
nificant when p ≤ 0.05.

Results
PDGFRβ expression and analysis  
of mRNA PDGFRβ levels in gliomas

Membrane PDGFRβ expression was found 
in 44/84 (52.3%) gliomas. The majority of cases 
revealed PDGFRβ immunopositivity in 10-40% of 
tumor tissue. In the vast majority of gliomas, the 
immunoreactivity for PDGFRβ was observed in the 
group of cells distributed in different parts of tumor 
tissue (Fig. 1). The strong reactivity for PDGFRβ  
(70-100% positive tissue) was found only in 9.09% 
of cases. In glioblastomas PDGFRβ expression was 
stronger than in fibrillary astrocytomas and oligo-
dendrogliomas (p = 0.0001). The PDGFRβ expression 
revealed differences in IV/III tumor grades versus I/II  
glioma grades (p = 0.0004) (Fig. 2). Similar differ-
ences were found for the mean value for PDGFRβ 
expression between low grade gliomas (I  and II)  
[GI 1.666 + 4.082 (SD), GII 6.25 + 19.067 (SD)] com-
pared with high grade gliomas (III and IV) [GIII 
20.666 + 22.834 (SD), GIV 31.794 + 28.457 (SD)],  
p = 0.001. In gliomas showing PDGFRβ immunoreac-
tivity of 70-100% of tumor tissue, the level of mRNA 
PDGFRβ was higher (increased 3-5-fold) compared to 
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cases with PDGFRβ immunoreactivity of 40-70% of 
positive cases (increased 1.5-2 fold). 

KAI1/CD82 expression and analysis  
of mRNA KAI1/CD82 levels in gliomas

KAI1/CD82 immunostaining was observed on the 
membrane and in the cytoplasm of tumor cells in 
75.0% of gliomas. The membrane staining dominat-
ed and was found in a different range of tumor cells 
(10-100% tumor tissue) in individual gliomas. Only 
17.4% of cases showed strong immunoreactivity for 
KAI1/CD82 ranging between 70% and 100% positive 
tissue (Fig. 3). Statistical differences were observed 

for KAI1/CD82 expression between GI/II vs. GIII/IV  
(p = 0.01) (Fig. 4). Similarly, the mean value of KAI1/
CD82 expression in I/II [GI 58.333 + 23.1666 (SD), GII 
52.916 + 32.900 (SD)] and III/IV [GIII 30.666 + 28.652 
(SD), GIV 25.128 + 27.991 (SD)] tumor grades showed 
significant differences (p = 0.001). Comparing the 
extent of KAI1 immunoreactivity in relation to tumor 
grades, a  significant downregulation of KAI1/CD82 
protein expression in III/IV compared with I/II tumor 
grades was found (p = 0.007) (Fig. 5). The increased 
level of KAI1/CD82 gene expression (3-4-fold) was 
observed in gliomas with immunoreactivity for KAI1/
CD82 above 50% of tumor tissue with strong inten-
sity of staining defined as +++.

No correlation between KAI1/CD82 and PDGFRβ 
expression was observed in the whole group of glio-
mas (p ≤ 0.05). Moreover, the parallel KAI1/CD82 and 
PDGFRβ expression was observed more frequently in 
a group graded as III and IV than in a group graded 

Fig. 1. In glioblastoma tissue, PDGFRβ is strong-
ly expressed in cell membrane (avidin-biotin 
staining × 200).

Fig. 2. Significant differences were found for 
PDGFRβ expression between gliomas graded as 
IV/III than in I/II grades (p = 0.0004).
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Fig. 3. KAI1/CD82 expression in gliomas graded 
as GII. Glioma tissues showed a  strong mem-
brane and cytoplasm expression of KAI/1CD82 
protein (avidin-biotin staining × 200).

Fig. 4. The mean value of KAI1/CD82 expression 
in I/II and III/IV glioma grades showed signifi-
cant differences (p = 0.001).
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as I/II. Observed differences were statistically signif-
icant (p = 0.002) (Fig. 6). 

Discussion

The common feature of malignant brain tumors 
is local invasiveness to the surrounding tissue. Spe-
cific chemotactic signaling pathways are involved in 
the regulation of tumor cell motility [22]. In agree-
ment with earlier data [14,16,21,31], we found the 
PDGFRβ expression more frequently in grade III and 
IV than in grade I and II gliomas. Some authors sug-
gest that the autocrine and paracrine stimulation of 
PDGFRβ could play an essential role in glial tumor-
igenesis [4,31]. It was revealed that during glioma 
progression the PDGFRβ stimulation can induce the 
activation of different signaling receptors like EGFR, 
Notch which lead to dedifferentiation of glioma cells, 
and increase cell motility and malignancy of the 
tumor [8,31]. 

The correlation of PDGFRβ expression with the 
WHO high grade gliomas observed in the current 
study is partly linked to other data which suggest 
that this receptor is a crucial factor which regulates 
angiogenesis and might indirectly facilitate dissemi-
nation of tumor cells from primary tumor mass and 
invade normal brain tissue [21]. The role of PDGFRβ 
in invasion of tumor cells was revealed by inhibition 
of cell migration by suppression of PDGFRβ tyrosine 
phosphorylation [16]. Based on previous reports and 
our data we postulate that a high PDGFRβ expression 

in low grade gliomas might characterize the subset 
of gliomas with biological aggressive behavior and 
suggest that depending on the PDGFRβ signaling 
pathway, activation is possible in an early oncogenic 
event in gliomas [14]. Similarly to other tumors such 
as breast or liver tumors, a  high PDGFRβ expres-
sion in gliomas might contribute to the decreased 
cell-cell adhesion and promote metastatic capacity 
of tumor cells [22]. Some data indicate that PDGFRβ 
overexpression is associated with epithelial-to-mesen
chymal transition (EMT) [22]. Moreover, the PDGFRβ 
expression following EMT transient state may induce 
the metastatic process [27]. Additionally, in this group 
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Fig. 5. The extent of KAI1 immunoreactivity related to glioma grades. Significant downregulation of KAI1/
CD82 protein expression was found between gliomas graded as III/IV compared with I/II tumor grades  
(p = 0.007).

The range of KAI1/CD82 immunopositivity          10-40%         41-70%         71-100%

Fig. 6. The parallel KAI1/CD82 and PDGFRβ expres-
sion dominated in gliomas graded as III and IV 
than in gliomas graded as I/II. Observed differenc-
es were statistically significant (p = 0.002). 
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of tumors a high expression of chitinase-like protein 
(YKL40) was found [2]. The authors suggested that 
YKL40 positivity contributes to progression of glio-
blastoma [2]. In gliomas with a high tumor grade the 
EMT transient state is often observed and in these 
tumors both mRNA PDGFRβ and its protein are high-
ly expressed [18]. Authors claim that glioblastoma 
cells which have mesenchymal features and possess 
a high PDGFRβ expression indicate that this biolog-
ical feature might characterize the group of tumors 
with increased cell plasticity [14]. This observation 
might be compared with our previous study which 
showed that the E-cadherin expression was weaker 
or absent in high than low grade gliomas [3]. In the 
current study, the PDGFRβ expression was analyzed 
in the same set of gliomas and obtained data related 
to the E-cadherin expression (unpublished data). 

There are no data describing the role of KAI1/CD82  
expression in gliomas by other authors. In the pres-
ent study we analyzed the mRNA KAI1/CD82 gene 
and its protein gliomas in order to show the impact 
of KAI1/CD82 expression on glioma growth. Some 
authors found that loss of the KAI1/CD82 protein 
expression is associated with the invasive growth of 
tumors and metastasis [7,15]. In gliomas the invasive 
growth is associated with the migration of tumor 
cells to the surrounding tissue, so the question is 
whether KAI1/CD82 may suppress the migratory 
function of tumor cells in gliomas similarly to col-
orectal carcinoma [27]. 

The current study found a  high KAI1/CD82 ex
pression in low and loss in high grade gliomas. 
These results are consistent with previous data that  
KAI1/CD82 expression is associated with increased 
invasive behavior of solid tumors [7,26,29]. In ana-
lyzed glioma specimens overexpression of KAI1/CD82 
was observed in glioma cells without malignancy 
features regardless of the tumor grade whereas  
the majority of malignant cells were negative for 
KAI1/CD82 immunostaining. The different pattern of 
KAI1/CD82 expression observed in this study might 
reflect the high degree of intratumoral heterogeneity 
of the primary tumor that progression and metasta-
sis are spawned by selective subclone of cells [28]. 
Recently, data revealed that upregulation of micro
RNA-210 induced cell proliferation and migration of 
glioblastoma cells [32]. We postulate that KAI1/CD82 
protein expression in gliomas might play a  simi-
lar role to that in tumors with metastasis to other 
organs [7,23]. Firstly, KAI1/CD82 as a metastasis sup-

pressor protein might inhibit the migratory ability of 
glioma cells, so we suggest that a high expression 
of KAI1/CD82 in low grade gliomas might reduce 
the risk of secondary glioblastoma development. 
Secondly, the other function of KAI1/CD82 protein 
could be considered in gliomas like regulation by 
microRNA. An experimental study has shown that 
KAI1/CD82 is able to inhibit the signaling PI3K/AKT 
pathway in breast, bladder, and melanoma cancer 
cell lines [23,24]. Taking into account that the PI3K/
AKT pathway is often activated by PDGFR receptors 
during glioma progression, we suggest that the sup-
pression of the PI3K/AKT pathway by KAI1/CD82 
protein might limit the proliferation and spread of 
glioma cells [19,23]. 

The present study is the first one to investigate 
the association between KAI1/CD82 protein and 
PDGFRβ expression in gliomas. Interestingly, we 
found that KAI1/CD82 expression is closely related 
to PDGFRβ expression in high grade glioma malig-
nancy. Our results demonstrate that parallel expres-
sion of both biomarkers in glioblastomas might 
identify the cases where KAI1/CD82 might lead to 
a reduction in PDGFRβ activity and probably inhibit 
angiogenesis dependent on PDGFRβ expression. Our 
observations are partly consistent with the studies 
reporting that the KAI1/CD82 attenuated pathway 
depends of receptor tyrosine kinase (RTKs) activity 
[7,24,29]. Based on earlier reports which describe 
the association between KAI1/CD82 and surface 
receptor responsible for a  different signaling path-
way we suggest that such mechanism may occur in 
gliomas [31]. 

Conclusions

We found that a loss of KAI1/CD82 and an increase 
in PDGFRβ expression in gliomas relate to a progres-
sive tumor growth. A  correlation between PDGFRβ 
and KAI1/CD82 expression in high grade gliomas 
suggests that a direct or indirect interaction between 
these proteins might influence the cell motility and 
invasive behavior of the tumor.
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A b s t r a c t

Multiple sclerosis (MS) is a  human autoimmune neurodegenerative disease with an unknown etiology. Despite 
various therapies, there is no effective cure for MS. Since the mechanism of the disease is based on autoreactive 
T-cell responses directed against myelin antigens, oral tolerance is a promising approach for the MS treatment. Here,  
the experiments were performed to assess the impact of oral administration of recombinant Lactococcus lactis pro-
ducing encephalogenic fragments of three myelin proteins: myelin basic protein, proteolipid protein, and myelin oligo-
dendrocyte glycoprotein, on neuroimmunological changes in rats with experimental allergic encephalomyelitis (EAE) 
– an animal model of MS. 
Lactococcus lactis whole-cell lysates were administered intragastrically at two doses (103 and 106 colony forming 
units) in a twenty-fold feeding regimen to Lewis rats with EAE. Spinal cord slices were subjected to histopatho-
logical analysis and morphometric evaluation, and serum levels of cytokines (IL-1b, IL-10, TNF-α and IFN-γ) were 
measured. Results showed that administration of the L. lactis preparations at the tested doses to rats with EAE, 
diminished the histopathological changes observed in EAE rats and reduced the levels of serum IL-1b, IL-10 and 
TNF-α, previously increased by evoking EAE. This suggests that oral delivery of L. lactis producing myelin peptide 
fragments could be an alternative strategy to induce oral tolerance for the treatment of MS.
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Introduction

Multiple sclerosis (MS) is an autoimmune dis-
ease that targets young people (20-40 years old) 
and is more common in women than in men. It is 
most frequently encountered in Northern Europe 
and North America, affecting approximately 1 in 1000 
people. The genesis of MS remains unknown, but 
some evidence has supported the contributions of 
genetic and environmental factors or viral infection 
[35]. Despite its unidentified origin, the mechanism 
of MS involves humoral and cellular immunity and 
is based on T-cell autoreactivity directed against 
myelin antigens. Autoreactive T-lymphocytes migrate 
through the open blood-brain barrier into the central 
nervous system (CNS), where they recognize myelin 
proteins as pathogenic and induce an antigen-spe-
cific inflammatory process. Inflammation directed 
against myelin proteins causes demyelination and 
further deterioration of axons or even whole neu-
rons, which results in deceleration or disruption of 
neurotransmission [12]. Tissue injury also affects 
oligodendrocytes function due to glutamatergic exci-
totoxicity in the sites of inflammatory lesions [10]. 
CNS damage provokes progressive physical disability 
and associated mental impairment that occur in MS 
patients. Currently, there is no effective therapy for 
MS. The most common treatment is systemic immu-
nosuppression, which may also weaken the immune 
system and expose the patient to frequent infections 
[3,12,42]. However, new therapies targeting specific 
mechanisms involved in the pathology of MS, such as 
natalizumab, alemtuzumab or daclizumab may cause 
severe side effects or result in lower efficiencies 
than previously expected [7-9]. Thus, there is a need 
to identify novel therapies that are more effective 
and safe for patients. Among the most promising 
approaches developed in recent years that could 
potentially be applied for the treatment of autoim-
mune diseases is the induction of oral tolerance [11].

Oral tolerance is a natural state of a decreased 
immunoresponse to the previously fed antigen. 
The mechanism induces tolerance toward ingested 
antigens, which are normally encountered in the 
body (e.g. commensal bacteria, food). The phenom-
enon of oral tolerance has been applied for ovalbu-
min-induced anaphylaxis, contact hypersensitivity or 
the suppression of antibody production. The same 
approach has been also proposed for the treatment 
of autoimmune diseases, and many preclinical trials, 

including MS therapy, have been conducted [11,37,38]. 
In most of those trials, myelin basic protein (MPB) 
or its fragments served as the antigen, and all were 
shown to reduce the clinical symptoms of induced 
experimental allergic encephalomyelitis (EAE) [15,26]. 
However, MBP is not the only antigen that is consid-
ered to be immunogenic in MS. Antibodies directed 
against proteolipid protein (PLP) and myelin oligo-
dendrocyte glycoprotein (MOG) have been detected 
in the cerebrospinal fluid of patients with MS [1,17]. 
Previously, in our laboratory, experiments with the 
use of pig spinal cord hydrolysate as the source of 
broad spectrum of myelin antigens to evoke oral tol-
erance in rats were performed [18]. In the presented 
experiment, we decided to use the most encephalo-
genic fragments of these three proteins, MBP85-97, 
PLP139-151 and MOG35-55, to induce a state of oral 
tolerance [2,23].

Since peptide synthesis is expensive and involves 
many complicated chemical procedures, other tech-
niques for obtaining peptides are desirable. One 
example is the application of food-grade lactic acid 
bacteria (LAB) as biofactories for the production of 
heterologous proteins [28]. Lactic acid bacteria are 
present in fermented foods, are safe for human and 
animal consumption, and are extensively devel-
oped as live antigen delivery systems. Heterologous 
expression of therapeutic proteins, such as enzymes, 
cytokines or antigens, allows the broad use of these 
bacteria in various applications [5]. For our purposes, 
we designed recombinant Lactococcus lactis strains 
for use as a mucosal antigen delivery system. As LAB 
are present naturally in the gastrointestinal tract, we 
aimed to develop a  minimally invasive method to 
induce oral tolerance that could be further applied 
for MS treatment. 

In our experiments, EAE was applied as an animal 
model of MS. As EAE is a  predominantly used MS 
model that is based on autoimmunological aspects 
of the disease, it was appropriate for our investiga-
tions. Also Lewis rats used in this study are com-
monly employed in such experiments, being one of 
the strains susceptible for EAE [23,39].

Our previous results demonstrated that feeding 
animals a mixture of L. lactis lysates producing MBP85-
97, PLP139-151 and MOG35-55, in a twenty-fold but 
not a  four-fold feeding scheme, could diminish the 
clinical symptoms of EAE [19]. In this study, we exam-
ined the influence of feeding L. lactis lysates on histo-
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pathological changes in the CNS and serum cytokine 
levels in rats with EAE.

Material and methods

Animals

Three-month-old female Lewis rats, provided by 
the Mossakowski Medical Research Centre, Polish 
Academy of Sciences, Warsaw, Poland, weighing 
approximately 180 g were used in the study. The ani-
mals were provided with food and water ad libitum 
unless otherwise required. Experiments were con-
ducted in accordance with EU Directive 2010/63/EU 
for animal experiments and based on the consent of 
the Fourth Local Ethics Committee for Animal Exper-
iments in Warsaw (Act no. 66/2010 of 08.10.2010).

Bacterial strains and plasmids 

Recombinant L. lactis derivatives of the natural iso-
late IBB360, and plasmids that were used in this work 
are listed in Table I. Construction of the pIL253:PptcB 
recombinant vectors expressing myelin antigens 
MBP85-97, PLP139-151 and MOG35-55 have been des
cribed elsewhere [19].

Preparation of whole-cell lysates of 
recombinant lactococci

Recombinant lactococci were prepared for intra-
gastric administration as follows. Cells were grown 
overnight at 30°C in M17 medium [36] supplement-
ed with 0.5% cellobiose and erythromycin (5 µg/ml).  
Subsequently, cells were harvested (8000 g, 10 min.,  
4°C) and washed once with 0.9% NaCl. Cells were 
then suspended in 0.9% NaCl and disrupted 3 times 
for 1 min using the MiniBeadbeater (BioSpec Prod-
ucts) and 106-µm glass beads (Sigma). Adequate 

dilutions of cell lysates were generated that corre-
sponded to doses of 103 and 106 colony forming units 
(CFUs). Single doses were frozen in Eppendorf tubes 
in liquid nitrogen and stored at –20°C until use.

Study design

A total number of 36 animals were randomly divid-
ed into 6 groups, consisting of 6 rats each. Animals 
with evoked EAE were fed intragastrically. Animals 
were given preparations containing either bacte-
ria with empty vector (pIL253:PptcB) or a  mixture 
of bacteria producing myelin peptides (MOG35-55, 
MBP85-97 and PLP139-151). Both preparations were 
administered in two doses. As reference, a group of 
animals with EAE, not receiving the bacteria prepa-
rations was created. Non-treated animals served as 
a control group. For the time diagram of the experi-
ment see Figure 1. 

Animal feeding

Using a  gauged pointed needle, animals were 
fed intragastrically with bacteria preparations 
once daily for 20 consecutive days. Animals were 
deprived of food two hours before administra-
tion of the bacteria. The administered prepara-
tions contained whole-cell L. lactis lysates diluted 
accordingly in 0.5 ml saline to obtain a dose of 103 

or 106 CFU/rat.

Table I. Strains and plasmids

Strain Genotype Source

Lactococcus lactis

IBB360 Natural isolate, characterized as an autolytic strain IBB PAS collection

Plasmids

pIL253:PptcB EryR, pIL253 derivative with regulated ptcB gene promoter region [19]

pIL253:PptcB:MOG35-55 EryR, pIL253 derivative with ptcB gene promoter, expressing MOG35-55 antigen [19]

pIL253:PptcB:MBP85-97 EryR, pIL253 derivative with ptcB gene promoter, expressing MBP85-97 antigen [19]

pIL253:PptcB:PLP139-151 EryR, pIL253 derivative with ptcB gene promoter, expressing PLP139-151 antigen [19]

	–10	 0	 10	 14

		  ↑		  ↑
	       Experimental allergic� Tissue collection 
	 encephalomyelitis induction

Feedeing 20× Day of experiment

Fig. 1. Time diagram of experiment.
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Experimental allergic encephalomyelitis 

Animals were immunized on the 10th day of feed-
ing. The day of immunization was defined as 0 days 
post-immunization (DPI). EAE was evoked as follows: 
slightly anesthetized animals (intraperitoneal injec-
tion with sodium brietal, Lilly) were injected intra-
dermally into the hind paws with 100 µl (per paw) 
of the immunization mixture. The mixture contained 
guinea pig spinal cord homogenate (50% homoge-
nate in PBS) with Freund’s adjuvant (1 : 1) and Myco-
bacterium tuberculosis (4 mg/ml). The components 
were mixed well before application. 

Material collection 

At 15 DPI, the animals were anesthetized (0.67 ml/
kg ketamine + 0.5 ml/kg xylazine i.p., Vetoquinol Bio-
wet) and, after blood collection, perfused transcardi-
ally with 4% paraformaldehyde. Lumbar and cervical 
segments of spinal cords were collected from the 
spinal canal for histopathological analysis. Serum 
was obtained from the collected blood.

Histopathological analysis

The collected spinal cord fragments were embed-
ded in paraffin and cut into 8-µm-thick slices. Cresyl 
violet staining (1% water solution) was performed for 
cell exposure. A  series of labeling experiments were 
also performed using the sections with the following 
antibodies: anti-T cells (Anti-CD45R0, DAKO), anti-
GFAP (anti-glial fibrillary acidic protein, DAKO) and 
anti-endogenous albumin (rabbit IgG fraction against 
rat albumin, MP Biomedicals). The procedure was per-
formed as follows: using dewaxed slices, endogenous 
peroxidase was blocked with 3% hydrogen peroxide, 
and the background was blocked with 10% albumin. 
After incubation with the primary antibodies, the sec-
tions were washed and then incubated with a second-
ary antibody coupled to biotin. After washing, strepta-
vidin coupled to peroxidase was applied followed by 
a  chromogen. The sections were then stained with 
Mayer’s hematoxylin. The chemicals were supplied by 
DAKO. The sections were analyzed using a light micro-
scope (AH3, Olympus) and images were obtained 
using a designated camera (3-35AD-4, Olympus).

Morphometric analysis 

The morphometric analysis was conducted using 
both lumbar and cervical spinal cord segment sec-

tions stained with Cresyl violet. The area of the whole 
spinal cord cross-section and the area occupied by  
the inflammatory infiltrate were measured to deter-
mine the ratio, which is presented as the percentage 
of the slice area occupied by the inflammatory infil-
trate.

Measurement of cytokine levels

In serum obtained from collected blood, cytokine 
levels (IL-1b, IL-10, TNF-α and IFN-γ) were analyzed. 
Analysis were made using the Bio-Plex Rat Cytokine 
Assay (Bio-Rad, Poland) according to the protocol 
supplied by the manufacturer (Bio-PlexTM Cytokine 
Assay Instruction Manual, Bio-Rad, Poland). Measu
rements were made using Luminex Bio Plex 200 
analyzer, equipped with the software Manager ver-
sion 5.0. (Bio-Rad, Poland). 

Statistical analysis

The results are presented as means ± SD. Statis-
tical assessments were performed using the Mann- 
Whitney test. P < 0.05 was considered statistically 
significant. 

Results

Histopathological studies

Spinal cord cross-sections from control animals 
showed no signs of inflammation (Fig. 2A and D). 
Inflammatory infiltrates that were visible in both the 
gray and white matter of the spinal cord in rats with 
evoked EAE (Fig. 2B) diminished after oral administra-
tion of both doses of L. lactis lysates (Fig. 2C). Moreover, 
there were no visible differences between the intensi-
ty of the infiltrates in rats fed preparations containing 
lysates of bacteria producing myelin peptides and con-
trol preparations (data not shown). We also noticed 
that the infiltrates in animals fed bacterial lysates 
(both the control and the L. lactis producing myelin 
peptides preparations) had a  reduced abundance of 
inflammatory cells (Fig. 2F) compared with rats with 
EAE (Fig. 2E), yet they occupied a similar area.

Anti-GFAP labeling revealed active astrocytes in 
both the gray and white matter of the spinal cord. 
In untreated rats, a weak reaction was observed, and 
the astrocytes displayed short tabs and insufficient 
cytoplasm (Fig. 2G), whereas rats with induced EAE 
were characterized by active astrocytes with long, 
branched tabs (Fig. 2H). After oral administration 
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of L. lactis lysates, the number of active astrocytes 
increased in rats with EAE (Fig. 2I).

Anti-endogenous albumin labeling revealed albu-
min in the perivascular area of rats with induced EAE 
(Fig. 3A). T cells were observed in the area occupied 
by inflammatory infiltrates (Fig. 3B).

Morphometric analysis
A  morphometric analysis was conducted to 

assess the area of the spinal cord cross-section 
occupied by inflammatory infiltrates. No significant 
differences were observed between groups of fed or 
non-fed rats with EAE. Animals in the experimental 
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groups presented very large individual differences 
in the infiltration area, resulting in highly dispersive 
results. Therefore, the changes observed in the area 
occupied by inflammatory infiltrates can only be 
described as trends and were similar for both cervi-
cal and lumbar spinal cord segments (Fig. 4A and B). 
In rats that received a lower dose of the lysate (103) 
of myelin peptide-producing bacteria, inflammatory 
infiltrates occupied a small area of the spinal cord 
cross-section, while higher dose preparations of 
both control (106 C) and myelin peptide-producing 
bacteria (106) lead to a slight increasing trend in the 
area occupied by inflammatory infiltrates in compar-
ison to non-fed rats with EAE.

Cytokine levels 
The induction of EAE in rats resulted in elevat-

ed levels of IL-1b, IL-10, TNF-α and IFN-γ compared 

with non-treated animals (Fig. 5A-D). Oral adminis-
tration of L. lactis preparations (control and bacteria 
producing myelin peptides) at both doses decreased 
IL-1b, IL-10 and TNF-α to levels that were similar to 
non-treated animals (Fig. 5A-C). The same effect 
was observed for rats that received control bacte-
rial preparation. However, in the group that was fed 
lysates from myelin-producing bacteria, the level of 
IFN-γ remained elevated and even increased slightly 
following the administration of preparation at the 
higher dose (Fig. 5D).

Discussion

Multiple sclerosis is a disease of unknown etio
logy. As a  result, only the symptoms, and not the 
cause, can be treated. Current MS therapies include 
mostly non-specific, systemic immunosuppression, 
which is not free from side effects or can simply 
be inefficient. Other therapies may be more ade-
quate, but they may also cause severe side effects 
(e.g. natalizumab) [42]. Our intention in the present 
study was to exploit the naturally occurring state of 
oral tolerance for the treatment of MS. As MS is an 
autoimmune disease in which autoreactive T lym-
phocytes destroy the myelin sheath, the induction of 
oral tolerance, which decreases the systemic immu-
noresponse to previously fed antigen, may be an 
interesting therapeutic alternative. Gut-associated 
lymphoid tissue (GALT) produce anti-inflammatory 
cytokines providing the immunosuppressive envi-
ronment, helping to maintain the state of tolerance 
for antigens from food or commensal bacteria. Den-
dritic cells in the GALT present the gut-derived anti-
gens to naïve T cells in Peyer’s patches, what results 
in differentiation of T cells into regulatory T cells 
(Tregs) producing IL-10 and TGF-β, or internalization 
of TCR leading to anergy. Thus, orally administered 
fragments of myelin peptides induce, depending on 
the antigen dose, active suppression (inhibiting of 
Th1-dependent immunoresponse) or anergy/clonal 
deletion of responsive T lymphocytes (both Th1 and 
Th2) in the mucosal immune system [4,27,40]. Aner-
gic T cells are not able to migrate from the site of 
tolerance induction, and remaining in the GALT pro-
duce anti-inflammatory cytokines. Tregs induced in 
the Peyer’s patches pass into the bloodstream and 
spread the antigen-specific tolerance throughout the 
body. Additionally, apoptosis of autoreactive T cells 
is induced in the thymus after oral administration 
of the autoantigen [27,34]. This process results in 
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a  diminished immunoresponse against myelin pep-
tides. Such an approach is anticipated to lead to an 
antigen-specific, non-systemic, non-specific immu-
nosuppression for the treatment of MS. In addition 
to oral tolerance, mucosal-associated tolerance (e.g. 
respiratory tract), generally known as mucosal tol-
erance, has been considered for many decades as 
a  potential approach for the treatment of illnesses 
such as uveitis, diabetes, rheumatoid arthritis or aller-
gy [38,41]. Immunological tolerance is an important 
mechanism that protects the organism from devel-
oping an immunoresponse to the exogenous anti-
gens that constantly contact the mucosa, by treating 
them as self-antigens. Oral tolerance in particular is 
responsible for maintaining tolerance to dietary anti-
gens and gut microflora. Lactococcus lactis bacteria 
are non-invasive, non-pathogenic and non-colonizing 
microorganisms with a GRAS (Generally Regarded As 
Safe) status. There is a large amount of evidence sup-
porting the utility of these bacteria as heterologous 
protein expression systems. Recombined, leptin-se-
creting L. lactis administered intranasally in mice 
resulted in a decrease in body mass and food intake 

[6]. Additionally, feeding with ovalbumin-secreting  
L. lactis has been reported to induce ovalbumin tol-
erance in mice. Furthermore, mice that received 
L. lactis alone were able to mount a slight immune 
response, indicating that this bacterial species itself 
can enhance the induction of oral tolerance [16,25]. 

We have previously shown that twenty-fold, but 
not four-fold, oral administration of a  mixture of 
lysates from L. lactis producing MBP85-97, PLP139-151 
and MOG35-55 in two doses of 103 and 106 CFU per 
dose reduces clinical symptoms and body mass drop 
in rats with EAE [19]. Here, we describe the effects 
of bacterial lysates on some neuroimmunological 
parameters of induced EAE, an animal model of MS. 
During the progression of EAE, the blood-brain barrier 
opens. This phenomenon is consistent with the theo-
ry regarding the mechanism responsible for the devel-
opment of MS, in which autoreactive T cells migrate 
into the CNS and induce an inflammatory response 
against myelin epitopes [13,24]. Our histopathologi-
cal analysis of the spinal cord cross-sections demon-
strated that evoking EAE resulted in the appearance 
of perivascular infiltrates in the CNS. Anti-endoge-
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nous albumin labeling revealed its proximity to the 
vessels, confirming the opening of the blood-brain 
barrier. T-cell labeling showed that the infiltrates 
consisted of those immune cells. In our experiments,  
the inflammatory process observed after evoking 
EAE in rats was diminished by oral administration of 
L. lactis lysates. The decrease in inflammation inten-
sity was manifested by a reduced number of immune 
cells rather than by a smaller infiltration surface.

Anti-GFAP labeling was performed to expose 
active astrocytes. The induction of EAE resulted in an 
increase in the activity of a greater number of astro-
cytes, as compared with control rats, and feeding 
the animals with bacterial lysates further increased 
the number of these cells. This phenomenon could 
account for the increased astrocyte proliferation 
associated with repair processes and glial scar for-
mation in the CNS [26,30].

Serum cytokine levels were measured to deter-
mine the peripheral immunological state of the ani-
mals [20,31,33]. The results showed that the induc-
tion of EAE resulted in an increase in all measured 
cytokine levels, including both pro- and anti-inflam-
matory cytokines. Feeding animals with recombi-
nant L. lactis lysates decreased IL-1b, IL-10 and TNF-α 
to the levels detected in non-treated animals, which 
could imply that animals fed bacterial preparations 
did not develop an immune reaction. However, this 
explanation is inconsistent with the histopatho-
logical analysis showing infiltration into the CNS.  
CNS inflammation must be a  result of a  peripher-
al process because the immunization mixture was 
injected peripherally (paw pads). Therefore, it is more 
likely that our results capture the moment when the 
inflammatory process was completely cleared in the 
periphery but still present in the CNS. Differences in 
the reaction time of the peripheral versus the central 
immune system may result from the initial induction 
of antigen tolerance in the gut mucosa, followed by 
the periphery and then the CNS [29].

Interesting effects have been documented with 
respect to IFN-γ. After EAE induction, IFN-γ was ele-
vated in comparison to non-treated animals, and 
feeding with control bacterial preparations resulted 
in decreased IFN-γ levels. However, when the animals 
were fed either dose of the bacterial lysate producing 
myelin peptides, the level of IFN-γ remained elevated. 
Previous investigations have shown that IFN-γ influ-
ences apoptosis of autoreactive T cells by astrocytes 
[14,32], which may underlie the reduced number of 

inflammatory cells observed in the infiltrates in rats 
fed bacterial lysates.

An important observation was made with res
pect to the effect of oral administration of lysates 
containing L. lactis cells carrying the empty vector 
(pIL253:PptcB). Results showed that the control 
preparation may produce a similar but less intense 
effect in rats as lysates from bacteria producing 
myelin antigens. It is known that lactococcal cells 
themselves are able to enhance immunotolerance 
in mucosa. Our observations are similar to those of 
Lavasani et al. [22] who showed that, due to their 
immunomodulatory activity and ability to induce 
regulatory T cells, three probiotic lactic acid bacte-
ria strains (L. paracasei, L. plantarum DSM 15312 and  
L. plantarum DSM 15313) could be helpful for the 
treatment of autoimmune diseases.

Difficulties associated with the development of 
effective MS therapy are linked to the observation 
that almost every patient presents a unique course 
of the disease [21]. Similarly, in experimental animals, 
even inbred animal lines, the clinical symptoms will 
differ among individual cases. In our trials, EAE was 
induced using guinea pig spinal cord homogenate 
as the source of myelin antigens to imitate MS, in 
which many encephalogenic antigens are believed to 
play a role. Our previous study has also shown that 
the three main myelin peptide fragments selected to 
induce oral tolerance appear to be effective [19].

Experimental results in this work indicate that 
L. lactis is a  good antigen delivery system for the 
induction of oral tolerance in animals with EAE. This 
notion is confirmed not only by the diminished clin-
ical symptoms of the ongoing disease but also by 
the decreased inflammatory activity. We suggest 
that oral administration of lysates from recombinant  
L. lactis cells accelerates the resolution of peripher-
al inflammation, decreases the intensity of inflam-
mation in the CNS, and boosts the repair process. 
Considered together, these phenomena may eluci-
date a perspective for further development of this 
approach in MS therapy. 
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A b s t r a c t 

In the central nervous system (CNS) the main proteins of myelin are proteolipid protein (PLP), myelin basic protein 
(MBP), myelin oligodendrocyte glycoprotein (MOG) and CNPase. Myelin oligodendrocyte glycoprotein is a  minor 
component of the myelin sheath, but is an important autoantigen linked to the pathogenesis of multiple sclerosis 
(MS). CNPase is expressed exclusively by oligodendrocytes in the CNS, and the appearance of CNPase seems to be 
one of the earliest events of oligodendrocyte differentiation and myelination. In this study the effects of vitamin D 
on total protein concentration, CNPase and MOG expression in the cerebral cortex of the murine model of cupri-
zone-induced demyelination was investigated. The mice were treated by cuprizone for five weeks in order to induce 
demyelination. The mice were then divided into 3 groups. The first group was injected intraperitoneally (IP) with 
vitamin D diluted in olive oil in the amount of 5 µg/kg/daily body weight. The second group (SHAM) was injected IP 
with olive oil and the third group was left without any injection as the control group (n = 11 for each group). After 
five weeks the mice were killed and the cerebral cortex was collected and the expression of CNPase and MOG was 
studied by Western blot. Total protein concentration in the vitamin D injected, SHAM and control groups were 0.918 
± 0.003, 0917 ± 0.004 and 0.916 ± 0.004 g/l, respectively (p > 0.05). However, a significant increase in the MOG and 
CNPase expression was seen in vitamin D injected group as compared to SHAM and control groups. It is concluded 
that vitamin D plays a role in the process of remyelination by increasing MOG and CNPase expression in the cortex. 

Key words: vitamin D, myelin, CNPase, MOG, cuprizone.
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Introduction

Multiple sclerosis (MS) is a  neurodegenerative, 
inflammatory and demyelinating disease of the 
central nervous system (CNS) [11]. While the exact 
etiology of MS remains unknown, it is thought that 
many different genetic as well as environmental fac-

tors play a key role [18]. Hypovitaminosis D has long 
been considered as a risk factor for MS but there has 
recently been a sharp increase of interest in this fac-
tor [17,36]. The biologically active form of vitamin D 
is 1,25-dihydroxyvitamin D3 that has a key role in the 
modulation of immune response [33]. This is sug-
gested by the fact that many immune cells including 
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macrophages, activated B and T cells and dendritic 
cells contain vitamin D receptor (VDR). Vitamin D3 is 
a potent immune modulator that can even cure the 
animal model with MS [5]. It has been shown that 
vitamin D3 acts on myelination via the activation of 
several myelin-associated genes [4]. It was demon-
strated that vitamin D3 could actually promote the 
repair process in the cuprizone model of mice [26]. 
Vitamin  D which is a  peripheral regulator of Ca2+ 
homeostasis, has numerous other physiological func-
tions including protection against certain immune 
mediated disorders including MS [8]. It was shown 
that vitamin D3 may be able to suppress the inflam-
matory ways that lead to the progression of MS [31]. 
Elevated levels of vitamin D have been shown to be 
associated with an improvement in experimental 
autoimmune encephalomyelitis (EAE) [32].

In myelin, a number of structural classes of proteins 
are present. These include proteolipid protein (PLP), 
2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase), 
peripheral myelin protein 2 (P2), myelin-associated 
glycoprotein (MAG), myelin-associated oligodendro- 
cytic basic protein (MOBP), myelin basic protein (MBP) 
and myelin oligodendrocyte glycoprotein (MOG) [9]. 
Myelin oligodendrocyte glycoprotein is a transmem-
brane protein present in the CNS myelin and it is also 
one of the main autoantigens in MS [20]. Mutations 
and/or polymorphisms in the MOG gene may con-
tribute to the development and progression of MS 
[15]. Myelin oligodendrocyte glycoprotein is a potent 
encephalophatogen that triggers strong T-cell and 
B-cell responses [14]. CNPase was shown to be impli-
cated as an autoantigen in MS and is expressed in 
oligodendrocytes and considered a marker for myelin 
forming cells [25,27]. 

Myelin oligodendrocyte glycoprotein is a  trans-
membrane protein expressed on the surface of oligo
dendrocyte cells and on the outermost surface of 
myelin sheaths and speculated to serve as a neces-
sary adhesion molecule to provide structural integri-
ty to the myelin sheath and is known to develop late 
on the oligodendrocyte [2]. Myelin oligodendrocyte 
glycoprotein is a  target antigen that leads to auto
immune-mediated demyelination. Myelin oligoden-
drocyte glycoprotein has received much of its labo-
ratory attention in studies dealing with MS. Several 
studies have shown a role of antibodies against MOG 
in the pathogenesis of MS [10]. The aim of this study 
was to examine the in vivo effects of vitamin D3 on 
the CNPase and MOG expression in the cerebral cor-

tex of the murine model of cuprizone-induced demye
lination.

Material and methods

Animals 

Balb/c mice were purchased from the Pasteur 
Institute, Tehran, Iran and maintained on the light-
dark (12 : 12) cycle beginning at 8.00 am. They were 
kept at a constant temperature in mice boxes with 
unrestricted access to laboratory food and water.  
The colony was maintained through random pair 
mating. Cage maintenance was performed once 
a week and the animals were handled by the same 
individuals throughout the experimental peri-
od. Food and tap water was available ad libitum 
throughout the acclimatization and experimental 
period. The work was undertaken according to the 
provisions of the Declaration of Helsinki (as revised 
in Brazil 2013). All animal protocols used have been 
approved by the authors’ institutional animal exper-
imentation committee. 33 female Balb/c mice aged 
6 to 8 weeks were included in this study (n = 11 for 
each group).

Injection of demyelination  
and treatment with vitamin D3

Demyelination was induced by feeding 8-10-week- 
old mice a diet containing 0.2% cuprizone (bis-cyclo
hexanone oxaldihydrazone, Sigma-Aldrich Inc.) mix
ed into ground standard rodent chow. The cuprizone 
diet was administered for 5 weeks for demyelin-
ation. The control group received breeder chow with-
out cuprizone admixture. Animals were then put on 
standard rodent chow without cuprizone to induce 
remyelination. Cuprizone, a copper chelator, induces 
demyelination in the corpus callosum, hippocampus, 
and some other white matter regions of the rodent 
CNS. Its underlying mechanism of demyelination is 
not well understood, but cuprizone has been used 
to induce CNS demyelination for many decades. It 
has been noted that mouse strain, age, or gender 
impact the degree of demyelination [22]. The mice 
were then divided into three groups. The first group 
was injected intraperitoneally (IP) with vitamin  D3 
for 6 weeks in the amount of 5 µg/kg body weight 
diluted in olive oil by gavage daily. The second group 
(SHAM) was treated with the equivalent olive oil and 
the third group was left without any injection as the 
control group. After four weeks the cerebral cortex 
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was harvested after euthanasia by an intraperito-
neal injection of an overdose of anesthetic (sodi-
um pentobarbitone) and the cerebral cortex were 
removed and processed as described. In total 33 ani-
mals were used in this study (n = 11 for each group).

Cell extract

Fresh tissue samples (10 mg each) were chopped 
into tiny pieces and suspended in 0.5 ml of protein 
lysis buffer [150 mM NaCl, 1.0% NP40, 20 mM Tris  
(pH 7.5), 5 mM EDTA, and Complete Mini protease 
inhibitor cocktail (Roche Diagnostics Ltd., West Sus-
sex, UK)] and then mechanically homogenized by 
sonication. After centrifugation, the protein extracts 
were recovered and stored at –70°C until they were 
used. 

Total protein concentration  
and Western blotting

The total protein concentration in the cerebral 
cortex extracts was determined by the Bio-Rad pro-
tein assay based on the Bradford dye procedure. For 
Western blot, protein extracts (50 µg/lane) were sepa-
rated on 10% SDS-polyacrylamide gel and transferred 
to a  polyvinylidene difluoride membrane (Bio-Rad 
Laboratories Ltd. Hertfordshire, UK). The membranes 
were blocked with phosphate buffered saline (PBS) 
containing 0.05% Tween 20 and 5% dry milk and 
probed either with polyclonal anti-CNPase antibody 
(Abcam plc, Cambridge, UK); Anti-CNPase antibody 
(ab27695) (1 : 1000 dilution), monoclonal anti-MOG 
antibody (Abcam plc, Cambridge, UK; ab109746)  
(1 : 1000 dilution) or a mouse monoclonal anti-β-tu-
bulin antibody (as a loading control) (Abcam plc, Cam-
bridge, UK) (1 : 10 000 dilution) and then treated with 
the appropriate horseradish peroxidase-conjugated 
secondary antibodies. Immunoreactive protein was 
visualized using the Enhanced Chemiluminescence 
western blotting detection system (Amersham Phar-
macia Biotech, Piscataway, NJ). Densitometric anal-
ysis was performed by scanning immunoblots and 
quantitating protein bands using an image analyzer 
(Metaview Software, V4.6.8, Fryer Company Inc.). 

Statistical analysis

In order to assess a possible distortion in allele 
frequencies between cases and controls, we per-
formed a  χ2 test with one degree of freedom for 
both allelic and genotypic distributions between the 

groups of cases and controls. Significant association 
was defined by p ≤ 0.05.

Results

Total protein concentration

The total protein concentration in the cerebral 
cortex extracts from vitamin  D3 injected, SHAM 
and control groups was determined by the Bio-Rad 
protein assay based on the Bradford dye mixture.  
The total protein contents of vitamin  D3 injected, 
SHAM and control were 0.91 ± 0.004, 0.91 ± 0.004 and 
0.91 ± 0.003 (g/l), respectively. No significant increase 
in the total protein concentration was seen in the 
vitamin  D3-injected brain samples compared with 
those from the SHAM and control groups (p > 0.05).

Analysis of CNPase and MOG 
expression by Western blotting

Western blot analysis was performed to quan-
titatively evaluate CNPase and MOG expression in 
the cerebral cortical extracts. A western blot analysis 
using anti-CNPase and -MOG antibodies as a probe 
confirmed the presence of CNPase and MOG in all 
the extracts. An image analyzer was used to deter-
mine the intensities of the band in the respective 
lanes. Quantification of the western blot bands 
from repeated experiments (n = 11) showed that 
the amount of CNPase and MOG was significantly 
increased in the vitamin  D3-injected cerebral corti-
cal extracts when compared with SHAM and control 
groups (p < 0.0001). In the vitamin D-injected group 
CNPase expression was increased approximately 
1.70 and 1.71 times versus control and SHAM groups, 
respectively. Meanwhile, MOG expression was 
increased approximately 1.31 and 1.43 times in the 
vitamin D-injected extracts versus control and SHAM 
groups, respectively (Figs. 1 and 2). 

Discussion

Multiple sclerosis is characterized by focal myelin 
damage, oligodendrocyte loss and infiltration of 
macrophages and T lymphocytes [1]. While the etiol-
ogy of MS remains unknown, it is thought that many 
different genetic as well as environmental factors 
play a role [18]. It has been demonstrated that there 
is a significant association between latitude, delib-
erate sun exposure and vitamin D supplementation 
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with MS [21]. In mice with EAE, only females could be 
treated with vitamin D3 [32].

Nystad and colleagues showed that vitamin  D 
could actually promote the repair process in a cupri-
zone-induced model of EAE mice, possibly by stimu-
lating the effect on oligodendrocyte maturation and 
astrocyte activation [26]. It was also demonstrated 
that vitamin D3 plays a positive effect on the remye
lination process by endogenous progenitor cells 
and support its possible therapeutic effects in the 
context of demyelinating disease like MS [16]. Vita-
min  D has been shown to have a  direct effect on 
neural stem cell proliferation, survival and neuron/
oligodendrocyte differentiation, thus representing 

a  novel mechanism underlying its remyelinating 
and neuroprotective effect in MS/EAE therapy [30]. 
A  deficiency in vitamin  D resulted in an increased 
susceptibility to EAE and vitamin D3 or its analogs 
might potentially be important for treatment of MS 
[3]. It was demonstrated that vitamin  D3 acts on 
myelination by means of the activation of several 
myelin-associated genes [4]. The data reveal a role 
for vitamin  D in the regenerative component of 
demyelinating disease and identify a new target for 
remyelination medicines [7]. 

Although many studies have demonstrated the 
positive role of vitamin D3 in the remyelination process 
of the EAE mice model, but the mechanism underly-

Fig. 1. A) CNPase expression in the cerebral cor-
tex extracts from vitamin D3 treated (Lane 3),  
SHAM (Lane 2) and control groups (Lane 1). 
β-tubulin (50-kDa) expression was determined 
as a protein loading control. B) Signal intensities 
from CNPase expression in the vitamin D3 treat-
ed, SHAM and control cerebral cortex immuno-
blotting experiments were determined by den-
sitometric analysis. In each of the experimental 
groups the number of animals investigated was 
n = 11. A  significant increase in the CNPase 
expression was seen in vitamin D3-injected group 
when compared with SHAM and control groups 
(p < 0.0001). No significant changes were seen 
between the SHAM and control group (p = 0.91).
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Fig. 2. A) MOG expression in the cerebral cor-
tex extracts from vitamin D3 treated (Lane 3), 
SHAM (Lane 2) and control groups (Lane 1). 
β-tubulin (50-kDa) expression was determined 
as a protein loading control. B) Signal intensities 
from MOG expression in the vitamin D3 treated, 
SHAM and control cerebral cortex immunoblot-
ting experiments were determined by densi-
tometric analysis. In each of the experimental 
groups the number of animals investigated was 
n = 11. A significant increase in the MOG expres-
sion was seen in vitamin D3-injected group 
when compared with SHAM and control groups 
(p < 0.0001). No significant changes were seen 
between the SHAM and control group (p = 0.42).
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ing its effect is not clearly understood. 1,25(OH)2D3 
has been shown to be potentially effective to block 
the development of autoimmune diseases [5].

It was suggested that CNPase may play an im
portant role as a  putative anti-inflammatory gene 
both in normal and injured brain and it might be 
a potential target self-antigen in MS [25,35]. It was 
suggested that the disturbances in CNPase activity 
may contribute, in some extent, to the changes in 
myelin morphology and CNPase may play a  role in 
cellular processes requiring membrane structural 
reorganization [6,19].

Myelin oligodendrocyte glycoprotein is identified 
by monoclonal antibody 8-18C5. Myelin oligoden
drocyte glycoprotein is localized on the surface 
of myelin and oligodendrocyte processes and its 
expression level may be modulated by the presence 
of compact myelin and/or MBP in the myelin sheath 
[24]. Several studies have shown a  role of antibod-
ies against MOG in the pathogenesis of MS [10]. 
Growth factors including insulin like growth factor 
were shown to be important in repair processes of 
demyelination [12]. Ciliary neurotrophic factor (CNTF) 
and leukemia inhibitory factor (LIF) have been shown 
to have an important role in the process of remye-
lination by increasing Opalin (34 KDa) and MOG 
expression [23,29]. It is suggested that the activation 
of MOG transcription depends more on an intrinsic 
oligodendroglial maturation program of myelination. 
MOG mRNA expression is restricted to CNS tissue, 
and peak expression occurs during active myelination 
[13]. It was demonstrated that NKT cells are import-
ant mediators of 1,25D3-induced protection from EAE 
in mice and NKT cell-derived IL-4 may be an import-
ant factor in providing this protection [34]. It was 
shown that vitamin  D receptor signaling regulates 
neuromuscular maintenance and enhances locomo-
tive ability after physical exercise and Schwann cells 
and the neuromuscular junction are targets of vita-
min D3 signaling in locomotive ability [28]. 

The role of vitamin D3 in the process of remyelina
tion has been demonstrated [26]. In our knowledge 
this study is the first one to demonstrate the effect 
of vitamin D3 on CNPase and MOG expression in the 
CNS of the cuprizone-induced mice model of MS. In 
this study we show that administration of vitamin D 
significantly increases CNPase and MOG expres-
sion in cuprizone induced mice cerebral cortex. As 
CNPase is a  molecular marker for myelin forming 
cells, the increased CNPase expression in the cere-

bral cortex of a  vitamin  D-injected mouse may be 
due to increased differentiation of oligodendrocyte 
progenitor cells to mature oligodendrocyte. We have 
also shown that vitamin D increases MOG expres-
sion in the cerebral cortex which indicates the role 
of vitamin D in myelin formation. 

The results of this study could have been antici-
pated with some certainty given the findings of other 
studies that have investigated the role of vitamin D 
in MS. It is also concluded that vitamin D3 may have 
an important role in the process of remyelination by 
increasing CNPase and MOG expression. 
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A b s t r a c t

Oxidative stress and apoptosis contribute to neuronal degeneration in many neurodegenerative diseases such as 
Alzheimer’s disease. Glutamate is a major excitatory neurotransmitter in the central nervous system (CNS) and is 
considered responsible for the pathogenesis of many neurological disorders. Reactive oxygen species (ROS) pro-
duction is thought to be involved in glutamate-induced apoptosis process. In this study, the neuroprotective effects  
of Citrus aurantium in the glutamate-induced rat’s adrenal pheochromocytoma cell line (PC12 cells) were inves-
tigated. The cell viability and apoptotic cell death were measured using MTT and propidium iodine (PI)-staining 
methods, respectively. In addition, intracellular ROS and malondialdehyde (MDA) levels were determined by fluo-
rometric methods. The results showed that glutamate cytotoxicity in PC12 cells was accompanied by an increment 
of MDA content, ROS generation, and apoptotic induction. However, pretreatment with peel and seed extracts of  
C. aurantium significantly reduced MDA content, ROS generation, and apoptotic cells. All these findings indicated 
that C. aurantium protected PC12 cells against glutamate-induced apoptosis by inhibiting ROS production. Therefore, 
the present study supports that C. aurantium extracts possess neuroprotective effects against glutamate-induced 
toxicity in PC12 cell line. The protective effect of C. aurantium might be attributed to its antioxidant properties.
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Introduction

Glutamate is the most excitatory neurotransmit-
ter in the brain. It is an important neurotransmitter 
for learning and memory in the central nervous sys-
tem [32]. Excessive amounts of glutamate may act 
as a potent neurotoxin by activating the proteolytic 
enzymes [39]. Naturally, glutamate is released into 
the synaptic cleft and binds to glutamate receptors 
resulting in the propagation of an action potential 

[22]. However, increased amounts of glutamate in 
the synaptic cleft can lead to neurotoxicity. It has 
been reported that glutamate increases in patients 
who suffer from Alzheimer’s disease [11]. PC12 
cell line is derived from a  pheochromocytoma of 
rat adrenal medulla. This cell model is also wide-
ly applied to study cellular glutamate toxicity [38]. 
Therefore, it is an appropriate model to investigate 
the protective effect of the compounds on glutamate 
toxicity. Citrus aurantium L. (Rutaceae), also called 
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Bitter orange, has been used as a traditional med-
icine for more than 5,000 years [5]. Citrus fruits and 
their products are rich sources of health-promoting 
constituents and are widely consumed around the 
world [5]. They increase serum antioxidant capacity 
against lipid peroxidation [3] and reduce the elderly 
oxidative stress. Citrus flavonoids have been shown 
to prevent oxidative stress, attenuate inflammation 
and exhibit anti-tumor [31,33] and anti-atheroscle-
rosis properties [27]. In addition, citrus fruits serve as 
a supplement of chemotherapy [26], diabetic health 
food [2], and neuroprotection [15]. Furthermore, the 
aqueous extract from the leaves of the C. aurantium 
have anticonvulsant properties [34]. Considering the 
antioxidant properties, this research focuses on pro-
tective effects of peel and seed extracts of C. auran-
tium against glutamate toxicity in PC12 cells.

Material and methods
Reagents and chemicals 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo
lium (MTT), thiobarbituric acid (TBA), 2,7-dichlorofluo
rescin diacetate (DCFH-DA), propidium iodide (PI), 
sodium citrate and Triton X-100 were purchased from 
Sigma (St. Louis, MO, USA). High-glucose Dulbecco’s 
Modified Eagles Medium (DMEM), penicillin-strepto-
mycin, and fetal bovine serum were purchased from 
Gibco (Carlsbad, CA, USA). Trichloroacetic acid (TCA), 
malondialdehyde bis(dimethyl acetal) (MDA) and 
dimethyl sulfoxide (DMSO) were obtained from Merck 
(Darmstadt, Germany). PC12 cells were obtained from 
Pasteur Institute (Tehran, Iran). 

Preparation of the extracts 

Peels and seeds of C. aurantium were washed, 
dried, and crushed to powder with an electric micron-
izer. The peels and seeds were extracted separately 
in a  Soxhlet extractor with ethanol (70%) and the 
obtained extract was then dried and kept at –20°C 
until use. The obtained extracts were dissolved in 
dimethyl sulfoxide and then subjected to cytotoxic 
and apoptosis assays.

Cell culture and treatment 

The cells were maintained at 37°C in a  humidi-
fied atmosphere containing 5% CO2. The cells were 
then cultured in Dulbecco’s Modified Eagles Medium 
(DMEM) supplemented with 10% fetal bovine serum, 
100 Units/ml penicillin and 100 µg/ml streptomycin. 

For the experiments, they were seeded in 96-well and 
24-well culture plates for MTT/ROS and MDA assays, 
respectively. For apoptosis assay, the cells were seeded 
at 100,000 cell/well in a 24-well plate. All treatments 
were carried out in triplicate. The cells were pretreat-
ed with the extract alone (6 to 200 µg/ml) for 2 h and 
then incubation was continued in the presence of the 
extract with or without 8 mM glutamate for 24 h.

Cell viability assay 

Cell viability was determined using a modified MTT 
assay as described previously [13]. Briefly, MTT solu-
tion in phosphate-buffered saline (5 mg/ml) was add-
ed to each well at a final concentration of 0.05%. After 
3 h, the formazan precipitate was dissolved in DMSO. 
The absorbance of 570 and 620 nm (background) was 
measured using a StatFAX303 plate reader. 

Lipid peroxidation assay 

The level of lipid peroxidation was estimated by 
measuring MDA, which is the end product of lipid per-
oxidation [13]. At the end of incubation, the cells were 
scraped and centrifuged for 30 min. Then, 400 µl of 
TCA (15%) and 800 µl of TBA (0.7%) were added to 
500 µl of cell samples. The mixture was vortexed and 
heated for 40 min in a boiling water bath. Then, 200 µl 
of the sample was transferred to a 96-well plate and 
the fluorescence intensity was read with excitation/
emission of 480/530 nm. The experiment was carried 
out in triplicate. 

Measurement of reactive oxygen species 

The intracellular ROS level was evaluated using 
a fluorescent probe, DCFH-DA. At the end of incuba-
tion, the cells were treated (30 min) with DCFH-DA  
(10 µM) at 4ºC in the dark. Then, the fluorescence 
intensity was detected with excitation/emission of 
485/530 nm. The experiment was performed in tripli
cate. 

Propidium iodine staining 

Apoptotic cells were detected using PI staining of 
small DNA fragments followed by flow cytometry. In 
the cells exposed to a hypotonic phosphate-citrate 
buffer containing PI, a  quantitative DNA-binding 
dye, a sub-G1 peak is reflective of the DNA fragmen-
tation. Apoptotic cells that had lost DNA will take 
up less stain and appear on the left side of the G1 
peak in the histogram. Briefly, the cells were seeded 
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in a 24-well plate and treated according to the men-
tioned protocol. Floating and adherent cells were 
then harvested and incubated at 4°C overnight in 
the dark with 750 μl of a hypotonic buffer (50 μg/ml 
PI in 0.1% sodium citrate with 0.1% Triton X-100). 
Next, flow cytometry was carried out using a FACS-
can flow cytometer (Becton Dickinson). A total of 104 
events were achieved with FACS. 

Statistics 

All the data were expressed as mean ± SEM. Sta-
tistical analyses were performed using Prism 6 soft-
ware. Data were analyzed using one-way analysis of 
variance followed by Tukey-Kramer post hoc test for 
comparison between groups. The differences were 
considered significant at p < 0.05.

Results 
The effect of the peel and seed 
extracts on the cell viability

To study the possible toxic effects of the extracts, 
PC12 cells were incubated with different concentra-
tions of the extracts (12-200 µg/ml), and the viability 
was determined 24 h after the treatment. No signifi-
cant toxic effect on the cell viability was seen subse-
quent to the treatment with the extracts. 

Incubation with glutamate significantly decreas
ed cell viability to 43.7 ± 1.4% of control (p < 0.001). 
As shown in Figure 1A, the treatment with the peel 
extract increased cell viability following glutamate 
insult at a concentration of 25-200 µg/ml, in a con-

centration-dependent manner (25 µg/ml, 61.36 ± 2%,  
p < 0.05; 50 µg/ml, 64.62 ± 1%, p < 0.01; 100 µg/
ml, 69.62 ± 1.9%, p < 0.001; 200 µg/ml, 80 ± 3.7%,  
p < 0.001). Moreover, the results showed that the seed 
extract increased cell viability at the concentrations  
of 50-200 µg/ml (50 µg/ml, 63 ± 1.6%, p < 0.01;  
100 µg/ml, 65 ± 0.98%, p < 0.001; 200 µg/ml, 70 ± 1.9%, 
p < 0.001) (Fig. 1B).

The effects of the peel and seed 
extracts on ROS content

As expected, glutamate caused a  significant in- 
crease in the level of ROS in PC12 cells (260 ± 7.8% 
of control, p < 0.001). The peel extract at concentra-
tions of 50, 100 and 200 µg/ml was able to decrease 
the intracellular ROS level to 219.8 ± 10.37% (p < 0.05), 
206 ± 7.8% (p < 0.01) and 152 ± 6.7% (p < 0.001) 
of control, respectively (Fig. 2A). The seed extract de- 
creased the ROS level at concentrations of 100 µg/ml 
(212 ± 5.2%, p < 0.01) and 200 µg/ml (189 ± 7.6%,  
p < 0.001) (Fig. 2B).

The effect of the peel and seed 
extracts on lipid peroxidation

The level of lipid peroxidation was evaluated by 
measuring the level of MDA, which is the end prod-
uct of lipid peroxidation. As shown in Figure 3, expo-
sure of the cells to glutamate resulted in a signifi-
cant increase of MDA level (269 ± 7.5%, p < 0.001) as 
compared to control cells cultured in the absence of 
glutamate (100 ± 4.5%). The content of MDA signifi-

Fig. 1. Effect of Citrus aurantium extracts on cell viability of PC12 cells. The cells were pretreated with dif-
ferent concentrations of the peel (A) and seed (B) extracts for 2 h prior to glutamate exposure. Viability was 
quantitated using MTT assay. Results are mean ± SEM (n = 3). ###p < 0.001 vs. control, *p < 0.05, **p < 0.01 
and ***p < 0.001 vs. glutamate.
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cantly decreased in the cells pretreated with 50 μg/
ml (222.4 ± 11.3%, p < 0.001), 100 μg/ml (194 ± 6.86%,  
p < 0.001) and 200 μg/ml (147 ± 8.4%, p < 0.001)  
of the skin extract (Fig. 3A). The seed extract reduced 
the level of MDA at 100 μg/ml (206 ± 7.5%, p < 0.05) 
and 200 μg/ml (160 ± 8.4%, p < 0.001) (Fig. 3B).

The effects of the peel and seed 
extracts on apoptotic cells

Apoptosis in PC12 cell line was detected with flow 
cytometry using PI staining. Cells were pretreated for 
2 h with various concentrations of the C. aurantium 
and exposed to glutamate for 24 h. Analysis of the 
sub-G1 peak in flow cytometry histograms revealed 
the induction of apoptosis in the cells treated with 

glutamate (p < 0.001). As shown in Figure 4A and 
4B, the peel and the seed extracts of C. aurantium 
decreased apoptotic induction significantly at the 
doses of 50, 100 and 200 µg/ml, respectively.

Discussion

The present study is the first report to evaluate 
neuroprotective effects of peel and seed extracts of 
C. aurantium against apoptotic cell death induced by 
glutamate toxicity in PC12 cells. After treating PC12 
cells with 8 mM glutamate, a  significant decrease 
in the cell viability and increase in the number of 
apoptotic cells, ROS and MDA contents were seen, 
confirming its neurotoxic effect on PC12 cells. PC12 
cells were used because they constitute a  widely- 

Fig. 3. Effect of Citrus aurantium extracts on MDA production. The cells were pretreated with different con-
centrations of the peel (A) and seed (B) extracts for 2 h then prior to glutamate exposure. Results are mean 
± SEM (n = 3). ###p < 0.001 vs. control, *p < 0.05 and ***p < 0.001 vs. glutamate.
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Fig. 2. Effect of Citrus aurantium extracts on ROS generation. The cells were pretreated with different con-
centrations of the peel (A) and seed (B) extracts for 2 h prior to glutamate exposure. Results are mean ± SEM 
(n = 3). ###p < 0.001 vs. control, *p < 0.05, **p < 0.01 and ***p < 0.001 vs. glutamate.
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A

Fig. 4. The effects of the peel (A) and seed (B) extracts of Citrus aurantium extracts on apoptosis in PC12 
cells using propidium iodine staining and flow cytometry.

B
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used neuronal model system [17]. PC12 cells are 
more sensitive to glutamate injury; therefore, this 
cell model is also widely applied to study cellu-
lar glutamate toxicity [38]. Results showed that 
the pretreatment with C. aurantium peel and seed 
extracts can decrease glutamate-toxicity with differ-
ent potencies. Our findings indicated that the peel 
extract has a more protective effect than the seed 
extract. Glutamate, a  major excitatory neurotrans-
mitter, plays an important role in synaptic transmis-
sion, formation of neuronal circuit, and neuronal 
development in the nervous system [37]. The elevat-
ed level of glutamate due to excess release or/and 
uptake disorder led to induce extensive neuronal 
damage and cell loss in brain tissue. Glutamate cyto-
toxicity has been associated with the activation of 
glutamate receptors and non-receptor-mediated oxi-
dative glutamate toxicity [4,35]. Recent studies have 
shown that glutamate-induced cytotoxicity could 
be mediated by oxidative stress, depletion of GSH, 
and down regulation of SOD activity that leads to 
apoptosis [18]. Reactive oxygen species are typically 
defined as molecules or ions formed by the incom-
plete one-electron reduction of oxygen. Elevated lev-
els of ROS are well-known etiological factors associ-
ated with oxidative stress leading to cell death via 
apoptosis in a variety of cell types [20,36], and such 
effects can be blocked or delayed by a wide variety 
of antioxidants [30]. Such antioxidants are report-
ed to scavenge free radicals by raising the levels of 
endogenous antioxidant defense systems such as 
glutathione peroxidase and glutathione reductase 
[8,28]. Consequently, pretreatment of the cells with 
C. aurantium extracts prior to glutamate exposure 
resulted in a significant decrease in ROS and MDA 
content as well as apoptotic cells. Citrus aurantium 
peel contains citral, limonene, and several citrus bio-
flavonoids, including hesperidin, neohesperidin, nar-
ingin, and rutin [29]. These compounds have been 
attributed with a range of properties. For example, 
naringin is believed to cross the blood brain barrier 
[1,40] and to have antioxidant, anti-inflammatory, 
anti-hypercholesterolemic, anti-hypertensive, neuro
protective [9,6,16], and anticonvulsant properties. 
It also increases the seizure latency to kainic acid 
administration [9]. Naringenin and hesperetin exhib-
it antiatherogenic properties by activating the per-
oxisome proliferator-activated receptor (PPAR) and 
up-regulating adiponectin expression [23]. Hesper-
idin, neohesperidin, and neohesperidin dihydro-

chalcone, the most abundant species detected, are 
attributed antioxidant [14,19], anti-inflammatory 
[10,12], and vasopressive and antiplatelet properties 
[24] and may be responsible for the anticonvulsant 
properties of the C. aurantium extract. However, 
the peels and seeds of citrus fruits are rich in nutri-
ents and contain many phytochemicals with strong 
potential to be used in drug production or as food 
supplements [7,21,25]. Some studies showed that  
C. aurantium has direct antioxidant activity. For exam-
ple, Karimi et al. (2012) reported that C. aurantium 
extract scavenges free radicals and exhibits ferric 
reducing potential, with values of 55.3% and 51.7%, 
respectively [16]. The obtained results from pretreat-
ment of cells with C. aurantium extracts demonstrat-
ed increased antioxidant capacity of cells prior to 
exposure to glutamate may be involved in cytopro-
tective properties of the extracts. In consistent with 
our results, other investigations also showed antiox-
idative properties of its bioactive constituents [6,9].

In conclusion, our study demonstrated that  
C. aurantium has an apparently neuroprotective 
effect against glutamate oxidative damage through 
its antioxidant activity. However, further studies 
are required to elucidate its molecular mechanism 
before the clinical therapeutic application of these 
extracts.
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A b s t r a c t

The Warburg micro syndrome (WARBM) is a genetically heterogeneous syndrome linked to at least 4 loci. At the clin-
ical level, WARBM is characterized by microcephaly, microphthalmia, microcornea, congenital cataracts, corpus cal-
losum hypoplasia, severe mental retardation, and hypogonadism. In some families additional clinical features have 
been reported. The presence of uncommon clinical features (peripheral neuropathy, cardiomyopathy) may result in 
misdirected molecular diagnostics. Using the next generation sequencing approach (NGS), we were able to diagnose 
WARBM1 syndrome by detection of a  new mutation within the RAB3GAP1 gene. We have detected some DNA 
variants which may be responsible for cardiomyopathy. We did not find any obvious pathogenic mutation within 
a set of genes known to be responsible for hereditary motor and sensory neuropathy (HMSN). We conclude that: 
(i) in clinically delineated syndromes, a classical single-gene oriented approach may be not conclusive especially in 
the presence of rare clinical features, (ii) peripheral neuropathy and cardiomyopathy are rare additional symptoms 
coexisting with WARBM1, (iii) a pleiotropic effect of a single point mutation is sufficient to be causative for WARBM1 
and (iv) more WARBM-affected patients should be reported to delineate a complete phenotype. 

Key words: Warburg syndrome, whole-exome sequencing, RAB3GAP1.
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Introduction

The Warburg micro syndrome (WARBM) is a very 
rare genetic disorder with an unknown frequency 
reported in a small group of patients (less than 100) 
around the world. 

For the first time in 1993, WARBM was reported in 
a consanguineous Pakistani marriage in three affect-
ed children with mental retardation [18]. In 2005, in 
turn, WARBM1 was linked to the 2q21.3 region, in 
which inactivating mutations within the RAB3GAP1 

gene were detected [2]. In recent years, access to 
molecular genetic analysis has made possible the 
delineation of the WARBM phenotype. WARBM man-
ifests with microcephaly, microphthalmia, microcor-
nea, congenital cataracts, corpus callosum hypopla-
sia, hypogonadism and severe mental retardation 
[6]. Two WARBM-affected sisters were also found to 
manifest peripheral neuropathy [11].

The vast majority of WARBM patients originate 
from consanguineous Muslim families [1,2,14]. 
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To date, four genes coding for RAB-family pro-
teins have been reported to be mutated in WARBM 
syndrome, i.e. the RAB3GAP1 gene on chromosome 
2q21.3 (MIM# 602536), RAB3GAP2 (MIM# 609275) 
on chromosome 1q41, the RAB18 gene (MIM# 
602207) located in the 10p12.1 region and final-
ly the TBC1D20 gene (MIM#611663) linked to the 
20p13 locus. At the clinical level, WARBM1-4 sub-
types are indistinguishable. 

To date, the analysis of WARBM-involved genes 
has been directed by the presence of typical clinical 
features. In fact, in previous studies, only a  single 
gene was analyzed and no data from the rest of the 
genome were available.

A question thus arises as to whether the whole 
clinical manifestation of WARBM is related to a sin-
gle mutation in one of the 4 RAB genes. 

In the work described here, we performed for the 
first time a whole-exome sequencing analysis in a Pol-
ish six-generational consanguineous WARBM pedi-
gree.

Material and methods

Case reports 

The patients were two sisters who died in the sec-
ond decade of life, being the only children of healthy, 
consanguineous (IV/V) parents (Fig. 1, Fig. 2A-C). They 
were born following uneventful pregnancies and deliv-
eries. The older girl weighed 2950 g, her body length 
was 56 cm, OFC was 35 cm, and the Apgar score was 
9 points. The younger girl weighed 2850 g, her body 
length was 54 cm, OFC was 32 cm, and the Apgar 
score was 10 points. Bilateral congenital cataract was 
apparent in both girls soon after birth, and a bilateral 
lentectomy was performed during their infancy. 

The girls were severely hypotonic from early life, 
and their psychomotor development was delayed. 
At the age of a few months, infantile spasms were 
observed in the younger sister. Electroencephalogra-
phy (EEG) showed hypsarrhythmia, so antiepileptic 
drugs were administered. Electroencephalography 
of the second sister was also severely abnormal, 
though no epileptic seizures were observed. 

At the age of 2 years they presented with cer-
ebellar ataxia. Limb and axial hypotonia were still 
observed, but a  bilateral Babinski sign was also 
detected. Mild microcephaly was visible in both girls 
from early childhood. 

Muscle biopsies performed at the ages of 1 and  
5 years in the two sisters showed only unspecific chang-
es in muscle fibers with mild lipid accumulation, and 
without any signs of myopathy or neurogenic chang-
es (data not shown). A biochemical study of OXPHOS 
revealed slightly decreased activity of complex I, but 
blood and cerebrospinal fluid lactate were normal, both 
at baseline and following glucose challenge.

In the second half of the first decade of the 
patients’ lives, mild spasticity developed, but tendon 
reflexes weakened progressively. Bilateral Babinski 
signs were still detected, and skeletal anomalies 
related to chronic muscle hypotonia also developed, 
in the form of kyphoscoliosis, thoracic deformity, 
and joint contractures (ulnar, iliofemoral and of the 
knees). Hands were dropping and planovalgus feet 
were to be noted. Ophthalmological examination 
revealed microphthalmia, microcornea and pale, 
atrophic optic discs. Psychomotor retardation was 
marked. The patients were never able to sit and 
walk independently. The younger girl still had epilep-
tic seizures. The EEG of the second sister was also 
severely abnormal, but seizures were not observed. 

Fig. 1. Pedigree tree of the family. Note the common 
ancestor within the 1st generation in this consan-
guineous family tree. The proband is marked with 
an arrow. Open symbols indicate healthy males 
(squares) and females (circles). Filled symbols cor-
respond to affected individuals. Deceased individu-
als are marked with diagonal lines. The double line 
indicates consanguinity in this family.
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Brain MRI showed slowly progressive cortico-sub-
cortical cerebral and cerebellar atrophy as well as hypo-
myelination. The corpus callosum was thin and the 
brainstem was atrophic (Fig. 3). The Nerve Conduction 
Study (NCS) performed at 7 and 11 years, respective-
ly, revealed progressive motor and sensory neuro
pathy, with demyelination and mildly expressed axonal 
degeneration. EMG showed neurogenic changes.

Both girls were of short stature, and deficient as 
regards body weight. The older girl was hypogonadal. 
The older girl had cardiomyopathy with left ventricu-
lar hypertrophy (148% of predicted muscle mass). Her 
arterial blood pressure was normal.

Molecular genetic analysis

This study was approved by the local Ethical Com-
mittee at the Cardinal Stephan Wyszynski University 
in Warsaw (3/2012 CSWUW). DNA isolated from the 
proband (VI.1) and her healthy parents (IV.3, V.1) was 

isolated from peripheral blood lymphocytes by the 
salting-out method, following receipt of the patients’ 
informed consent.

PCR and DNA sequencing

Initially, when we suspected the diagnosis of 
congenital cataracts, facial dysmorphism and neu-
ropathy (CCFDN), or Marinesco-Sjögren syndrome 
(MSS), we analysed the CTDP1 and SIL1 genes for 
mutations in the proband and her healthy parents. 
The 13 coding exons encompassing the intron-exon 
boundaries of the CTDP1 gene were amplified using 
the polymerase chain reaction (PCR) with previous-
ly reported primers [19]. The PCR products from the 
proband and her parents were sequenced directly 
using a  Dynamic terminator cycle sequencing kit 
(Applied Biosystems) on an ABI PRISM 3700 DNA 
analyzer (Applied Biosystems). To detect a  com-
mon CCFDN-causing mutation, i.e. the IVS6+389C>T 

Fig. 2. The patient (J.R.) at the age of 8 (A) and 
10 years (B). Note the dropping hands, thicken-
ing of the perioral tissue and anteriorly directed 
incisor teeth. C) Two sisters at the age of 4 and 
8 years. The same types of dysmorphic features 
are seen. The sisters do not show any similarity 
to their parents.

A B

C
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Fig. 3. Magnetic resonance imaging of the 
brain (T2-weighted) performed in patient 
M.R. at the age of 11 years. A) Cerebral atro-
phy and hypo/dysmyelination around lateral 
ventricles. B) Hypo/dysmyelination in the 
centrum semiovale. Decreased volume of 
white matter. C) Note the enlargement of 
the lateral ventricles and cerebral atrophy, 
especially around the frontal lobes. D) Note 
a  marked cerebellar atrophy and thin cor-
pus callosum resulting from the decreased 
white matter volume. E) Coronal section of 
the brain; note marked cerebellar atrophy, 
as well as hypo/dysmyelination of cerebral 
white matter. 
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mutation, a  restriction analysis with Nla III endo-
nuclease was performed using the forward primer: 
5’-CACTGTGTTAGCCAGGATGG-3’, and the reverse pri- 
mer: 5’-GTGCCGTCTGACAGAGATGA-3’. The SIL1 cod-
ing sequence was analysed by direct sequencing of 
the coding region.

Exome sequencing

Exome sequencing in the proband (VI.1) and 
parents (IV.3, V.1) was performed in line with the 
protocol from Illumina’s TruSeq Exome Enrichment 
Guide. The qualified genomic DNA was fragmented 
by Covaris, ligated with adapters, purified, amplified 
and hybridized using a Sure Select Human All Exon 
50 Mb Kit (Agilent Technologies), following the man-
ufacturer’s instructions. For enrichment, hybridized 
fragments were bound to the streptavidin beads, 
and non-hybridised fragments were washed out. 
The enriched library was then loaded on to a HiSeq 
2000 instrument (Illumina). Exome sequencing was 
performed by Intelliseq sp. z o.o., Cracow.

Exome sequence data analysis

The sequence reads were analysed using the 
Illumina pipeline (adapter sequences were removed 
and low-quality reads discarded). Reads were pro-
cessed by Picard, and aligned to a human reference 
sequence (GRCh37) using Bowtie2. BAM files were 
obtained for each sample using SAM tools, as well as 
by removing duplicate reads. SNP calling was then 
performed using GATK. To identify genes with reces-
sive inheritance (the parents are consanguineous 
[IV/V]), we filtered data by genotype (the proband 
as a homozygous alternative and the parents as het-
erozygous, two other control probes being used as 
a homozygous reference), before dbSNP annotation 
was carried out and common variants filtered for. 
The SIFT tool was used in the functional and conser-
vation prediction of SNPs. 

Mutation confirmation by Sanger 
sequencing

The coding sequence with the intron/exon boun
daries of the 7th exon of the RAB3GAP1 gene was 
sequenced in family members by means of Sanger 
sequencing. Primers (Forward: 5’-CAGTTTGGTATTGT- 
AAGGAGAAA-3’ and Reverse: 5’-GCTAACAGACTGAAC- 
AAACAA-3’) were constructed on the basis of the 

NG_01697.1 genomic and NM_001172435.1 RNA 
sequences.

Analysis of other genes

To confirm a monogenic basis of the disease in 
our family we analysed NGS data for all variants in 
three other genes involved in Warburg micro syn-
drome diseases, i.e. RAB3GAP2 (NC_000001.11, NM_ 
012414.3), RAB18 (NC_000010.11, NM_021252.4) and 
TBC1D20 (NC_000020.11, NM_144628.3). 

Due to the occurrence of cardiomyopathy in one 
of the affected sisters, additional analysis of variants 
in 44 genes associated with cardiomyopathy was 
performed. Additionally, three genes essential in car-
diac homeostasis and mitochondrial fusion (MFN1 
– mitofusin 1, MFN2 – mitofusin 2 and OPA1 – optic 
atrophy 1) were analysed. 

We established a  list of genes on the basis of 
articles by J.M. Bos et al. 2009, A. Huertas-Vazquea 
et al. 2013, E. Villard et al. 2011, K. Stark et al. 2010, 
K.N. Papanicolaou et al. 2012 and Y. Chen et al. 2011 
[4,5,10,15,17,20].

Results

CTDP1 and SIL1 genes 

The IVS6+389C>T mutation in the CTDP1 gene 
was excluded by means of the RFLP analysis.

The sequencing of the entire CTDP1 coding se- 
quence (including exon-intron boundaries) revealed 
two sequence variants. In the proband and her moth-
er, a  heterozygous C>T transition at position 1019 
resulting (by conceptual translation) in a Thr to Met 
amino-acid change at codon 340 (T340M) was identi-
fied in exon 7 of the CTDP1 gene. The T340M substi-
tution was not detected in the father of the proband. 
In the proband and her parents, a heterozygous tran-
sition G>A at position 2937 in the non-coding region 
was identified in exon 13 of the CTDP1 gene. Analysis 
of the SIL1 gene sequence did not reveal any DNA var-
iant which could be considered a pathogenic muta-
tion for Marinesco-Sjögren syndrome (MSS). 

Whole-exome sequencing 

Whole-exome analysis was performed in patient 1 
as well as in her healthy mother and father. DNA 
from patient 2 was not available for the study. After 
filtering for common variants (> 1%) present in the 
dbSNP database, we identified 155 variants of poten-
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tial importance. After filtering for nucleotide changes 
that potentially have a damaging effect on the protein 
and a high conservation ratio, we obtain only three 
variants among them, of which only one – c.538 G>T, 
p.E180X in the RAB3GAP1 gene – is suitable for the 
phenotype occurring in patients. Sanger sequencing 
confirmed the homozygous novel mutation in the 
proband and a heterozygous one in their healthy par-
ents. The remaining two homozygous variants that 
were found after filtering were: 

– �OR13C2 gene (olfactory receptor, family 13, sub-
family C, member 2) rs143198170, NC_0009.12: g. 
104605112_104605115delGTTA, NM_001004481.1: 
c. 513_516delTAAC, p. N171Kfs; 

– �CNOT1 (CCR4-NOT transcription complex, sub-
unit 1): rs5817153, NC_00016.10: g. 58543412delA, 
NM_016284.4: c. 4434+195delT (isoform a), NM_ 
206999.2 (isoform b): c. 4629delT, p. L1544Cfs, NM_ 
001265612.1: c. 4419+195delT (isoform c).

Analysis of other Warburg syndrome 
genes 

Analysis of other WARBM genes in the proband 
did not reveal any potentially pathogenic variants. 
But in the GAP3RAB2 gene a very rare homozygous 
variant rs2289189 g.220157863C>G (G allele frequen-
cy 0.059), c.3275G>C with heterozygosity of 0.111 was 
found, this being described in the dbSNP database as 
a benign polymorphism. 

Analysis of the genes involved  
in cardiomyopathy 

The analysis of genes associated with cardiomy-
opathy revealed many SNPs, from among which only 
rs365990 (g.23392602A>G; c.3302T>C; p.V1101A) 
in the MYH6 gene had been described previously as 
associated with a higher risk of cardiac conduction 
and rhythm disorders [4,9]. Moreover, a  very rare 
heterozygous benign polymorphism in the TTN gene 
called rs55842557 (g.178528964G>A  with allele A 
frequency of only 0.008, c.106787C>T, p.T35596I) 
was found. We identified that variant in the hete-
rozygous state in the proband and her mother, while 
no mutation was identified in her father. In the 
LDB3 gene, a  new variant discovered was c.1318 
T>C; p.S440P in VI.1, V.1 (heterozygous) and VI.3 
(homozygous), but due to the homozygous variant 
in the healthy father this mutation probably is not 
associated with cardiomyopathy occurred in VI.1. 

A  few missense benign polymorphisms, as well as 
numerous silent and intron mutations (not shown) 
were also found in other analysed genes.

Discussion

Surprisingly, even in the syndromes characterized 
by a  peculiar morphological phenotype, molecular 
diagnostics may be hampered by the presence of rare-
ly occurring symptoms. The peripheral demyelinating 
neuropathy and cardiomyopathy are not representa-
tive features of WARBM, however peripheral neuro
pathy was previously reported in two affected sisters 
harboring mutation within the TBC1D20 gene [11].

Given the presence of peripheral neuropathy in 
our patients, we started molecular diagnostics from 
the syndromes in which peripheral neuropathy is 
a typical clinical feature.

At the beginning of our study we suspected 
a  diagnosis of congenital cataract facial dysmor-
phism neuropathy (CCFDN), or Marinesco-Sjögren 
syndrome (MSS). In a  classical phenotype-oriented 
gene analysis we have excluded the mutations with-
in the CTDP1 and SIL1 genes that are respectively 
causative for CCFDN and MSS.

Due to a lack of conclusive results using the clas-
sical Sanger sequencing approach, we decided to 
perform whole-exome sequencing analysis (WES) in 
this family.

It is an open question as to whether RAB3GAP1 
mutations alone are sufficient to result in a  com-
plete phenotype of WARBM1 patients. To the best 
of our knowledge, the WES analysis was not wide-
ly performed to date in WARBM patients. Thus, 
the potential impact of other genes has not been 
analyzed so far. Thus, given the large family of RAB 
proteins and RAB modulating factors, a  question 
arises in regard to the penetrance of the RAB3GAP1 
mutation. In fact, the patients detected by us man-
ifested with a complete phenotype of WARBM1. In 
the exome analysis we found only one deleterious 
RAB3GAP1 mutation; and no pathogenic mutations 
have been detected in other RAB and RAB-related 
genes. Thus, it is highly probable that a single point 
mutation within the RAB3GAP1 gene is the one and 
only cause of WARBM1 disease. This is especially the 
case given that mutations in the RAB3GAP1 gene 
associated with WARBM1 were described in fam-
ilies of very varied ethnic origin, with the number 
of mutations identified already exceeding 50 [14]. 
The clinical picture of the WARBM1 in our patients 
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corresponds with the phenotype described by oth-
er authors [7]. However, not typically, in our patients 
peripheral demyelinating motor-sensory polyneu-
ropathy and cardiomyopathy were identified. 

Interestingly, in a  series of WARBM individu-
als with TBC1D20 mutations, only two sisters were 
found to have demyelinating polyneuropathy [11]. 
The occurrence of peripheral demyelinating neuro
pathy within WARBM-affected patients is hard to 
estimate, since only in some have electromyographic 
investigations been reported.

 In the whole-exome approach used in this study, 
we did not find any obvious deleterious mutations in 
the genes involved in the molecular pathogenesis of 
hereditary motor and sensory neuropathies (HMSN). 
Thus, due to a  lack of mutations within known 
HMSN genes, we tend to consider peripheral neu-
ropathy rather as a part of the WARBM1 phenotype 
than an additional clinical feature associated with 
a mutation of another gene (overlapping syndrome). 

Cerebral and cerebellar atrophy, as well as hypo-
plasia of the corpus callosum seem to be hallmarks 
of WARBM [3,6,13]. In our patients too, it was pos-
sible to observe cerebral and cerebellar atrophy with 
hypoplasia of the corpus callosum. The former sign is 
a typical finding connected with, and resulting from, 
hypomyelination. The patients reported by us died 
in the second decade of life. The nonsense E180X 
mutation in the RAB3/GAP1 mutation may be at 
least partially responsible for the poor clinical out-
come in these patients. 

In one of our patients, cardiomyopathy with left 
ventricular hypertrophy was detected. Since early- 
onset hypertrophic cardiomyopathy is often asso-
ciated with the mutation of one of the sarcomere 
genes, we decided to screen the most often mutated 
genes using an exome approach. We did not detect 
any pathogenic mutation for the hypertrophic car-
diomyopathy. It only proved possible to detect one 
heterozygous benign polymorphism – rs365990 in 
the MYH6 gene – this being previously described as 
associated with a high risk of cardiac conduction and 
rhythm disorders [4,8,9]; as well as the heterozygous 
rare polymorphism rs55842557 in the TTN gene. 
Moreover, polymorphism c.1924-851A>G (rs6730157) 
in the RAB3GAP1 gene has been recently described 
as being associated with effects on total cholesterol 
and high density lipoprotein cholesterol levels, and 
with an increased risk of sudden cardiac death [12].

For this reason, it is not definitively possible to 
preclude hypertrophic cardiomyopathy belonging to 
the WARBM syndrome phenotype.

Recently, in the consanguineous family with 
Kurdish-Armenian descent a  large deletion encom-
passing exons 4-15 of the RAB3GAP1 gene has been 
found in the siblings with the WARBM1 syndrome. 
Interestingly, in this pair of patients a mild growth 
hormone deficiency was detected, and X-ray exam-
ination revealed severe osteopenia, which have been 
not detected to date in WARBM [16]. For molecular 
diagnostic purposes, the lack or presence of some 
atypical symptoms should not preclude the molecu-
lar analysis of the RAB genes. Moreover, due to a lim-
ited number of reported patients, the frequency of 
WARBM-associated symptoms could not be estimat-
ed. Noteworthy, clinical variability of WARBM in var-
ious age-groups of patients is also unknown. Thus, 
a minimal set of symptoms which are necessary for 
WARBM diagnosis and decision concerning molecu-
lar diagnostics may be misleading. 

In fact, the number of WARBM reported patients 
is still too low for reliable phenotype-genotype cor-
relations to be derived. 

To summarize, the patients reported by us man-
ifest with a severe clinical form of WARBM1 associ-
ated with peripheral demyelinating neuropathy and 
cardiomyopathy. 

Due to the unique structure of the family tree 
in this study (a  recessive trait of inheritance and 
a detected common ancestor in the 6th generation), 
we were able to prioritize the filtering process in the 
interpretation of the exome data. The exome analy-
sis identified only three probably important homozy-
gous sequence variants in the proband. Additionally, 
only one sequence variant was detected in the RAB-
3GAP1 gene whose mutations had been shown pre-
viously to segregate with the phenotype of WARBM. 
Finally, by means of conceptual translation, the iden-
tified sequence variant within the RAB3GAP1 gene 
resulted in a  homozygous nonsense E180X muta-
tion truncating the RAB3GAP1 protein. Our study 
confirms the usefulness of WES analysis in the ped-
igrees with an evident recessive trait of inheritance 
and evidence of the common ancestor in the family. 

Because of the non-specificity of signs and symp-
toms of many disorders, molecular genetics is indis-
pensable in establishing a specific diagnosis. In fact, 
exome analysis seems to be very serviceable in cas-
es of unknown background. Whole-exome sequenc-
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ing in our family gives a  chance for the battery of 
biochemical, imaging and other tests to be omitted. 
In fact, exome analysis is a cost- and time-effective 
approach. Most importantly, it also reduces the dis-
comfort of affected patients associated with a long 
diagnostic process. 
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A b s t r a c t

Introduction: Fahr’s disease is characterized by bilateral calcium deposition within the basal ganglia, cerebellar den-
tate nucleus and subcortical brain white matter. The main clinical manifestations are rigid or hyperkinetic syndrome, 
mood disorders and cognitive impairment. The correlation between neurological impairment and symmetrical basal 
ganglia calcification is not so frequent. Aim of the study was to report the results of neurological assessment of three 
sporadic cases of Fahr’s disease highlighting a correlation between the clinical syndrome and neuroimaging. 
Case reports: Three adults of aged 32, 55 and 70, were studied. They all showed a heterogeneous clinical spectrum. 
One case developed neuropsychiatric symptoms, whereas the others complained of the tremorigen syndrome. Brain 
computed tomography scans revealed several calcifications in basal ganglia, cerebellar white matter and dentate 
nuclei. 
Conclusions: The pathogenesis of Fahr’s disease is probably secondary to the dysfunction of cortico-basal connec-
tions and their interhemispheric relations. No significant correlation between calcifications and neurological symp-
toms is proved.
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Introduction

Fahr’s disease (FD) is characterized by idiopathic 
calcification within the basal ganglia, cerebellar den-
tate nuclei and bilateral white matter, so the term 
‘bilateral striopallidodentate calcinosis’ (BSPDC) ap- 
pears to be the most appropriate [43,44].

Clinical manifestation occurs at any age without 
overrepresented ages of onset. Idiopathic BSPDC is 
clinically heterogeneous. Patients with calcification 
may exhibit neurological and/or psychiatric symp-
toms with different degrees of severity and ages of 

onset. Others can remain asymptomatic throughout 
life [2]. The prevalence of BSPDC is unknown, but an 
incidence of basal ganglia calcification ranging from 
0.3% to 1.2% has been reported in routine radiologi-
cal examinations in older reports [27,72] and recent-
ly greatly increased (from 1.3% to 20.6%) in recent 
studies [52,71].

Between 2% and 12% of brain scanners detect 
the presence of calcification levels within the lym-
phatic vessels [14-17]. Small “physiological” calcifica-
tions, especially located in the globus pallidus, can be 
evidenced and their prevalence increases with age. 
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When these findings are present in subjects younger 
than 40 years old, involving simultaneously the glo-
bus pallidus, putamen, cerebellar dentate nucleus and 
white matter (Pale-toothed grooved-calcinosis), they 
are considered to be pathological.

Normal serum levels of calcium and parathyroid 
hormone help to differentiate primary familial brain 
calcification from other disorders, such as hyperthy-
roidism or hypoparathyroidism.

The disease displays heterogeneity of symptoms, 
and some individuals with brain calcification can be 
asymptomatic [19,70]. Primary familial brain calcifi-
cation is usually inherited in an autosomal dominant 
manner, and, thus far, mutations in three genes have 
been found to cause the disease: SLC20A2, PDGFB, 
and PDGFRB. SLC20A2 encodes for the sodium-de-
pendent phosphate transporter 2 (PiT2). PDGFB and 
PDGFRB code for the platelet-derived growth factor 
beta (PDGFb) and its receptor, and the platelet-de-
rived growth factor receptor beta (PDGFR-b), respec-
tively [28,53,69].

The latest study identified in multiple families 
with PFBC mutations in XPR1, a gene encoding a ret-
roviral receptor with phosphate export function. 
These mutations are implicating with phosphate 
homeostasis in PFBC [38].

In published studies, these three genes account 
for approximately 50% of cases [8,10,23,26,52,54, 
73,74]. However, in most of these studies, only the 
SLC20A2 gene was examined, and only by Sanger 
sequencing. Comprehensive analyses of all the three 
genes are scarce as stated by a recent study [67].

One of known causes associated with basal gan-
glia calcinosis is hypoparathyroidism. Related causes 
can be infections, such as Epstein-Barr and human 
immunodeficiency [50], lupus erythematosus [57], 
perinatal hypoxia [58], radiation or chemotherapy 
[14], carbon monoxide poisoning and prolonged use 
of anticonvulsants [15].

The pathophysiological mechanism of calcium 
and other mineral deposits in extracellular and 
perivascular zones is still unknown. To date sev-
eral hypotheses have been formulated, such as 
interruption of the local blood-brain barrier, altered 
metabolism within neuronal-glial calcium networks, 
changes in the extracellular matrix [6]. Calcium and 
other mineral deposits were found in the walls of 
capillaries, arterioles, and small veins and in peri-
vascular spaces [23]. Neuronal degeneration and 

gliosis surrounding these accumulations have been 
reported [33].

Mucopolysaccharides, traces of aluminium, arse-
nic, cobalt, copper, molybdenum, iron, lead, manga-
nese, magnesium, phosphorus, silver, and zinc are 
also present [23,42,51,64]. 

At the molecular level, calcification generally 
develops within the vessel wall and in the perivascu-
lar space, ultimately extending to the neuron.

Due to defective iron transport and free radical 
production, tissue damage occurs which leads to the 
initiation of calcification. It occurs secondarily around 
a Nidus composed of mucopolysaccharides and relat-
ed substances. Progressive basal ganglia mineraliza-
tion tends to compress the vessel lumen, thus initiat-
ing a cycle of impaired blood flow, neural tissue injury 
and mineral deposition. Basal ganglia concretions are 
recognized as basophilic globules tracking the vessels 
of arteries, veins and capillaries [59].

Electron microscopy also shows the evidence of 
a connection between spherical and hemispherical 
bodies formed in the adventitia of the blood vessel 
and surrounding glial cells while intima is usually 
preserved with deposits within the pericytes [30].

Mineral composition of the calcifications varies 
with the anatomical site and their proximity to vas-
culature calcifications. It may be due to the abnor-
mal metabolism of calcium and phosphorus while 
some reports tend to contradict this finding [1,3,29]. 

In a  review of 4219 computed tomography (CT) 
scans, it was deduced that most calcifications occur 
bilaterally and symmetrically while a few occur uni-
laterally and there was no abnormality in metabolism 
of calcium, denying the pathophysiologic significance 
of concurrent altered calcium metabolism [31]. Calci-
fications commonly occur in basal ganglia, thalamus, 
dentate nucleus, cerebral cortex, cerebellum subcor-
tical white matter, and hippocampus [29,46].

It has been suggested that the hyperintense 
T2-weighted images in MRI sequences may reflect 
a slowly progressive metabolic or inflammatory pro-
cess in the brain with consequent calcification, prob-
ably causing the neurologic deficits observed [2]. Sin-
gle-photon emission computed tomography (SPECT) 
studies showed a marked blood flow decrease. The 
criteria for the diagnosis of bilateral striopallidoden-
tate calcinosis (BSPDC) include [37,72] evidence for 
bilateral basal ganglia calcification; progressive neu-
rological or neuropsychiatric manifestations; onset 
of symptomatology in the fourth or fifth decade of 
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life (earlier onset is also likely to occur). There are 
no biochemical abnormalities and clinical features 
suggesting the presence of mitochondrial, meta-
bolic disease or other systemic disorders; calcifi-
cations are not due to infection, trauma, or toxic 
causes; moreover, autosomal dominant inheritance 
(chromosome 14q9) for basal ganglia calcification 
has been discovered [17] (Table I). Brodaty et al. [7] 
excluded such a  locus in the absence of neurologi-
cal, cognitive and psychiatric symptoms. Further, in 
hypothyroidism the locus is on 11p [24]; in pseudo-
hypoparathyroidism it is on 20q [37]; in Down’s syn-
drome it is on 21q [48], excluding the possibility that 
a single gene may be responsible for the calcium and 
other mineral deposits.

Bilateral striopallidodentate calcinosis is fre-
quently suspected in normal aging [2,62]; never
theless, in the literature there is no clear evidence 
for establishing when calcifications can be attrib-
uted to normal aging or to a pathological process. 
Considering clinical presentations of BSPDC (Table II) 
in the presence of family history, diagnosis can be 
proposed in the absence of one of the first 2 criteria. 
Whereas when family history is negative, meeting 
the first 5 criteria is sufficient for the diagnosis of 
BSPDC only if the calcifications are typical of BSPDC 
[36,46]. Calcifications are more commonly report-
ed in the globus pallidus; additional reported sites 

Table II. Clinical presentations of Fahr’s disease 
as reported in the literature

Radiologic findings

Bilateral symmetrical calcifications of basal ganglia and 
dentate nucleus

Thalamus, centrum semiovale, cerebellum, and cerebral 
white matter

Psychiatric symptoms

Cognitive deterioration: dementia, delirium, confusion

Psychotic symptoms: hallucinations, delusions

Catatonia

Irritability

Aggression

Personality disorder and personality changes

Mood disorders: depression, manic symptoms

Anxiety, panic attacks, and obsessive behaviours

Others symptoms

Parkinsonism and movement disorders

Seizures

Headache

Dysarthria

Tremor

Orthostatic hypotension

Vertigo

Paresis

Stroke

Syncope

Ataxia

Table I. Pathological conditions associated with 
calcification of the basal ganglia 

Idiopathic hypoparathyroidism

Secondary hypoparathyroidism

Pseudohypoparathyroidism

Pseudo-pseudohypoparathyroidism

Hypothyroidism

Neonatal anoxia

Carbon monoxide poisoning

Lead poisoning

Fahr’s disease

Basal ganglia calcification (idiopathic family)

Hastings-James syndrome

Cockayne syndrome

Hyalinosis skin

Tuberous sclerosis

Parkinsonism

Vascular diseases

Cerebral haemorrhage

Radiation therapy

Therapy with methotrexate

Cytomegalic inclusions disease

Encephalitis

Toxoplasmosis

Cysticercosis
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include putamen, caudate nucleus, internal capsule, 
dentate nucleus, thalamus, cerebellum, and cerebral 
white matter [44]. Several cases were diagnosed 
incidentally [25,61,65,68,72] during routine assess-
ment of psychiatric or somatic symptoms, which 
may suggest the possibility of underestimated diag-
nosis of BSPDC.

This study describes three heterogeneous spo-
radic cases of BSPDC in the absence of demonstrat-
ed familiarity. The quantity of calcifications is cor-
related with the symptomatic status, even though 
different clinical features are not solely justified by 
location and severity of calcifications. Thus, the cor-
relation between neurological impairment and sym-
metrical basal ganglia calcification is not always the 
same. Brain CT aspects were similar, whereas the 
clinical neurological manifestations were different. 
Nowadays, a  literature review shows evidence that 
there is no definite pathogenesis of basal ganglia 
calcifications.

Genetic tests described in clinical cases were 
obtained in specialized centres for genetic research 
on rare diseases.

Clinical cases

Case 1

A  55-year-old man presented with a  five-year 
progressive cognitive decline including dysexecutive 
syndrome, apathy, along with severe disturbance of 
reasoning, calculation and sequential tasks. 

Moreover, memory loss and depressive mood 
were expressed without any other psychiatric dis-
orders, such as delusions or hallucinations. Finally, 
he was unable to perform daily life activities, with 
decreased verbal fluency, apathy and inability to 
make decisions. His family history was positive for 
mood and cognitive impairment; however, brain 
CT scan did not prove calcifications. Neurological 
examination disclosed extrapyramidal features with 
postural tremor and orofacial dyskinesia at lips and 
tongue.

Mini Mental State Examination (MMSE) score 
was 23/30 (Italian version); neuropsychological tests 
showed immediate and recent memory deficits, par-
ticularly in remote memory. Despite hospitalisation 
in psychiatry ward, he continued to wander, inter-
action was absent, he demonstrated poor self-care 
and disorganised behaviour (e.g. handling the fae-
ces). Nevertheless, the patient was spatiotemporally 

oriented and was able to recognise people. He was 
consistent in his verbal responses with rapid and 
unclear speech (dysarthric speech) and sometimes 
words could not be understood. Routine blood tests 
disclosed normal ionic calcium levels (1.12 mmol/l) 
including calcium, phosphorus, thyroid hormones 
and parathormone. Serologic tests for syphilis and 
HIV were negative. He was treated with carbolithi-
um (600 mg/day) and selective serotonin reuptake 
inhibitor (SSRI). Brain CT showed extensive bilateral 
calcifications in the dentate nuclei of the cerebel-
lum, basal ganglia and centrum semiovale (Fig. 1). 
Brain magnetic resonance imaging confirmed mul-
tiple small patchy hypersignals in the same areas 
(Fig. 2). Molecular diagnosis was made by sequenc-
ing of the entire coding region of SLC20A2, PDGFRB, 
and PDGFB and copy number analysis of SLC20A2 
giving normal findings. Bilateral striopallidodentate 
calcinosis was therefore possible based on clinical 
features and neuroimaging (bilateral basal ganglia 
calcification, dysarthria and neuropsychiatric symp-
toms). The patient showed partial improvement in 
behavioural symptoms with Carbolithium discontin-
uation; hence quetiapine (25 mg/day) was added. 
Symptomatology ameliorated within the 60 follow-
ing days, specifically with the reduction of orofacial 
dyskinesia at lips and tongue. Despite partial initial 
benefits, he showed progression of the disease with 
a severe depressive syndrome.

Case 2

A 70-year-old woman with a previous history of 
bronchial asthma and hypertension with neurologi-
cal symptoms occurring for 20 years, showed mild 
tremor in the upper limbs. Hypothyroidism was dis-
closed; T3 and T4 results were always normal. During 
the following 10-15 years tremor increased progres-
sively up to involving the chin and the voice.

Two years later, memory loss and depressive 
mood were demonstrated. Mini Mental State Exam-
ination (MMSE) score was 23/30 (Italian version); 
other neuropsychological tests showed deficit in 
attentional capacity, in spatiotemporal orientation 
and praxis functions. Complete haematochemical 
examinations, including thyroid and parathyroid 
hormones, phosphorus/calcium, liver function tests, 
complete blood count, along with sedimentation, 
were normal even when frequently repeated over 
years. Electroencephalogram (EEG) was unremark-
able. Brain CT scan highlighted the symmetrical 
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distribution of mineral deposits in the lenticular 
nuclei, medial thalamic paraventricular nuclei and 
in the white matter (Fig. 3). The patient’s overall 
clinical features alongside instrumental examina-
tions allowed to make a diagnosis of BSPDC. After 
obtaining informed consent, diagnostic genetic 
testing was performed by sequencing of SLC20A2, 
PDGFRB, and PDGFB with normal findings. Levodopa 
was administered but the patient did not tolerate it; 
beta-blockers could not be used because of bronchi-
al asthma. Within 60 days of alprazolam introduction 
(3 mg/day), the patient showed partial improvement 
in behavioural symptoms and essential tremor went 
into remission. 

Regular follow-up during the next three years 
disclosed tremor recurrence with exclusive involve-
ment of the chin. 

Case 3

A  32-year-old man complained of progressive 
mild tremor at hands in the previous year.

His personal history was positive for Hashimoto 
thyroiditis. Neurological examination showed only 
mild rest and action tremor without further signs of 
extrapyramidal features. Neither dismetry nor any 
other cerebellar signs were present. General examina-
tions were normal. The patient’s relatives were exam-
ined and no abnormalities were detected. The thyroid 

A

C

B

D

Fig. 1. Computed tomography (CT) findings in patient 1: brain CT shows brain calcification in dentate nuclei 
of the cerebellum (A), basal ganglia, thalamus and cortical (B-D).
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Fig. 2. Magnetic resonance imaging (MRI) findings in patient 1: (A, D) T1 and (B) T2-weighted image,  
(C) diffusion weighted imaging (DWI) and (E) apparent diffusion coefficient (ADC) map, (F) fluid-attenuated 
inversion-recovery (FLAIR) image. Calcified areas show high- or low-intensity signals on MRI T1-weight-
ed images. On T2-weighted image calcification is depicted as low-intensity signals. Multiple small patchy 
hypersignals on FLAIR sequence. Dark spots are noted on both the DWI and the corresponding ADC map.
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Fig. 3. Computed tomography (CT) and magnetic resonance imaging (MRI) findings in patient 2: brain CT 
shows a striking high density area in the basal ganglia (A, B); MRI calcified areas show hypersignals on 
FLAIR sequence (C), high- or low-intensity signals on MRI T1-weighted images (D, E) and dark spots are 
noted on diffusion weighted imaging (DWI) (F). 
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test, parathyroid hormone, phosphorus/calcium, liv-
er function tests, complete blood count, sedimenta-
tion and ionic calcium level were normal. Serologic 
tests for syphilis and HIV were negative. Cerebro-
spinal fluid (CSF) analysis was normal. Mini Mental 
State Examination (MMSE) score was 30/30 (Italian 
version); other neuropsychological tests were nor-
mal. Brain CT scan showed extensive bilateral cal-
cifications in the dentate nuclei of the cerebellum, 
basal ganglia and bilateral white matter. Magnetic 
resonance imaging confirmed severe hypointense 
focal areas with a maximum diameter of about 10 x 
7 mm in capsular and peritrigonal areas (Fig. 4). No 
therapy was administered because of slight symp-
tomatology. 

After informed consent to diagnostic genetic 
testing was obtained, sequencing of SLC20A2, PDG-
FRB, and PDGFB was performed giving normal find-
ings.

2-year or regular follow-up disclosed no sign of 
disease progression.

Discussion

Bilateral striopallidodentate calcinosis is most-
ly associated with a disorder of calcium and phos-
phate metabolism, especially hypoparathyroidism 
(HPT) [2,20,55,60]; however, different aetiology must 
be considered, including infectious, metabolic, and 
genetic diseases [65]. 

Our clinical series did not reveal abnormalities 
in calcium, phosphate, parathyroid levels and other 
dysmetabolism responsible or calcium deposition. 

Furthermore, there was no family history of the 
disease in all of the three cases reported.

Genetic analysis for SLC20A2, PDGFRB, and PDG-
FB genes detected no mutations.

Recent reports have highlighted novel hypothesis 
regarding the possible causes and etiopathological 
processes of PFBC [21]. In particular, mutations in 
3 different genes have been identified as causative 
agents of PFBC. First, SLC20A2 (OMIM158378) was 
described in February 2012 as coding for type III 
sodium-dependent inorganic phosphate (Pi) trans-
porter 2 (PiT-2). The second reported gene, PDG-
FRB (OMIM173410), was described in January 2013 
as encoding 1 of 2 receptors for platelet-derived 
growth factor. The gene encoding its major ligand, 
PDGFB (OMIM190040), was the third gene identified 
in September 2013 [28]. The different mutations in 
all the 3 genes share loss of function as the proba-

ble cause of pathology. Mutations in the SLC20A2 
gene lead to accumulation of Pi and subsequently to 
calcium phosphate deposition. Mutations in PDGFB 
and PDGFRB also result in calcification through indi-
rect processes. Although the receptor and its ligand 
are also expressed in neurons, data from selective 
knockout studies indicate impaired recruitment of 
pericytes to endothelial cells, resulting in a dysfunc-
tional blood-brain barrier and thereby contributing 
to brain calcification.

Disease progression is heterogeneous even with-
in the same family. The prevalence of extrapyramidal 
disorders (parkinsonism, dystonia, dyskinesia) and 
cerebellar signs (ataxia and dysarthria) is reported; 
neuropsychiatric symptoms, including schizo-mor-
phous psychosis [9], changes of personality [34], 
lability of mood and compulsive [18,35,40] obsessive 
disturbance, were evidenced. Nevertheless a progres-
sive subcortical cognitive impairment could occur.

In a study combining 38 cases recruited through 
a  registry and 61 cases reported in the literature, 
movement disorders were found as the most com-
mon manifestations of BSPDC accounting for 55% 
of symptomatic patients. The most common move-
ment disorders were parkinsonism (57% of cases), 
chorea (19%), tremor (8%), dystonia (8%), athetosis 
(5%) and orofacial dyskinesia (3%). 

Measurements of the total volume of calcifica-
tion suggest a  significantly larger amount of calci-
fication in symptomatic patients compared with 
asymptomatic patients [46]. 

Neuropsychiatric symptoms can be either the first 
or the most prominent manifestation ranging from 
mild concentration or memory impairment, personal-
ity and behaviour changes, to psychosis and demen-
tia. About 40% of patients with basal ganglia calcifi-
cation (BGC) may initially present psychiatric features 
[5], such as psychotic syndrome and mood changes, 
but even cognitive disorders are common [13]. Para-
noid and psychotic features often begin in patients 
aged between 20 and 40 [19]. In FD two patterns 
of psychotic presentation are described: early onset 
(mean age 30.7 years) with minimal movement disor-
der and late onset (mean age 49.4 years) associated 
with dementia and movement disorders [12]. Never-
theless, all the symptoms may vary during the course 
of disease. Calcification extension and subarachnoid 
space dilatation correlate with the presence of psy-
chiatric manifestations [41]. Other clinical findings 
in patients with BSPDC are cranio-cerebral trauma, 

http://rcin.org.pl 



290 Folia Neuropathologica 2016; 54/3

Michele Pistacchi, Manuela Gioulis, Flavio Sanson, Sandro Zambito Marsala

Fig. 4. Computed tomography (CT) and magnetic resonance imaging (MRI) findings in patient 3: an axial view 
shows a marked high density area in the basal ganglia and dentate nuclei of the cerebellum (A-C); MRI calci-
fied areas show hypersignals on FLAIR sequence (C), high- or low-intensity signals on MRI T1-weighted imag-
es (D) and dark spots are noted on diffusion weighted imaging (DWI) (E) and the corresponding ADC map (F).
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stroke, meningitis, encephalitis, brain tumours, cere-
bral aneurysm, arteriovenous malformation, subdural 
hematoma, and mastoiditis [36]. Cases presenting 
with BSPDC and disturbed calcium metabolism were 
associated with idiopathic hypoparathyroidism, hyper-
parathyroidism, pseudo-hypoparathyroidism, and 
postoperative hypoparathyroidism. Patients having 
parathyroid hormone deficiencies due to thyroidecto-
my showed more severe mental deterioration [41]. In 
the three cases reported in our study, the beginning 
of symptomatology was different and characterised 
by tremor, psychiatric disorders or movement disor-
ders. The patient with a higher quantity of calcium in 
TC (case 2) showed onset with predominant psychi-
atric symptoms, whereas the cases with less (case 2) 
or earlier (case 3) calcium deposition had prevailing 
tremor without parkinsonism signs. Besides, aetiol-
ogy of calcium deposition remains mostly undeter-
mined and no metabolic causes came up in the cases 
observed.

The exact pathological process responsible for the 
calcification of brain structures is still poorly under-
stood; it could be secondary to a progressive meta-
bolic or inflammatory process, which subsequently 
causes the neurological impairments observed [2]. 
Neuroradiological findings are also different in CT 
and MRI. The areas involved were basal ganglia, 
dentate nuclei of cerebellum, medial thalamic para-
ventricular nuclei, white matter and no correlations 
were found with clinical manifestations.

These data were confirmed by the literature, 
especially the non-specificity of lesions for localisa-
tion, extension and correlated symptoms.

Moreover, our patients were examined in regu-
lar follow-ups and all of them had no progression 
of symptomatology since the beginning of disease.

It is still unknown why the basal ganglia are the 
most vulnerable site for calcium deposition, but 
even in other conditions they are a favourite target, 
like bilirubin in kernicterus or 1-methyl-4-phenyl, 
1,2,3,6-tetrahydropyridine (MPTP) and carbon mono
xide causing parkinsonism.

Although correction of dysmetabolic causes, such 
as hypoparathyroidism or mitochondrial encephalo
pathy, can improve neuropsychiatric syndrome, there 
are no specific treatments at the moment that may 
limit the progression of calcification in the basal gan-
glia. A report of amelioration using Ca-chelators with 
antioxidant and Ca-antagonist has still to be con-
firmed [11]. Currently there is no cure for BSPDC nor 

is there a standard treatment. The available therapy 
is only symptomatic and corrections of known aetiol-
ogy are admitted. 

The prognosis is variable and unpredictable. There 
is no reliable correlation between age, extent of calci-
um deposits in the brain and neurological deficit. Pro-
gressive neurological deterioration generally results 
in disability and death.

Reduced 25-OH vitamin D3 with normal levels 
of 1.25(OH)2 vitamin D3, suggest an inborn error of 
vitamin D metabolism [47]. Further evaluation of 
this finding is needed so as to provide a therapeutic 
solution.

The treatment of BSPDC is directed to the iden-
tifiable causes [49]. Especially in HPT, an early treat-
ment can prevent calcification and neurophysiologi-
cal disorders [20,55,56].

Studies show that psychoses in BSPDC have vari-
able and sometimes null responses to treatment [32].

The treatment targets include symptomatic sup-
port. The response to levodopa in those patients 
with parkinsonian features is reportedly poor. Atypi-
cal antipsychotics are preferred for psychiatric symp-
toms because of the coexistence of the extra pyrami-
dal syndrome in this group of patients.

Treatment of underlying aetiology such as hypo
parathyroidism has led to neuropsychiatric impro
vement, but there are no specific treatments limit- 
ing the progression of calcification in the basal 
ganglia in BSPDC, except a  theoretically uncon-
firmed report of Ca-chelators plus antioxidant and 
Ca-antagonist benefits [11]. Metal binding proteins 
and metal-chelating agents (like ammonium tetra-
thiomolybdate, which is a Cu-chelating agent) have 
been theoretically suggested as one of the treat-
ment options [22].
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A b s t r a c t

Introduction: The clinical and histological presentations of the adult form of Pompe disease may be atypical. In such 
cases, identifying histological signs that point to the diagnosis would be crucial to avoid a delay in care. The aim  
of our study was to investigate the presence of rimmed vacuoles and acid phosphatase positivity in muscle biopsies 
of patients with late-onset Pompe disease.
Material and methods: We retrospectively studied muscle biopsies of all cases of the adult form of Pompe disease 
diagnosed at the University Hospital of Caen. Three of these four cases showed atypical clinical signs, and diagnosis 
was established tardily based on family history or systematic analysis of acid maltase activity.
Results: All biopsies showed some rimmed vacuoles. The acid phosphatase reaction showed positive inclusions and 
labelled vacuoles in biopsies of all patients. 
Conclusions: The presence of rimmed vacuoles and acid phosphatase positivity in muscle biopsy should suggest  
the diagnosis of the adult form of Pompe disease, this is decisive since effective therapy is available.

Key words: muscle, storage, alpha-glucosidase, Pompe, lysosomal, pathology, rimmed, vacuole, phosphatase.
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Introduction

Pompe disease is an autosomal recessive glyco-
gen (glycogen storage disease type II) that results 
from a deficiency of alpha-glucosidase (GAA) or acid 
maltase, a  lysosomal enzyme. This enzymatic defi-
ciency generates an abnormal glycogen accumula-
tion mainly in muscle cells. Different phenotypes are 
reported: infantile, juvenile and adult [3].

The adult form is classically characterized by 
slowly progressive motor weakness that predom-

inantly affects the pelvic limb girdle and by respi-
ratory failure with diaphragmatic paralysis [5]. 
Since the disease progression can be slowed down 
by a  replacement enzyme therapy (Myozyme™) 
[14], it is important to get an early diagnosis. 
The clinical diagnosis is confirmed by an assay of 
GAA enzyme activity in blood [1]. In some cases, 
however, the clinical presentation is not obvious, 
specific or misleading so examination of muscle 
biopsy is required to raise the suspicion of Pompe 
disease [13].
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Histological aspects of Pompe disease in striat-
ed muscle are usually cytoplasmic vacuoles, periodic 
acid Schiff (PAS) positive and highly reactive to acid 
phosphatase indicating their lysosomal nature [17]. 
The ultrastructural study confirms the glycogenic 
nature of the vacuolar content [8]. Other lesions such 
as segmented fibers, fibers in necrosis/regeneration 
[15] or acid phosphatase positive inclusions are more 
rarely observed [18]. An inflammatory lymphocytic 
infiltrate or a type grouping can mimic chronic myo-
sitis or neurogenic damage [6,15]. Finally, the muscle 
biopsy can be normal [13].

Surprisingly, we observed, on a late-onset Pompe 
disease muscle biopsy, rimmed vacuoles in the cyto-
plasm of muscle fibers. This histologic appearance 
is not specific and is conventionally a  diagnostic 
criterion of sporadic (s-IBM) or hereditary (h-IBM) 
inclusion body myositis, oculopharyngeal muscular 
dystrophy and few myofibrillar myopathies and dis-
tal myopathies [2,9].

The aim of our work has been to evaluate the 
rimmed vacuoles and acid-phosphatase positivity 
diagnostic interests as new diagnostic histological 
markers in late-onset Pompe disease. These histolog-
ical elements have been sought on muscle biopsies 
from our patients affected by this insidious disease.

Material and methods

Patients

Patient 1 was diagnosed at the age of 34 years 
following a  respiratory distress episode, initially 
attributed to pulmonary emphysema with large bub-
bles for which he was operated. Pulmonary function 
tests, however, put in evidence a restrictive respira-
tory secondary to a  lordosis, a  scoliosis and a dia-
phragmatic paralysis. In addition, clinical examina-
tion revealed severe motor deficit in the limb girdle 
muscles that has evolved over the last twenty years, 
and an axial deficit. The 10-meter walking test was 
achieved in 9 seconds, and the Brooke and Vignos 
scale was scored at 2. Creatine phosphokinase (CPK) 
was increased to 2 times normal. The electromyo-
graphy (EMG) showed myogenic plots. The activity 
of acid maltase was very low and genetic analysis 
showed two different mutations in the GAA gene 
(IVS1-13T>G and c.2182_2183delT). The patient was 
treated by enzyme replacement therapy Myozyme™ 
for 4 years which improved and stabilized his mus-
cular capacity, including breathing.

Patient 2, seen for consultation at the age of 62, 
showed a typical picture of late-onset Pompe dis-
ease. He presented at the age of 38 years for spinal 
pain secondary to an axial deficit responsible for 
a hyperlordosis associated with limb girdle muscle 
weakness, and a  face deficit that gradually wors-
ened. At the age of 59, a respiratory failure, second-
ary to diaphragmatic paralysis, required respiratory 
support. Creatine phosphokinase was increased  
to 2 times normal. Functional respiratory tests con-
firmed diaphragmatic paralysis. The biopsy showed 
typical lesions of Pompe disease such as numerous 
vacuoles PAS positive. Unexpectedly, rimmed vac-
uoles were also found. Biochemical analyses indi-
cated a severe acid maltase deficiency (13%), and 
genetic analysis revealed two compound heterozy-
gous pathogenic mutations in the GAA gene (IVS1-
13T>G; c.1447G>T). The patient died at the age of  
65 before the initiation of treatment with Myo
zyme™.

Patient 3 is a sister of patient 2, 14 years younger. 
She was seen for the first time at the age of 45 for 
a  bilateral ptosis associated with proximal muscle 
weakness of the lower limbs, which started around 
the age of 40. Further assessment revealed an 
increase in CPK to 2 times normal, and normal elec-
tromyography; inconspicuous inequality of fibers 
size with some segmentations and rimmed vacu-
oles were found on muscle biopsy. In view of these 
findings, a  diagnosis of oculopharyngeal muscular 
dystrophy was made. Unfortunately, PABPN1 gene 
screening did not find any triplet expansion. She 
then presented an acromegaly secondary to a pitu-
itary microadenoma, as her mother, and a  type 2  
diabetes. The evolution was marked by the appear-
ance of ophthalmoplegia, worsening of the limb gir-
dle deficit, and a  respiratory failure secondary to 
a  diaphragmatic paralysis. The diagnosis of Pompe 
disease was then made following that of her broth-
er made a year earlier. Acid maltase activity assessed 
then was very low (12%), and genetic analysis showed 
heterozygote mutations on the GAA gene (IVS1-13T>G; 
c.1447G>T) identical to those observed in her brother. 
A pathogenic mutation in the LMNA gene (c.1930C>T) 
was also found. She died at the age of 56 after 42 
administrations of Myozyme™ over 21 months.

Patient 4, diabetic and hypertensive, was diag-
nosed at the age of 60 when she was seen for the 
first time for walking and stair climbing difficulties 
that began at the age of 38 years and evolved very 
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slowly. Physical examination revealed mild proximal 
weakness of all four limbs and severe axial deficit. 
Creatine phosphokinase was high, at 4 times normal. 
On the two muscle biopsies that were performed, 
only rare rimmed vacuoles were found. The patient 
did not show any respiratory signs, and respiratory 
function tests were normal. Acid maltase deficiency 
was discovered following her inclusion in a research 
protocol in which patients with an atypical clinical 
picture were all tested for putative Pompe disease 
[7]. Diagnosis of Pompe disease was then confirmed 
by the presence of two mutations in the GAA gene  
(c.1-45T>G in intron 1 and c.1655T>C in exon 12). Once 
the patient has begun the treatment with Myozyme™, 
a dramatic improvement occurred over the next 18 
months, followed by stabilization of the disease.

Frozen sections

All muscle biopsies were frozen and stored at 
–80°C. Cuts of 8 to 12 microns were formed in the 
cryostat. The stains and enzymatic reactions carried 
out were: haematoxylin-eosin, Gomori trichrome, 
periodic acid-Schiff (PAS), acid phosphatase, ATPase, 
and oxidative reactions.

Electron microscopy

The samples were successively fixed by glutar-
aldehyde, post-fixed with osmium tetroxide, dehy-
drated, and embedded in resin. Semi-thin and ultraf-
ine sections were then made.

Semi-thin sections were stained with toluidine 
blue, and also with PAS in patient 2.

Table I. Muscle biopsies of patients affected by the adult form of Pompe disease – histology and electronic 
microscopy

Patient 1
Left quadriceps 

Patient 2 
Left quadriceps

Patient 3 
Left deltoid 

Patient 4 
Right deltoid

Patient 4 
Left quadriceps

Histology

Inequality of fiber size ++ ++ + + ++

Necrosis – + – – –

Inflammatory infiltrate – – – – –

Internalized nuclei + ++ + – –

Segmentation + + – – Rare

Common vacuoles + +++ + + +

Rimmed vacuoles + ++ + + +

Eosinophilic inclusions – + + – –

PAS on frozen block – + On a limited 
sector

– – –

PAS on resin block Positivity of all 
vacuoles

Predominance of one type of 
fiber

Type I – – – –

Acid phosphatase reaction Positive 
vacuoles and 

inclusions

Positive 
vacuoles and 

inclusions

Positive 
vacuoles and 

inclusions

Positive 
vacuoles

Positive 
vacuoles

Electronic microscopy

Free cytoplasmic glycogene +++ ++ + ++ ++

Autophagic vacuoles + +++ + ++ ++

Intralysosomial glycogene 
accumulation

+ ++ + + ++

Anormal mitochondria – + – – –

Under sarcolemmal 
accumulation of mitochondria

+ ++ + + ++

Myofibrilla alteration + ++ + + ++
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Results

Histological findings on muscle biopsies are 
shown in Table I. Particularly relevant is the lack of 
positive PAS vacuoles for 3 of the 4 patients, and 
the presence of numerous vacuoles in patient 2 in 
favour of glycogen excess (Fig. 1A), PAS positivi-
ty was observed only on semi-thin sections of this 
patient. Biopsies of the other patients showed some 
vacuoles, but they were PAS negative.

Furthermore, rimmed vacuoles were present on 
all biopsies, obviously predominant in patient 2’s 
biopsy (Table I and Fig. 1B-D). The acid phosphatase 
reaction showed positive inclusions and labelled 
vacuoles in biopsies of all patients (Fig. 2A-C).

In electronic microscopy, all biopsies included free 
cytoplasmic glycogen, glycogen loaded lysosomes and 
autophagic vacuoles (Fig. 3A-B). The lesions were more 
marked on patient 2’s biopsy. Biopsy of case 1 was char-
acterized by a predominance of glycogen in free form.

Discussion

Our study shows acid phosphatase positive inclu-
sions and rimmed vacuoles in the biopsy of all four 
patients. 

Acid phosphatase positive inclusions or reduced 
body-like inclusions, that appear as dense globules 
to electrons in electronic microscopy, are described 
in the adult form of Pompe disease [16,18]. Accord-
ing to Feeney et al., these structures correspond to 
lipofuscin inclusions [4]. The present study confirms 
that the acid phosphatase positive inclusions can 
be a useful diagnostic marker for Pompe disease in 
cases without histological evidence, as previously 
suggested by Tsuburaya et al. [18]. Rimmed vacu-
oles were present in biopsies of all our patients with 
late-onset Pompe disease. The rimmed vacuoles 
are small vacuoles highlighted by basophil grains 
on hematoxylin-eosin and red grains on Gomori 
trichrome [12]. According to Nishino et al. [10,12], 

A

C

B

D

Fig. 1. Hematoxylin-eosin: A) Common vacuoles and vacuoles with a basophilic material on hematoxylin 
and eosin (patient 2), B-D) Rimmed vacuoles (patient 4, 1 and 3).
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A

C

B

Fig. 2. Acid phosphatase: A) Acid phosphatase positive 
vacuoles (patient 2), B) acid phosphatase positive or 
negative vacuoles and an acid phosphatase positive 
inclusion (patient 1), C) acid phosphatase positive 
inclusions (patient 3).

A B

Fig. 3. Electronic microscopy: A) lysosomal accumulation of glycogen (patient 2), B) extra-lysosomal accu-
mulation of glycogen on electronic microscopy (patient 4).
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rimmed vacuoles would be artifacts formed during 
the coloring process: the rimmed vacuoles would 
correspond to clusters of autophagic vacuoles com-
ing off the glass slide and regrouped in myofibrils 
nearby.

Although Nishino reported that some histological 
aspects observed in Pompe disease look like rimmed 
vacuoles [11], he does not include this disease in  
the list of numerous inherited diseases characterized 
by this histological abnormality (hereditary inclusion 
body myopathy, distal myopathy with rimmed vac-
uoles, limb-girdle muscular dystrophy 2G, inclusion 
body myopathy 3, limb-girdle muscular dystrophy 1A, 
oculopharyngeal muscular dystrophy, desmin myop-
athy, desmin-related myopathy, tibial muscular dys-
trophy) [12].

To our knowledge, Schoser et al. [15] are the only 
ones to have previously reported aspects of “rimmed 
vacuoles” in muscle biopsies of cases of the adult 
form of Pompe disease; this was observed in rare 
biopsies in their cohort of 38 patients.

In our study, biopsies of all patients with late-on-
set Pompe disease had genuine rimmed vacuoles 
even when glycogen deposits were moderate or 
minimal in electronic microscopy (patients 1, 2, 4).

Based on clinicopathological correlations (ptosis 
and rimmed vacuoles), our case 2 was initially misdi-
agnosed with oculopharyngeal dystrophy. Our study 
highlights that it is thus important for a pathologist 
to include the Pompe disease in the list of diseases 
characterized by rimmed vacuoles, especially since 
effective treatment is available for this disease of 
acid maltase deficiency.

Conclusions

The presence of both acid phosphatase positive 
inclusions and rimmed vacuoles in muscle biopsies 
should thus suggest a diagnosis of Pompe disease 
in case of clinically atypical forms, and prompt the 
clinician to make measurement of enzyme activity 
and analysis in molecular biology to confirm the 
diagnosis. These new diagnostic screening markers 
of Pompe disease should, however, be validated on 
a larger number of cases.
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Poster session I

|A1|

Comparison of gene transcription  
and depressive-like symptoms following 
chronic morphine and dexamethasone 
administration in mice

Barut J., Skupio U., Marut L., Przewlocki P.

Department of Molecular Neuropharmacology, Institute 
of Pharmacology, Polish Academy of Sciences, Cracow, Poland

Summary of the objectives: The molecular mechanism 
underlying opiate withdrawal-induced depression remains 
unclear. One consistently reported dysfunction in depres-
sion is the dysregulation of the stress system, the hypo-
thalamus-pituitary-adrenal axis (HPA) which is associated 
with alterations in glucocorticoid receptors (GRs) function. 
Hippocampus, a part of limbic system has important role 
in regulating the HPA stress response. Therefore, we uti-
lized a mouse model of repeated morphine and GR agonist 
dexamethasone administration to examine the conse-
quences of prolonged withdrawal-induced depressive-like 
behaviors and to compare and examine the underlying 
mechanism of action of these drugs. 

Methodology: C57BL/6J mice were injected twice 
a day for 3 weeks with morphine (MOR, increasing doses, 
20-100 mg/kg i.p.), once a day with dexamethasone (DEX, 
4 mg/kg i.p.) or saline (SAL, 10 ml/kg i.p.). All groups of 
animals were left for 3 weeks to spontaneously withdraw 
without injection and depressive-like behaviors were eval-
uated. We used real-time PCR to map transcription in the 
hippocampus of mouse brain undergoing MOR and DEX 
treatment and followed by the 21 days of abstinence. 

Key results: MOR- as well as DEX-abstinent animals 
exhibited a significant depression symptoms. Our analysis 
found that mRNA expression of GR (Nr3c1) was decreased 
in hippocampus of MOR- and DEX-treated as well as MOR- 
and DEX-withdrawn mice. ANOVA tests indicated signifi-
cant differences between MOR and DEX-treated in imme-
diate-early genes expression (c-Fos, Arc, Npas4 and Bdnf). 
Previous analysis revealed that MOR affects expression of 
CAMK family genes. We noticed that MOR and DEX treat-
ment significantly modified levels of mRNA Camk1g, one 
of the characteristic gene of the structure of hippocampus. 

Major conclusions: Acute administration of MOR and 
DEX initially affects glucocorticoid pathway in the hippocam-
pus in a similar manner. In difference, the prolonged drugs 
administration and abstinence regulates the molecular path

ways differentially. Thus, differential molecular mechanism 
appears to be involved in depression evoked by opioid with-
drawal and chronic glucocorticoids in hippocampus.

Acknowledgments: Funding for this study was provided 
by Polish National Science Centre. Grant: 2013/08/A/NZ3/ 
00848.

|A2|

Beta(1)-adrenergic receptor blockade during 
chronic restraint stress modulates the 
expression of apoptotic signaling-related 
genes in rat hippocampus

Bielawski A., Zelek-Molik A., Kowalska M.,  
Wiatrowska K., Nalepa I.

Department of Brain Biochemistry, Institute of Pharmacology, 
Polish Academy of Sciences, Cracow, Poland

Stress may impair the structure and activity of the hip-
pocampus (HIP) and play a role in the pathology of stress 
related psychiatric disorders. The noradrenaline released 
during stress is known to stimulate the beta adrenergic 
receptors (beta-AR) highly expressed in HIP. Also, apop-
totic and degenerative changes in the hippocampus were 
reported in animal stress models. It has been shown that 
in the control of apoptosis many intracellular pathways are 
implicated and the beta-AR as well. We aimed to evaluate 
the stress induced effects on expression of the apoptotic 
signaling-related genes in the HIP and to assess whether 
they can be affected by beta(1)-AR blockade. 

Male Wistar rats underwent the chronic restraint stress 
procedure applied for 3 hours daily, for 14 days. During the 
last 7 days rats were treated with beta-AR blocker betax-
olol (5 mg/kg p.o.) given immediately after daily stress. 
Next day after a completion of stress procedure, the rats 
were decapitated and their HIPs were dissected. Then, the 
real-time PCR reaction with TaqMan Low Density Arrays 
(TLDA) was used to study the pattern of gene expression 
and identification of particular genes under stress reaction. 

Two-way ANOVA analysis showed that chronic restraint 
stress increases the expression of Ikbkg mRNA, and treat-
ment with betaxolol enhances this stress effect. Moreover, 
clustering analysis revealed the existence of two groups 
of apoptotic-related genes – down- and up-regulated by 
chronic restraint stress. The former consists of Casp7, Ripk3, 
Tnfsf10, and the latter – Dffa, Bcl2l13, Daxx. Betaxolol aug-
mented changes caused by stress in both groups. 
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The results indicate that chronic restraint stress 
induced changes in mRNA expression of several pro-apop-
totic genes belonging to various pathways involved in 
a  control of apoptotic process. Among them the stress 
increased Ikbkg gene encodes for regulatory subunit of 
the inhibitor of kappaB kinase complex which activates 
NF-kappaB. This transcription factor, critical during inflam-
mation, is also an important regulator of synaptic plastici-
ty. Furthermore, the enhancement by beta(1)-AR blockade 
of the stress-induced effects on genes’ expression sug-
gests that the regulation of these genes occurs via the 
protein kinase A dependent manner. 

Supported by statutory funds of the Institute of Phar-
macology, Polish Academy of Sciences.

|A3|

Group II metabotropic glutamate receptors 
activation reduce apoptotic processes evoked 
by hypoxia-ischemia in 7-day old rat pups

Bratek E., Ziembowicz P., Salinska E.

Department of Neurochemistry, Mossakowski Medical Research 
Centre, Polish Academy of Sciences, Warsaw, Poland

Hypoxic-ischemic encephalopathy (HIE) results in per-
manent damage of central nervous system that may result 
in neonatal death or developmental disorders. 20-30% of 
infants with HIE die in the neonatal period, and 33-50% 
of survivors demonstrate permanent neurodevelopmen-
tal abnormalities and mental retardation. It was shown 
recently that activation of group II metabotropic glutamate 
receptors (mGluR2/3) in a short time after ischemic insult 
may results in neuroprotection but the exact mechanism 
of this effect is not clear. The aim of present study was 
to investigate whether mGluR2/3 activation after hypox-
ia-ischemia reduces brain damage and if the inhibition of 
apoptotic processes is one of the involved mechanisms. 

We used an animal model of hypoxia-ischemia (H-I) 
on 7-day old rat pups. Animals were anesthetized and the 
left common carotid artery was isolated, double – ligated 
and then cut between the ligatures. After completion of 
the surgical procedure the pups were subjected to hypoxia 
(7.4% oxygen in nitrogen for 75 min at 35oC). Control pups 
were sham-operated (anaesthetized and left c.c.a. dissect-
ed, but not ligated). Animals were injected intraperitone-
ally with specific mGluR2 (LY 379268) or mGluR3 (NAAG) 
agonists 1 h or 6 h after H-I  (5 mg/kg of body weight).  

The weight deficit of the ischemic brain hemisphere 
was measured and the expression of pro-apoptotic and 
anti-apoptotic factors (Bax, Bcl-2, HTR/OMI) was examined. 
The damage in the hippocampal CA1 region was examined 
by Cresyl violet (CV) staining. 

Our results show that application of mGluR2/3 ago-
nists after H-I  results in neuroprotection. Both applied 
agonists decreased brain tissue weight loss in ischemic 
hemisphere at both times of application (from 40% in 
H-I  to 15-20% in treated). Histological examination of 
the brain tissue showed that both mGluR2/3 antagonists 
applied 1 h or 6 h after H-I decreased the damage of neu-
ronal cells and the disorganization of CA1 region of hippo-
campus. Our results show also that both mGluR2/3 antag-
onists applied 1 h or 6 h after HI significantly reduced 
number of TUNEL-positive cells in ipsilateral hemispheres 
observed after untreated HI. The activities of pro-apoptot-
ic caspase-3 and -9 after HI insult increased significantly in 
comparison to control. The injection of either of mGluR2/3 
agonists 1 h or 6 h after HI significantly reduced the activ-
ities of both caspases. 

Agonist of mGluR2/3 applied 1 h or 6 h after H-I de
creased expression of pro-apoptotic factors Bax and HTR/
OMI and increased expression of anti-apoptotic Bcl-2 in the 
ischemic brain hemisphere compared to H-I. 

Conclusions: The results show that activation of 
mGluR2 or mGluR3 in a  short time after H-I  insult trig-
gered neuroprotective mechanisms and reduced apoptotic 
processes initiated by HI in developing brain.

This work was made under MMRC-KNOW 2013-2017 
project (KNOW-14).
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Cracow, Poland 
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Background and aim: Dysregulation of the ceramide 
metabolism (e.g., by the acid sphingomyelinase) has been pro-
posed as an important factor in the pathogenesis of depres-
sive disorders. Moreover, some antidepressant drugs func-
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tion as the acid sphingomyelinase inhibitors and decrease 
ceramide levels in the rat hippocampus. The aim of this study 
was to analyze effects of antidepressants having different 
mechanisms of action and chemical structures (imipramine, 
tianeptine, escitalopram) as well as the substance showing 
antidepressant activity in preclinical research (N-acetylcyste-
ine) on several components of ceramide metabolism in the 
rat hippocampus and cerebellum. 

Material and methods: Male Wistar rats received 
imipramine (IMI, 15 mg/kg), tianeptine (TIA, 10 mg/kg), 
escitalopram (ESC, 10 mg/kg), N-acetylcysteine (NAC, 100 
mg/kg) or corresponding vehicles acutely or chronically 
(for 14 days). Twenty four hours after the last injection the 
animals were decapitated. Brain structures were analyzed 
using Western Blot.

Results: We found significant increases in the synthase 
ceramide 2 levels after acute administration of IMI or TIA 
in the hippocampus as well as after chronic administration 
of IMI in the cerebellum. Acute and chronic administration 
of IMI resulted in a significant increase in the level of the 
ceramide synthase 4 in the cerebellum and hippocampus, 
respectively. On the other hand, an acute administration 
of TIA and the chronic administration of NAC induced 
a significant decrease in the synthase ceramide 4 protein 
expression in the hippocampus. After chronic adminis-
tration of IMI and ESC, a significant increase in the syn-
thase ceramide 5 levels in the hippocampus was found; 
the increase in the latter enzyme was noted for the acute 
administration of NAC in the cerebellum. At the end, we 
report the increase in the hippocampal level of neutral 
sphingomyelinase after chronic administration of TIA and 
the decrease in the cerebellar alkaline sphingomyelinase 
after chronic treatment with IMI.

Conclusions: Our findings indicate that different 
antidepressant drugs alter the expression of number of 
enzymes in the ceramide metabolism what may further 
highlight the role of this sphingolipid in the pathophysiol-
ogy of depression.
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During hypoxia exercise performance involving large 
muscle groups is considerably lower as compared with 
normoxia. This phenomenon is attributed to both muscle 
fatigue and so-called central fatigue. Most recent data sug-
gest that associated with central fatigue hypoxia-related 
reduction of central motor output precedes the develop-
ment of peripheral muscle fatigue. It has been suggested 
that an essential gauge role in these phenomena is played 
by brain-derived neurotrophic factor (BDNF). If so, BDNF 
release should have been differed between sedentary and 
endurance trained subjects during exercise, because well-
trained athletes are more resistant to exercise induced 
fatigue. To test this hypothesis 10 healthy young males 
and 10 elite cyclist performed incremental exercise to 
volitional exhaustion (EVE) at normoxic and hypoxic con-
ditions. The normobaric hypoxic conditions were suited 
to 3000 m altitude (14.7% O2). An impact of hypoxia on 
participants’ organism was investigated by measurement 
of serum EPO that was increased during EVE in hypoxic 
conditions in both participants groups. In normoxic condi-
tions an increase in serum BDNF during EVE was observed 
only in elite endurance trained cyclists whilst in hypoxic 
conditions elevated level in serum BDNF was seen in both 
groups. This finding suggests that exercise in hypoxic con-
ditions could stand as a more potent and effective strate-
gy for increasing circulating BDNF than exercise performed 
in normoxic conditions. 

This work was supported by the grant No. 2013/09/B/
NZ7/00726 from the National Science Centre of Poland.
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The physical activity status of the organism impacts 
the function of the nervous system. Among effects of 
enhanced physical activity, secretion of neurotransmit-
ters, especially monoamines, have been linked to the 
exercise-induced neuronal adaptation/plasticity. Interplay 
between exercise and monoamines was initially derived 
from the “Central Fatigue Hypothesis”, in which increased 
brain 5-HT release was found to be associated with cen-
tral fatigue. Most recent data suggest a possible role of 
dopaminergic pathway located within nigrostratial system 
in the control of locomotion. We hypothesized this sys-
tem can be also stimulated by a bout endurance exercise 
of moderate intensity. Rats were running on the treadmill  
(0o inclination) at 24 m/min to exhaustion. Rats were 
killed immediately after exercise and striatum and mid-
brain were quickly isolated on ice-cold glass Petri dish and 
estimation of TH mRNA and protein level, activity of MAOB 
and levels of DA as well as its metabolites concentrations 
in striatum and midbrain were performed. In the present 
study, the bout of endurance exercise of moderate inten-
sity resulted in increased TH mRNA and protein level as 
well as MAOB activity in the striatum and midbrain. These 
results suggest that favorable effects of endurance exer-
cise are related to the enhanced dopamine synthesis and 
metabolism in the nigrostriatal system. 

Supported by the NCN grant #2011/01/B/ZN5/01397. 
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Poly(ADP-ribose) polymerase-1 (PARP-1) is the major 
member of PARPs family mainly responsible for a post-trans-
lational modification of transcription factors, affecting 
expression of many nuclear and mitochondrial proteins. 
PARP-1 plays also an important role in DNA repair and in 
energy metabolism regulating cells survival and death. 
Overactivation of PARP-1 by excessive genotoxic stress may 
lead to cell death in Alzheimer’s disease (AD). Our previ-
ous data indicated beneficial effects of PARP-1 inhibition in 
neurodegenerative disorders. The aim of this study was to 
investigate the role of PARP-1 in regulation of gene expres-
sion of enzymes responsible for function of mitochondrial 
respiratory chain complexes and for antioxidative defense 
in resting pheochromocytoma PC12 cells and in conditions 
of Amyloid Beta 1-42 (AB) toxicity. 

The study was carried out using PC12 cells treated with 
PARP-1 inhibitor PJ34 (20 µM) or with AB oligomers (ABO, 
1 µM) for 24 h. Quantitative RT-PCR as well as biochemical, 
immunochemical, spectrofluorometric and flow-cytomet-
ric methods were applied. 

Our data indicate that pharmacological inhibition of 
PARP-1 in PC12 cells by PJ34 enhances transcription of 
enzymes responsible for mitochondrial metabolism. PJ34 
increases the mRNA level of subunit of NADH:ubiquinone 
oxidoreductase (MT-ND1) of complex I  and has similar 
stimulatory effect on expression of gene for subunit of suc-
cinate dehydrogenase (SDHA) of complex II. Additionally, 
PJ34 augments transcription of cytochrome b (MT-CYB) of 
complex III and subunit of cytochrome c oxidase (MT-CO1) 
of complex IV. These changes may enhance mitochondri-
al activity leading to higher production of free radicals. 
Analysis of enzymes involved in antioxidative defense 
indicates downregulation of mitochondrial superoxide 
dismutase (SOD2) and glutathione-disulfide reductase 
(GSR). ABO inhibit expression of SDHA, SOD2, and reduce 
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mitochondrial membrane potential (MMP) and cell viabil-
ity. PJ34 has no protective effect on suppression of MMP 
and cell viability by ABO. Our data indicate that inhibition 
of PARP-1 enhances the expression of genes involved in 
mitochondrial function; however, has no protective effect 
on MMP and PC12 survival affected by ABO. These results 
show the complex role of PARP-1 in cell metabolism and 
cell fate and suggest dependence on cell type and experi-
mental conditions. 

Supported by The National Science Centre (http://www.
ncn.gov.pl) Grant 2013/09/B/NZ3/01350.
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Autism spectrum disorders (ASDs) are complex neuro-
developmental brain diseases characterized by deficits in 
social interaction, language and stereotyped behaviours. 
Recent discoveries of single mutations in genes coding 
synaptic proteins in affected individuals suggested the 
synapse as a  possible site of autism origin. Maternal 
immune activation (MIA) during pregnancy is a risk factor 
for autism in the offspring and is commonly used as ani-
mal model of ASD. Infections during pregnancy activate 
the mother’s immune system and alter the fetal environ-
ment, and in consequence can affect synaptic function 
and behaviour in the offspring. However, the molecular 
link between infection-induced altered fetal development 
and risk for ASD are still unclear. In this study we investi-
gated behavioural changes, synaptic protein expression as 
well as Akt-mTOR pathway protein level in the offspring 
of pregnant Wistar rats given an intraperitoneal (0.10 mg/
kg) injection of lipopolysaccharide on gestational day 9.5. 

Our results indicated that communication (expressed by 
ultrasonic vocalizations, USVs) of rat pups born to MIA 
mothers compared to pups born to saline-injected moth-
ers was impaired. Analysis of USV of 9-11-day-old animals 
showed a  longer mean time vocalization in pups from 
MIA mothers with significantly lower frequency of USV. 
Moreover, the results showed no bedding preference in 
MIA offspring at post-natal day 15 compared to control 
rats, indicating the impairment of need being in proximity 
of the mother. Along with the behavioural changes MIA 
induced presynaptic protein alterations in adolescent rat 
offspring including decrease in the level of synaptobrevin 
and syntaxin-1, the key components of SNARE complex. 
However, the  higher level of synapsin was observed in 
brain cortex and hippocampus. Together with presynaptic 
protein changes MIA induced reduction in PSD-95 in the 
cerebral cortex and hippocampus and down-regulation 
of SHANK 1-3. Moreover, alteration in the protein level of 
phospho-Akt, and 4E-BP1 was found in MIA subjects. It 
is possible that alterations of Akt-mTOR pathway result 
from aberrant synthesis of postsynaptic density proteins 
as supported by decreased level of SHANK and PSD-95. 
The altered synthesis of these proteins would generate 
changes in molecular and structural aspects of synaptic 
plasticity, contributing to ASD-like behaviours. 

Supported by the statutory theme 8.
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Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disorder without effective cure. The involve-
ment of inflammation in the pathogenesis of ALS, is 
increasingly recognized but still not fully understood. 
Therefore, the purpose of this study was to investigate the 
levels of inflammatory mediators such as tumor necrosis 
factor (TNF)-α, interleukin (IL)-6 and IL-4 in serum and 
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cerebrospinal fluid (CSF) of ALS patients. The study was 
approved by the Local Ethic Committee of University of 
Warmia and Mazury in Olsztyn, Poland. The diagnosis 
of ALS and the evaluation of the revised ALS functional 
rating scale (ALSFRS-R) score were performed for each 
ALS patient by neurologist. Blood and CSF samples were 
drawn from 10 ALS patients and 10 patients with other 
non-inflammatory neurological disorders (NND) served as 
a control group. Enzyme-like immunosorbent assay (ELISA) 
was used to check serum and CSF levels of TNF-α, IL-6 and 
IL-4. Unpaired, independent 2-tailed Student t-test was 
used and the statistical data were expressed as the mean 
± SEM, statistical significance was defined as a p-values 
below 0.05. 

The concentrations of TNF-α and IL-6 in serum and 
CSF of ALS patients were greater than in NND patients. 
There was no statistical difference in serum IL-4 level 
between studied groups, however, in the ALS patients the 
amount of this cytokine was lower. In the CSF, the level of 
IL-4 was not detectable. Our study shows the upregulation 
of TNF-α and IL-6 in serum and cerebrospinal fluid of ALS 
patients, which suggests the importance of these inflam-
matory factors in the course of the disease.

|A10|

Tetrahydrocarbazoles stabilize elevated SOCE 
in a Huntington’s disease model, MSNs  
from YAC128 mice overexpressing  
huntingtin-associated protein 1 isoform A
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International Institute of Molecular and Cell Biology, Warsaw, 
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Store-operated Ca2+ entry (SOCE) is one of the mech-
anisms that regulate Ca2+ homeostasis and is enhanced 
in Huntington’s disease (HD). However, it is still unknown 
how mutated huntingtin affects SOCE and there is no 
effective treatment of HD. We previously showed that 
huntingtin associated protein 1 (HAP1) is up-regulated in 
the striatum of HD model, YAC128 mice. We also found 
that selected tetrahydrocarbazoles stabilize the ER Ca2+ 
release in cellular Alzheimer’s disease model. The aim of 
this work was to investigate the role of HAP1 protein in 
SOCE dysregulation and check the effect of tetrahydrocar-
bazoles on the ER Ca2+ release and SOCE as well as cell 
death in YAC128 medium spiny neurons (MSNs). Single 
cell Ca2+ imaging, gene silencing and overexpression as 

well as cell death and mitochondrial membrane potential 
assays were used for this purpose. We observed that HAP1 
isoform A  overexpression decreases ionomycin induced 
ER Ca2+ release and enhances SOCE, whereas its silencing 
attenuates SOCE and decreases ER Ca2+ release induced 
by DHPG, an mGluR1/5 receptor agonist. In HD MSNs over-
expressing HAP1A we found that certain tetrahydrocarba-
zoles have a stabilizing effect on elevated SOCE, however, 
no effect on ER Ca2+ release was observed. Moreover, we 
found that some of tetrahydrocarbazoles increase mito-
chondrial membrane potential, but they are not able to 
stabilize glutamate induced cell death in HD model. We 
conclude that HAP1A increases SOCE in HD MSNs by IP3R 
activation and tetrahydrocarbazoles exhibit stabilizing 
effect on the disturbed Ca2+ homeostasis in HD model.
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Ammonia neurotoxicity plays a key role in the patho-
genesis of hepatic encephalopathy (HE). Astrocytes are 
the only compartment in the brain where ammonia detox-
ification triggers intracellular glutamine (Gln) accumula-
tion. Gln efflux from astrocytes is mediated by a system 
N transporter, SN1 (SNAT3) that demonstrates the ability 
to change transport direction with changing extracellular 
pH (pHe) and transmembrane gradients of amino acids 
(Chaudhry et al., 1999; Broër et al., 2002). In addition, the 
gene coding SN1 (SNAT3) has a  putative pH responsive 
element in the 3’-UTR (Solbu et al., 2005). Literature data 
suggest that during ammonia-induced metabolic acido-
sis in mouse kidney, SN1 is upregulated by interactions 
with the specificity protein 1 (Sp1) transcription factor 
(Balkrishna et al., 2013). In turn, Sp1 presents a tenden-
cy toward increase in cultured rat astrocytes treated with  
5 mM ammonia (Bodega et al., 2006). However, the spe-
cific regulatory role of Sp1 in transcriptional regulation of 
SN1 in astrocytes treated with ammonia and its relation 
to ammonia-induced changes in pH was not analyzed so 
far. The latter hypothesis was tested in the present study. 
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Using real-time qPCR we measured SN1 and Sp1 
mRNA level in cultured mouse cortical astrocytes treat-
ed with 5 mM ammonium chloride for 24 h and to mild  
(pH 6.8) acidosis. Simultaneously, the impact of ammonia 
and acid incubation on intracellular (pHi) and pHe was 
evaluated. Sp1 transcription factor silencing was performed 
using siRNA technology. pHi was measured using fluo-
rescent probe 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carbo
xyfluorescein, acetomethyl ester (BCECF-AM). 

Sp1 mRNA level showed tendency toward increase 
(similarly to previous study on rat cortical astrocytes) 
in ammonia-treated astrocytes, whereas acidic media 
reduced Sp1 mRNA level. Ammonia did not alter SN1 mRNA 
level, but acidic media did. Neither treatment changed 
pHi, but pHe was elevated after ammonia treatment. Sp1 
silencing in ammonia treated astrocytes decreased SN1 
mRNA level while in acidic medium a return of SN1 mRNA 
level was observed. 

In conclusion, our study demonstrates that SN1 mRNA 
expression is dependent on the presence of Sp1 transcrip-
tion factor, suggesting that Sp1 is an enhancer of SN1 
expression. Moreover, a  decrease of pHe downregulates 
SN1 mRNA expression. 

Supported by NCBR “CORE” Pol-Nor/196190/26/2013.
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Tetrabromobisphenol A  (TBBPA) belongs to bromi-
nated flame retardants exhibiting cyto(neuro)toxic prop-
erties in cell culture models. The role of oxidative stress 
in TBBPA-induced cytotoxicity has been well established, 
mainly based on the results of DCF assay demonstrating 
enhanced ROS production in TBBPA-treated cells. How
ever, according to recent reports, in cell-free solutions 
TBBPA chemically converts a parent compound DCFH-DA 
into fluorescent DCF, which casts doubt on earlier reports 
showing TBBPA-induced oxidative stress in cells. The aim 
of the present study was to asses reliability of DCF assay 
in evaluating TBBPA-induced oxidative stress in primary 
cultures of rat cerebellar granule cells (CGC). The experi-

mental approach involved measurements in CGC and in 
cell-free solutions, using a  standard plate reader, of the 
effects of 10 and 25 µM TBBPA on fluorescence of DCF. 
The level of oxidative stress in CGC challenged with TBB-
PA, which was also assessed by measuring GSH content 
and catalase activity, was modulated pharmacologi-
cally using NMDA and ryanodine receptor antagonists,  
0.5 µM MK-801 and 200 µM ryanodine with 2.5 µM bas-
tadin 12, respectively. They are known to have no intrinsic 
antiradical properties but inhibit TBBPA-induced calcium 
transients in CGC. The experiments on CGC demonstrat-
ed TBBPA-induced, concentration-dependent rise in DCF 
fluorescence which was accompanied by a  concomitant 
decrease in GSH content and catalase activity. These phe-
nomena were inhibited by NMDA and ryanodine receptor 
antagonists, which were by themselves ineffective in con-
trol CGC loaded with DCFH-DA. The results of experiments 
in cell-free system confirmed that TBBPA potentiates fluo-
rescence of cell-free DCFH-DA solution, but this effect was 
not inhibited by NMDA and ryanodine receptor antagonists 
and was even enhanced by bastadin 12. Moreover TBBPA 
decreased fluorescence of rhodamine 123 solution, while 
in CGC loaded with this probe it enhanced fluorescence. 
Thus, the results of biological experiments in accordance 
indicate, that TBBPA induces oxidative stress in CGC, and 
DCF test in CGC reflects enhanced ROS production under 
these conditions. Instead, the effects observed in the cell-
free DCFH-DA and rhodamine 123 solutions are irrelevant 
to data from the living cells. The presentation will show 
provisional explanation for these discrepancies.

Supported by NCN grant no. 2012/05/B/NZ7/03225.
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The heavy metal lead (Pb) is an abundantly existing 
environmental toxicant for the development of central 
nervous system. Prenatal lead exposure has negative 
impacts on many neurodevelopmental processes includ-
ing synaptogenesis, apoptosis and causes abnormalities 
in learning, and cognitive functions in the offspring. How-
ever, up till now there is no exact mechanism explaining 
molecular events leading to synaptic endings impairments.  
The aim of the present study was to investigate the effect 
of perinatal exposure to low dose of Pb (Pb concentrations 
in whole blood below 10 µg/dl) on the synaptic structure 
and the synaptic proteins expression in the developing 
rat brain. Furthermore, the brain-derived neurotrophic 
factor (BDNF) level was analyzed. Lead (0.1% PbAc) was 
administrated to pregnant Wistar rats via drinking water 
(Pb-group) from the first day of gestation until weaning of 
the offspring. Pups were weaned at postnatal day 21 and 
then until postnatal day 28 received only drinking water. 
At the end of experiments, 28-day old pups were sacrificed 
and the ultrastructural changes as well as expression of 
presynaptic (VAMP1/2, Synaptophysin, Synaptotagmin-1, 
SNAP25, Syntaxin-1) and postsynaptic (PSD95) proteins, 
and BDNF level were analyzed in forebrain cortex, cere-
bellum and hippocampus. We showed that perinatal Pb 
exposure promotes pathological changes in synapses 
including nerve endings swelling, blurred and thickened 
synaptic cleft structure as well as enhanced density of syn-
aptic vesicles clustering in the presynaptic area. Moreover, 
synaptic mitochondria were elongated, swollen or shrunk-
en in Pb-group. Together with ultrastructural changes we 
observed lowering of the level of Synaptotagmin-1 in cer-

ebellum, SNAP25 in hippocampus and Syntaxin-1 in cere-
bellum and hippocampus. In addition, in cerebellum Syn-
aptophysin level was increased. The expression of PSD95 
was significantly reduced in this structure and in forebrain 
cortex, but increased in hippocampus. These changes are 
accompanied by lower level of BDNF in all brain structures 
from Pb-group. In summary, we found that perinatal Pb 
exposure affected the synaptic structure and the key syn-
aptic proteins expression, that could impair synaptic plas-
ticity as well as the learning and memory processes in the 
offspring. 

Supported from MMRC statutory theme 8 and statutory 
budget of PUM in Szczecin.
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Store-Operated Calcium Entry (SOCE) is a  process, 
which leads to refilling of endoplasmic reticulum (ER) with 
calcium ions (Ca2+) after their release into the cytoplasm.  
The interaction between ER-located proteins (STIM1, STIM2) 
and plasma membrane (PM)-located Ca2+ channel-form-
ing protein (ORAI1) mediates the formation of complexes 
and underlies SOCE in non-excitable cells. Recent studies 
have recognized the importance of SOCE also in neurons 
and found complex relationship between STIM proteins 
and neuronal Ca2+ channels, but its molecular mecha-
nism in neurons requires more detailed investigation. Our 
previous data indicated that both STIMs are involved in 
Ca2+ homeostasis in neurons (Klejman et al., 2009), form 
complexes with endogenous ORAI1 (Gruszczynska-Bie-
gala and Kuznicki, 2013) but play a distinct role in SOCE 
(Gruszczynska-Biegala et al., 2011). In contrast to non-ex-
citable cells, Ca2+ influx in neurons is modulated mainly by 
voltage gated Ca2+ channels and ionotropic receptor-oper-
ated Ca2+ channels. Here we report, that the SOCE inhibitor 
ML-9 reduces AMPA-induced Ca2+ influx by 80%. To assess 
the role of AMPA receptors (AMPARs) in SOCE, they were 
inactivated in cortical neurons by their specific inhibitors. 
As estimated by FURA-2AM single-cell Ca2+ measurements 
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in the presence of CNQX or NBQX, thapsigargin-induced 
Ca2+ influx was decreased 2.2 or 3.7 times, respectively. 
These results suggest that during SOCE, calcium ions can 
enter neurons also through AMPA receptors. In addition, 
we found by co-immunoprecipitation assays, that when 
Ca2+ level is low in the neuronal ER, a physical association 
of endogenous STIM proteins with endogenous GluA1 or 
GluA2 subunits of AMPAR occurs. Taken together, these 
data suggest an involvement of AMPAR in SOCE and its 
link with STIM proteins. 

Supported by funds from a  National Science Centre 
(2011/01/D/NZ3/02051, JGB).
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stimulation of proprioceptive fibers  
on glutamatergic and cholinergic innervation 
of the ankle extensor α-motoneurons  
on early-phase after complete transection  
of the spinal cord

Grycz K., Glowacka A., Gajewska-Wozniak O., Ji B., 
Czarkowska-Bauch J., Skup M.

Nencki Institute of Experimental Biology, Warsaw, Poland

k.grycz@nencki.gov.pl

Seven days of stimulation of low-threshold propriocep-
tive fibers in the tibial nerve in intact rats leads to synaptic 
plasticity in the Hoffmann-reflex (H) circuit involving two 
extensors operating at the ankle joint, i.e., soleus and later-
al gastrocnemius (LG) α-motoneurons (MNs). We focused 
on the effects of stimulation on two types of excitatory 
inputs to α-motoneurons: the first input is formed by glu-
tamatergic Ia sensory afferents contacting monosynapti-
cally α-MNs; the second one is the cholinergic input orig-
inating from V0c – interneurons. We found that one week 
of continuous burst stimulation of proprioceptive input to 
LG α-motoneurons is effective in enrichment of their direct 
glutamatergic but also indirect cholinergic inputs. 

Our recent aim is to clarify whether enhancement of 
signaling to ankle extensor α-MNs, via the same pattern 
of direct electrical stimulation of tibial nerve, will affect 
both Ia glutamatergic and cholinergic innervation of 
α-motoneurons of LG in rats subjected to complete tran-
section of the spinal cord at low-thoracic segments. Tibial 
nerve was stimulated for 7 days with continuous bursts 

of three pulses delivered every 25 ms in 4 × 20 minutes 
sessions daily. Stimulation started on the second day 
after spinalization. Monitoring of H-reflexes and thresh-
old M-responses recorded from the soleus muscle, allowed 
controlling strength of stimulation of Ia afferents. LG-MNs 
were identified with tracer injected intramuscularly. Glu-
tamatergic Ia- and cholinergic C-terminals abutting on 
LG-MN perikarya were detected by immunofluorescence 
(IF) using input-specific anti-VGLUT1 and anti-VAChT anti-
bodies, respectively.

 The effect of spinalization on frequency of H-reflex-
es was inconsistent but frequency of complex responses 
after 2nd and 3rd stimuli in the burst increased after stim-
ulation. Quantitative analysis of confocal images revealed 
that 7-days after spinalization the number of VGLUT1-IF 
terminals tended to decrease and stimulation of Ia fibers 
did not bring change. The number of VAChT-IF terminals 
did not change either after spinalization or stimulation. 
The volume of terminals tended to decrease after spinal-
ization. To conclude, one week of continuous burst stimu-
lation of proprioceptive Ia input to LG-MNs, which started 
early after spinalization, was not sufficient to bring sub-
stantial changes in innervation of LG-MNs. 

Support: NCN 2013/09/B/NZ4/03306; statutory funds 
for the Nencki Institute.
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Background: Delayed type hypersensitivity (DTH) plays 
crucial role in pathophysiology of inflammatory disorders 
like contact sensitivity and non-atopic asthma. Immuniza-
tion with low molecular compounds and local challenge 
with the cognate antigen elicit tissue swelling response 
and asthma like symptoms. The object of the study was 
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to investigate anti-inflammatory activity of PK20 (hybrid 
peptide) in experimental murine models of inflammation. 

Methods: Non-atopic asthma and contact sensitivity 
response were induced in mice by skin sensitization with 
dinitrofluorobenzene (DNFB) followed by intratracheal 
challenge of dinitrobenzene sulfonic acid (DNS) and top-
ical DNFB application on ears. After hapten challenge and 
eight hours later, mice were treated intraperitoneally with 
PK20, neurotensin or endomorphin-2 pharmacophores. 
In subsequent experiments the effect of neurotensin and 
opioid receptors blockade on PK20-induced anti-inflam-
matory activity was examined. Twenty four hours after 
hapten challenge, bronchoalveolar lavage fluid (BAL) was 
collected and total amount of inflammatory cells was 
counted using Burker-Turk chamber. Measurement of ear 
thickness was performed with engineer’s micrometer. Ear 
swelling was calculated by subtracting swelling recorded 
for the vehicle-control ear from the swelling recorded for 
the DNFB challenged ear. 

Results: Treatment with PK20 abolished the late phase 
of ear swelling and significantly reduced the total number 
of cells in BAL fluid in comparison to group treated with 
physiological saline. Blockade of neurotensin receptors 
was more effective in reducing hybrid anti-inflammatory 
activity than blockade of opioid receptors. These relations 
were more apparent in the ear thickness measurements 
than in the bronchoalveolar lavage studies. Application of 
endomorphin-2 and neurotensin pharmacophores dimin-
ished the ear edema and the number of inflammatory cells 
in BAL, however they were much less potent than PK20 
treatment. 

Conclusions: Hybrid peptide, PK20 reduces the signs 
of inflammation: ear swelling and infiltration of inflam-
matory cells into the lungs. Both neurotensin and opioid 
pathways seem to be involved in anti-inflammatory activi-
ty of tested compound. However, study with application of 
antagonists indicates stronger contribution of neuroten-
sin component. The mechanism of PK20 action remains 
unclear and needs further investigation. 

The study was supported by a  grant from National  
Science Centre, Poland, no. 2014/13/B/NZ7/02247.
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The attention deficit hyperactivity disorder (ADHD) 
is associated with dysfunctions of the dopamine (DA) 
system and decreased dopamine activity in the prefron-
tal cortex (PFC). The orbitofrontal cortex (OFC), which is 
a part of PFC, may be critical for ADHD. This brain center 
is involved in response to reward and adjustment animal 
behavior when the rewarding properties of the reinforce-
ment change. Moreover OFC is important during the devel-
oping of addiction and there are several lines of evidence 
that untreated ADHD is conducive to addiction and abuse. 
Thus, the question is whether OFC is altered in the individ-
uals affected by ADHD and how the dopamine activity is 
altered. The aim of this study was to compare DA immu-
noreactivity in OFC of the spontaneously hypertensive rats 
(SHR, animal model of ADHD) and Wistar Kyoto rats (WKY, 
healthy controls).

Frozen brain sections from juvenile (4 weeks old) and 
adult (10 weeks old), male SHR and WKY rats were pro-
cessed by single immuonofluorecence using thyrosine 
hydroxylase (TH; the rate-limiting enzyme of catechol-
amine biosynthesis) antibody. In the medial orbital cor-
tex (MO), ventral orbital cortex (VO), lateral orbital cortex 
(LO) and dorsolateral orbital cortex (DLO) immunoreactive 
structures were carefully counted and the counts were 
compared between SHR and WKY rats. 

The result show that the number of fibers expressing 
TH in LO, VO and DLO was lower, while in MO higher in the 
4 weeks old SHR rats when compared to the WKY strain. 
In adult animals (10 weeks old) this pattern of TH distri-
bution was reversed. In conclusion, these results suggest 
that the DA system is significantly altered in the orbitof-
rontal cortex of the SHR model of ADHD. As OFC mediates 
cognitive control of behavior, alterations in DA system 
in this region my lead to diversified symptoms of ADHD 
such as behaviors that are inappropriate for the context, 
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premature, poorly planned and often resulting in adverse 
consequences. 

Supported by grant PL-TW II/4/2015.
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Introduction: Migraine is a primary headache disorder 
that affects 11% of adults. There are two main, distinct clin-
ically and probably also etiologically, subtypes of the dis-
ease: migraine with aura (MA) and migraine without aura 
(MO). The cortical spreading depression (CSD) is postulat-
ed to be involved in pathomechanism of migraine. In the 
consequence of CSD activation, many vasoactive factors 
are released, e.g. serotonin (5-HT). The correlation between 
5-HTTLPR polymorphism of the serotonin transporter gene 
and level of 5-HT was found, but the possible impact on 
migraine remains unclear. It is known that the SS geno-
type of 5-HTTLPR is associated with lower reuptake of 
5-HT, while the SL genotype is linked to impaired function 
of 5-HT transporter. 

Aim of the study: The aim of the study was to analyze 
5-HTTLPR polymorphism, 5-HT plasma concentration and 
clinical features of migraine. 

Material and methods: The study included 96 migraine 
patients (MA: 43, MO: 53; mean age 39 ± 14) and 82 con-
trols (mean age: 38 ± 14). The 5-HTTLPR polymorphism was 
determined by polymerase chain reaction (PCR) and visual-
ized by electrophoresis. The high performance liquid chro-
matography with electrochemical detection (HPLC/EC) was 
used to determine 5-HT plasma level. 

Results: Plasma concentration of 5-HT was higher 
in MA patients than in MO or control group (p < 0.01). 
The SL genotype of 5-HTTLPR polymorphism was more 
frequent and LL was less frequent in migraine than in 
controls (p < 0.01). The SS genotype was associated with 
higher 5-HT level only in MA. The correlation between 
duration of migraine and 5-HT concentration was also 

observed only in MA: the longer migraine history, the 
higher 5-HT level. Moreover, it was found, that the level 
of 5-HT changes with the length of a  migraine attack, 
both in MA and MO. 

Conclusion: Serotoninergic system may play more 
important role in pathogenesis of MA than MO.
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Dysfunction of dopamine (DA) neuronal systems leads 
to several serious emotional disorders and it has been 
postulated that DA alterations may be key factor in the 
pathophysiology of attention deficit hyperactivity disorder 
(ADHD). Dopamine plays a key role in attentional, psycho-
motor, reinforcing and rewarding behaviors that are defi-
cient in ADHD. The rostral prefrontal cortex (rPFC) is a part 
of dopamine neuronal systems and it has several fea-
tures which may be critical for ADHD development. One 
of them is the fact that rPFC has been directly associated 
with attentional processes, visceromotor activity, decision 
making and goal directed behaviors. The second fact is 
that decreased DA release in rPFC impairs the actions of 
this area. The aim of this study was to compare DA immu-
noreactivity in the rostral prefrontal cortex of the sponta-
neously hypertensive rats (SHR, animal model of ADHD) 
and Wistar Kyoto rats (WKY, healthy controls). Juvenile  
(4 weeks old) and adult (10 weeks old), male SHR and 
WKY rats were used in the study. Frozen 10 µm-thick brain 
sections comprised rPFC were stained by standard single 
immuonofluorecence using thyrosine hydroxylase (TH;  
the rate-limiting enzyme of catecholamine biosynthesis) 
antibody. Following parts of rPFC were analyzed: infralibic 
(IF), prelimbic (PrL) and cingulate cortex (Cg). In all these 
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areas immunoreactive structures were counted manually 
using test frames. 

The result show that the densities of fibers contain-
ing TH in 4 weeks old SHR rats were lower in all analyzed 
areas of the rPFC in comparison with WKY strain. More-
over, in 10 weeks old animals the same differences were 
still observed in the infralibic cortex, while in the prelimbic 
and cingulated cortices they have been erased.

In conclusion, these results suggest that DA system in 
the rostral prefrontal cortex of the SHR model of ADHD is 
hypofunctional. As dopamine and rPFC play key roles in 
attentional processes, lowered DA expression in this brain 
region fits well with inattention observed in ADHD affect-
ed individuals.

Supported by grant PL-TW II/4/2015 and MOST 104- 
2923-B-197-001-MY3.
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The stimulation of both ionotropic and metabotropic 
glutamate receptors and influx of calcium ions (Ca2+) 
into neurons is a  crucial step in intracellular cascade of 
memory formation. Recently the existence of additional 
mechanism involved in intracellular Ca2+ increase, trig-
gered by internal signals like increase of Ca2+ within the 
cell and activation of G protein coupled receptors, was 
demonstrated. This mechanism involves transient recep-
tor potential (TRP) channels. The aim of our study was to 
investigate the participation of TRP channels in intracel-
lular mechanisms engaged in memory consolidation and 
reconsolidation. 

The model of passive avoidance task in one day old 
chicks was used. Chicks were injected with non-specific 
TRP channels antagonist SKF96365 or with three differ-
ent concentrations of 2-APB, the inhibitor of IP3 recep-
tors, which in small concentrations (~10 μM) inhibits 
also TRP channels. The injections were made at different 
times before and after training, to find the most effective 
time. The injection of each antagonist immediately after 

training resulted in task amnesia when tested 24 h later.  
The injection of SKF96365 immediately after training result-
ed in constant amnesia that manifested 1.5 h after training, 
whereas amnesia after injection of 2-APB was observed as 
early as 30 min after training. The effect of application of 
TRP channels antagonist SKF96365 and 10 µM 2-APB on 
memorizing of the task in comparison with the effects of 
antagonists of mGluR1 and mGluR5, the receptors that 
trigger IP3 release, showed similarities when memory was 
tested 2 h and 24 h training. Application of SKF96365 or  
10 µM 2-APB immediately after reminder given 2 h after ini-
tial training, resulted in transient amnesia of the task that 
manifested in a short time after reminder and lasted for as 
long as 6 h. Our results show that inhibition of both TRP 
channels and IP3 receptors has a  strong impact on both 
memory formation and reconsolidation.

Studies supported by National Science Centre grant 
G1136-2014/15/B/NZ4/04487.
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Parkin, an ubiquitin E3 ligase, that is responsible for 
the clearance of damaged proteins, is linked to rare familial 
forms of Parkinson’s disease (PD) through loss-of-function 
mutations and to sporadic PD through posttranslational 
inactivation. However, the detailed mechanism underlying 
the neuroprotective function of parkin in dopaminergic 
neurons, especially its role in alpha-synuclein (ASN) evoked 
toxicity, is still unclear. Recent studies have focused on par-
kin’s role in mitochondrial biogenesis and turnover, includ-
ing mitochondrial fission/fusion as well as mitophagy.  
The aim of this study was to investigate the protective 
role of parkin in ASN-induced mitochondrial damage. 
Investigations were performed on PC12 control cells and 
PC12 cells with parkin overexpression treated with ASN 
oligomers as well as in cells with parkin knock-down. We 
demonstrated that exogenous ASN induced overproduc-
tion of free radicals including nitric oxide (NO), resulting 
in parkin S-nitrosylation and alteration of its activity. Con-
comitantly, in ASN treated cells the parkin protein level was 
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decreased, while no significant difference in mRNA level 
was found. Additionally, both NO stress, induced by ASN 
oligomers, as well as parkin knock-down triggered mito-
chondrial dysfunction, followed by significant decrease 
in mitochondrial membrane potential, overproduction of 
mitochondrial superoxide anion and depletion of cellular 
ATP level. Moreover, changes in the expression of proteins 
that regulate mitochondria biogenesis (peroxisome pro-
liferator-activated receptor γ co-activator-1α, PGC-1α), fis-
sion (dynamin-related protein Drp1) and fusion processes 
(Opa1, Mitofusin-2, Mfn2) were observed. These events 
create a death-prone milieu that contributes to the loss of 
dopaminergic cells. Finally, we showed that parkin overex-
pression prevented mitochondrial superoxide production 
and attenuated ASN-evoked PC12 cell death, pointing to 
the importance of parkin in ASN-mediated toxicity. These 
findings may thus provide a molecular link between parkin 
dysfunction and ASN induced mitochondrial impairment 
in sporadic PD. We suggest that amelioration of parkin’s 
function may be a novel therapeutic target to treat PD. 

Supported by NSC grants: 2012/05/B/NZ3/02047 (to A.A.) 
and 2013/09/D/NZ3/01359 (to A.W.).
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Glutamine (Gln) plays a crucial role in the metabolism 
of tumors of different origin, including gliomas. Deregulat-
ed expression/activity of glutaminase (GA, EC 3.5.1.2), an 
enzyme converting Gln to glutamate (Glu) and ammonia 
is a  characteristic feature of many cancer cell lines and 
tumors. There are two coding genes for GA: GLS and GLS2. 
Mounting evidence suggests that proteins encoded by 
either of the genes play opposing role in tumorigenesis. In 
glioblastoma (GBM), the most aggressive brain tumor, GLS 
encoding kidney-type isoforms (KGA and GAC) is highly 
expressed, while expression of GLS2 coding for liver-type 
isoforms (LGA and GAB) is hardly detectable. Previous 
studies revealed that transfection of human glioblastoma 

T98G cell line with a sequence encoding GAB suppressed 
malignant phenotype of these cells and altered expression 
level of 85 genes (Szeliga et al., 2009). The cells transfect-
ed with GAB (herein referred to as TGAB) are more sen-
sitive to alkylating agents used in GBM therapy (Szeliga 
et al., 2012) and to oxidative stress (Martin-Rufian et al., 
2014). Activation of the PI3K/AKT pathway has been doc-
umented in GBM, but it is also observed in different cell 
types upon oxidative stress. Here we tested the hypoth-
esis, that transfection with GAB modulates the PI3K/AKT 
pathway. Western blot analysis revealed a ~45% decrease 
in the level of phosphorylated AKT in TGAB cells as com-
pared T98G cells and TpcDNA (T98G transfected with an 
empty vector). The level of the unphosphorylated AKT 
remained unchanged. No differences between TGAB and 
T98G or TpcDNA cells were observed in the level of PTEN, 
a negative regulator of AKT signaling pathway. In conclu-
sion, our results suggest that transfection with GAB modu-
lates AKT signaling pathway in T98G cells. A more detailed 
analysis of this phenomenon is currently conducted in our 
laboratory. 

Supported by: the National Scientific Leading Centre 
(KNOW-MMRC) project (to EM) (KNOW1).
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Numerous studies have shown that brain-derived neu-
rotrophic factor (BDNF) regulates number of functions in 
the nigrostriatal system. It demonstates a neuroprotective 
effect against degeneration of dopaminergic neurons and 
improves both memory and motor activity. Reduced CNS 
concentration of BDNF in the elderly is accompanied with 
increased number of incidents of neurodegenerative dis-
eases. Small non-coding RNAs of 21-24 nucleotides long 
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(miR-1, miR-29, miR-30-5a) play an essential role in the 
regulation of BDNF gene expression. The aim of the pres-
ent study was to determine the concentration of BDNF and 
miR-1, miR-29, miR-30-5a in the serum of patients with 
idiopathic parkinsonism (iPD). The concentration of BDNF 
was determined by ELISA (R&D System, Minneapolis, MN, 
USA). Selected miRNAs were determined by array cart 
and real-time qPCR using specific primers TaqMan miRNA 
assay (Life Technology, Carlsbad, CA, USA) in the serum 
of patients with iPD and age-matched healthy subjects. 
The serum concentration of BDNF decreases with aging 
in healthy subjects. Moreover, the concentrations of BDNF, 
miR-1, miR-29 and miR-30 were statistically lower in the 
serum of patients with iPD compared with age matched 
healthy subjects. These results revealed that decreasing 
of miRNA-s levels was associated with reduction of BDNF 
level in serum of iPD patients. Our study provides a pre-
liminary evidences that the regulation of BDNF level by  
miRNA may play a role in preventing of the neurodegener-
ative processes in nigrostriatal system.
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Acute liver failure (ALF) is associated with deregula-
tion of NMDA/cGMP/NO signaling and oxidative/nitrosa-
tive stress in the brain. However, the relative roles of the 
different NOS isoforms and the mechanisms underlying 
alterations in their activities during ALF are not fully clear. 
Here we investigated gene and protein expression of NOS 
isoforms, NOS activity, eNOS uncoupling and total NO pro-
duction in cerebral cortex of rats with thioacetamide (TAA)- 
induced ALF. Sprague Dawley rats (250-280 g) received 
three i.p. injections of TAA (300 mg/kg) at 24 h intervals. 
The brain cortex expression of NOS isoforms (eNOS/iNOS/
nNOS) was measured by Real-time PCR and Western Blot, 
NOS activity was tested by monitoring the conversion of 
radiolabeled arginine to citrulline. Reactive oxygen species 
(ROS) were quantified in the presence of NOS substrate 
L-arginine, using the carboxy-H2 DCFDA probe. NO was 

measured with the Griess procedure. The eNOS expres-
sion was decreased, whereas the eNOS dimmer/monomer 
ratio and nNOS/iNOS expression were elevated in TAA 
treated rats. While the total NOS activity was decreased, 
the iNOS activity was elevated and NO concentration 
tended to increase. ROS production was elevated by TAA. 
Unspecific NOS inhibitors L-NAME and LNNA attenuated 
ROS production in both control and TAA rats, but with 
higher efficiency in the latter case. Ca2+ chelation had 
almost the same effect as pharmacological NOS inhibition 
suggesting that Ca2+-independent iNOS activity is not the 
main source of ROS. Incubation with high dose of tetrahy-
drobiopterin, which is critical for eNOS dimerization and 
subsequent NO production, also reduced ROS production 
indicating the eNOS uncoupling phenomenon in TAA cor-
tex. The study points to eNOS downregulation due to low-
ered protein expression and uncoupling as a mechanism 
contributing to enhanced superoxide anion formation, 
and confirms the role of iNOS/nNOS in enhancing NO syn-
thesis in ALF-affected brain.
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Tetrahydroisoquinolines, the most numerous naturally 
occurring alkaloids, include 1-methyl-1,2,3,4-tetrahydro
isoquinoline (1MeTIQ) which demonstrates significant 
neuroprotective activity observed in various neurotoxicity 
models and has structural similarity to dopamine (DA). It 
can interact with agonistic conformation of DA receptors. 
1MeTIQ inhibits the formation of 3,4-dihydroxypheny-
lacetic acid (DOPAC) as well as production of free radicals 
and shifts DA catabolism toward the catechol-O-methyl-
transferase (COMT)-dependent O-methylation, and such 
mechanism of action seems to be important for its neu-
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roprotective activity. It has been found that 1MeTIQ inhib-
its both monoamine oxidase A  (MAO-A) and B (MAO-B) 
enzymes activity and increases neurotransmitters level 
in the brain. That is more, 1MeTIQ shows significant anti-
depressant-like effect in the FST and the reserpine model 
of depression in rats. Therefore, this compound might be 
effective for the depression therapy in a  clinical setting 
but the success of this drug is determined not only by 
its good efficacy but also by an acceptable ADMET pro-
file. ADMET prediction use in combination with in vivo 
and in vitro studies greatly simplifies the search for new, 
safer and effectively acting drugs. The aim of this study 
was to investigate the degree of histopathological chang-
es in different rat tissues (liver, kidney, lung) after acute 
and chronic administration of 1MeTIQ. Additionally, predic-
tion of its properties in terms of absorption, distribution, 
metabolism, elimination and toxicity in the human body 
was performed. The obtained data did not show extensive 
and significant toxic effects of tested substance in in vivo 
and in vitro studies in rats, and in silico ADMET predic-
tion in the human body. These results can help to discover 
or model a  new effective and safe antidepressant sub-
stance and have important significance in the treatment 
of depression in clinic. Additionally, the use in the treat-
ment of depression substance existing endogenously, hav-
ing neuroprotective, antioxidant and antidepressant-like 
effects in the central nervous system (CNS) might also be 
beneficial in controlling the adverse CNS inflammatory 
processes often accompanying depression. 

Acknowledgements: Grant No. 2013/11/N/NZ7/00358.
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Nestin is a  marker of central nervous system pro-
genitor cells, pointing to the potential for cell repair and 
tissue remodeling after brain injuries. The p53, although 
have been named the guardian of the genome, may trig-

ger apoptosis of injured cells after global brain ischemia, 
unfavorably for investigational therapeutic interventions. 

Studies have found that loss of p53 may facilitate 
nestin expression in cerebral tissues. We evaluated the 
expression of nestin and p53 in the rat brain in a model 
of global cerebral ischemia induced by the occlusion of 
carotid arteries (two-vessel occlusion; 2VO) associated 
with hypotension. We hypothesized that hyperbaric oxy-
gen preconditioning (HBO-PC) will reduce p53 expression 
in the ischemic brain in a proteasome-dependent fashion 
and will enhance the expression of nestin under these 
conditions. We also performed Klüver-Barrera stain, syn-
aptophysin and NeuN immunohistochemistry on rat brain 
sections to evaluate neuronal, synaptic and myelin injuries 
after global ischemic insult and the effect of HBO-PC. 

The adult Wistar rats were allocated into following 
groups: sham operation, 5 minute 2VO untreated or pre-
conditioned with HBO-PC (2.5 ATA for 1 hour for 5 con-
secutive days) before ischemia as well as preconditioned 
in combination with proteasome inhibitor MG132 prior to 
each HBO-PC session. The brains were collected at days 1 
and 7 for histological analysis.

At 7 days, the majority of nestin positive cells was 
found in the hippocampus and periventricularly in the 
brain, predominantly within HBO-PC group. 

Synaptophysin immunoreactivity decreased at one 
week following global cerebral ischemia. With precondi-
tioning, the sparing of synaptophysin positive structures 
in CA1 and cerebral cortex was observed 7 days after 
reperfusion. The level of p53 was elevated in the CA1 and 
cerebral cortex on day 1 after ischemia, while in surviv-
ing neurons after 7 days. Reduction of p53 expression 
was observed with the preconditioning. Klüver-Barre-
ra and NeuN stains showed damage of myelin, CA1 and 
cortical neurons, reduced in preconditioned group. How-
ever, MG132 combined with HBO-PC abolished benefi-
cial changes in the postischemic brain. Thus proteasome 
system may be involved in the mechanism of HBO-PC-in-
duced reduction in the p53 levels and tissue repair after 
brain ischemia.
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According to the previous studies, mammalian cen-
tral nervous system presents all components of the 
kallikrein-kinin system. Kinins are vasoactive and pro-in-
flammatory peptides whose biological effects are medi-
ated by two G-protein-coupled receptors: B1 and B2. As 
suggested, activation of B1R leads to the induction of 
inflammation by the release of pro-inflammatory cyto-
kines and increased vascular permeability. Since inflam-
mation and the blood-brain barrier (BBB) disruption are 
main components of multiple sclerosis (MS), there are 
reasons to investigate the role of B1 receptor in these pro-
cesses in the animal model of the disease, which is exper-
imental autoimmune encephalomyelitis (EAE). Female 
Lewis rats were immunized by injection of inoculum con-
taining homogenate of guinea pig spinal cord. Animals 
were monitored daily for clinical signs and loss of weight 
and sacrificed in different stages of the disease. The sec-
ond group was administered with DALBK (B1R antagonist) 
after immunization. The expression of B1R was analyzed 
by W-B; gene expression was quantified by RT-PCR. The 
level of cytokines was assessed using RayBio Rat Cytokine 
Antibody Array. Immunohistochemical studies were also 
performed on isolated fraction of microvessels towards 
protein markers of BBB tightness.

We noticed the increased level of B1R protein in the 
rat brain during the symptomatic phase of EAE. Adminis-
tration of DALBK significantly improved the condition of 
animals by reducing the intensity of neurological symp-
toms and delaying the onset of the disease. Using a con-
focal microscope, we observed lowered immunoreactivity 
of pericytes receptor PDGFβ and tight junctions proteins 
(ZO-1, claudin 5) in microvessels’ fraction obtained from 
EAE rats which increased after DALBK administration. Also 
preliminary analysis showed increased protein level of 
cytokines: IFN-γ, IL-1β, IL-6, TNF-α, VEGF in EAE animals, 
which tends to decrease after DALBK treatment in symp-
tomatic phase of the disease. Results show that B1R-me-
diated proinflammatory effect of kinins may be involved in 
pathomechanisms operating during the pre-onset phase 

of EAE resulting in disturbances in BBB integrity through 
the influence on tight junctions proteins.

This work was made under MMRC-KNOW 2013-2017 
project (KNOW-13).
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The motor cortex (MC) is the dorsolateral region of the 
prefrontal cortex (PFC) involved in planning, control, and 
execution of voluntary movements. More recent findings 
also suggest that MC plays role in learning and cognition. 
The rat MC, like in other mammals, is commonly divided 
into primary (M1) and secondary (M2) motor cortices. Both 
M1 and M2 are involved in the execution of voluntary move-
ments via their direct and parallel projections to the spinal 
cord. The MC as other parts of PFC is strongly innervated by 
dopaminergic fibers and dopamine (DA) and is essential for 
proper motor control. Any abnormalities in DA neurotrans-
mission may lead to serious disorders affecting motor and/
or emotional behaviors. The attention deficit hyperactivity 
disorder (ADHD) is characterized by abnormalities in motor 
and emotional behaviors and recent reports indicate dys-
function in DA neurotransmission may be one of the key 
factors in the pathophysiology of disease. The question is 
whether MC is engaged in ADHD and whether DA neuro-
transmission is altered in MC in affected individuals. 

The aim of this study was to track changes in DA immu-
noreactivity in the motor cortex of the spontaneously hyper-
tensive rats (SHR) – animal model of ADHD. Frozen brain 
sections from juvenile (4 weeks old) and adult (10 weeks 
old) male SHR and WKY (Wistar Kyoto) rats were processed 
by single immuonofluorecence using thyrosine hydroxylase 
(TH; the rate-limiting enzyme of catecholamine biosynthe-
sis) antibody. In M1 and M2 immunoreactive structures were 
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counted manually and compared between SHR and WKY 
rats. The result show that the number of fibers exhibiting 
immunoreactivity for TH in both M1 and M2 was lower in 
the 4 weeks old SHR rats when compared to the WKY strain. 
Furthermore, in 10 weeks old SHR and WKY rats the number 
of TH expressing fibers was similar in the M2 while in the 
M1 this number was still significantly lower in SHR rats. 

In conclusion, present results indicate that dopaminer-
gic inhibition of the motor cortices is significantly lowered 
in ADHD affected individuals what may be one of the rea-
sons of the motor hyperactivity observed in this syndrome. 

Supported by grant PL-TW II/4/2015.
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Hypoxia occurs under different circumstances, such as 
stroke, obstructive sleep apnea, mountain sickness or can-
cer. The brain of newborn mammals has been considered 
less sensitive to oxygen supply than the adult one, but 
resistance of the immature brain to hypoxia has its limita-
tions. Selective estrogen receptor modulators (SERMs) rep-
resent an alternative to estrogen devoid of its side-effects 
and acting as estrogen receptor agonists or antagonists 
in a  tissue-specific manner. SERM representatives raloxi-
fene and recently approved bazedoxifene are used in clin-
ical practice against osteoporosis but their neuroprotec-
tive properties are only partially recognized. Our previous 
study has shown that raloxifene exerts neuroprotection 
against hypoxia-induced damage in mouse hippocampal 
cell cultures. However, the roles of apoptosis and the stag-
es of neuronal development in neuroprotective capacity of 
SERMs have not been clarified. Furthermore, knowledge 
about neuroprotective potential of bazedoxifene is limited. 

Therefore, the aim of the present study was to inves-
tigate neuroprotective potential of raloxifene and baze-
doxifene in mouse neocortical cells at different stages of 
neuronal development with special concern on apoptosis- 
dependent effects. 

Our experiments were performed on mouse primary 
neocortical cell cultures. On 2, 7 and 12 day in vitro (DIV) 
the cells were treated with raloxifene (0.01-10 µM) or 
bazedoxifene (0.01-5 µM) and subjected to 18 h hypoxia 
[5% CO2/95% N2]. Caspase-3 activity and lactate dehydro-
genase (LDH) release were measured after 6 h of reoxy-
genation. 

We have shown that 18 hours of hypoxia increased 
LDH release by 25, 91 and 61% at 2, 7 and 12 DIV, respec-
tively. Hypoxia caused also about 35% enhancement of 
caspase-3 activity, but only at 7 and 12 DIV. Raloxifene 
and bazedoxifene (0.01-1 µM) inhibited the hypoxia-in-
duced LDH release in all in vitro stages of neuronal devel-
opment. Raloxifene and bazedoxifene did not change the 
caspase-3 activity but at concentrations higher than 1 µM 
evoked neurotoxic effect. 

These data demonstrated strong neuroprotective 
capacity of raloxifene and bazedoxifene that revealed par-
ticularly at later developmental stages and did not involve 
caspase-3-dependent apoptosis. Our study may be utilized 
in searching for new SERM-based tools to protect develop-
ing brain against hypoxia. 

Joanna Rzemieniec and Agnieszka Wnuk are holders 
of scholarship from the KNOW sponsored by Ministry of 
Science and Higher Education, Republic of Poland. 

The study was supported by statutory funds of the 
Institute of Pharmacology, Polish Academy of Sciences.
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NMDA receptors are present in rodent astrocytes but 
their physiological role beyond generation of intracellular 
calcium signals has not been studied in much detail. This 
laboratory has previously shown that prolonged treat-
ment of cultured rat astrocytes with glutamate or NMDA 
decreases the expression of the astroglia- specific inward 
rectifying potassium channel, Kir 4.1 (Obara-Michlewska 
et al., Neurochem Int, 2015). Here, expression of mRNAs 
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coding for Kir4.1, the water channel aquaporin-4 (AQP4) 
and glutamine synthetase (GS) in primary cultures of 
mouse cortical astrocytes exposed for 8-72 h to NMDA 
was analyzed using real-time PCR. The effect of NMDA 
on Kir4.1 was shown  to be biphasic: a  decrease after  
8 h exposure was followed by an increase at 72 h. Expres-
sion of AQP4- and GS mRNA was found decreased at both 
8 h and 72 h of incubation. The results showed that the 
NMDA-induced changes were abolished in cultures in 
which expression of the NR1 subunit of the NMDA recep-
tor was blocked with NR1 siRNA. For all the three mRNAs, 
the decrease of expression at 8 h was observed when 
incubations were carried out in the presence, but not in 
the absence of Ca2+ ions in the medium, suggesting that 
the effects of NMDA receptor stimulation were ionotropic 
in nature. The ionotropic mechanism of astrocytic NMDA 
receptors function is also supported by observation that 
NMDA-induced Kir4.1 mRNA decrease is not prevented by 
ryanodine, the inhibitor of calcium release from sarcoplas-
mic reticulum.

The effects of NMDA occurred by a mechanism bypass-
ing changes in subunit composition of the NMDA receptor, 
which appeared unchanged at the mRNA level. The NMDA- 
induced decrease of GS mRNA was accompanied by marked 
decrease of GS activity at 8 h. The results suggest that dura-
ble activation of astrocytic NMDA receptors may be relevant 
to astrocytic dyshomeostasis in neurological disorders asso-
ciated with excessive glutamatergic neurotransmission.

Supported by NCN  grant  2013/08/M/NZ3/00869 to JA.

|A31|

Sequence analysis and structural modelling 
of the litaf/simple protein involved  
in the CMT1a disease

Sokolowska B.1, Sinkiewicz-Darol E.2, Kabzinska D.3, 
Czerwoniec A.4, Lesyng B.1, Kochanski A.3

1�Bioinformatics Laboratory and 3Neuromuscular Unit, 
Mossakowski Medical Research Centre, Polish Academy 
of Sciences, Warsaw, Poland

2�Provincial Polyclinical Hospital of L. Rydygiera, Torun, Poland
4�Bioinformatics Laboratory, Institute of Molecular Biology and 
Biotechnology, Adam Mickiewicz University, Poznan, Poland

Charcot-Marie-Tooth (CMT) disorders represent a het-
erogeneous group of diseases of the peripheral nervous 
system (various CMT forms) with a prevalence of 1 : 2500. 
CMT is characterized by a  slowly progressive atrophy of 

distal muscles associated with distal sensory disturbanc-
es. Mutations in approximately 100 genes have been iden-
tified in peripheral neuropathies. This study is focused 
on patients with the CMT1A form. No biomarkers of 
CMT1A were identified, however, the Ile92Val (c.274A>G) 
sequence variant in the LITAF/SIMPLE gene correlates with 
an earlier age of onset of CMT1A [Neurogenetics 2015; 16: 
27-32]. Analysis of sequences of the LITAF/SIMPLE gene 
in CMT1A patients, followed by a structural modeling of 
the LITAF/SIMPLE protein, were carried out. Secondary 
structure analysis, 3D-order analysis, identification of pro-
tein-RNA interaction sites as well as tertiary fold-recogni-
tion (FR) were carried out using the GeneSilico metaserver 
gateway [http://genesilico.pl/meta2/]. Also the MOE mod-
elling environment was used. Significance of the Ile92Val 
substitution was analyzed in the proposed approach – it 
may affect the clinical course of the disease.

Summarizing, the present results show that: (i) molec-
ular diagnostics of CMT1A confirms the clinical diagnosis, 
but its value is limited by current clinical technologies 
and procedures, (ii) the I92V LITAF sequence variant indi-
cates that patients may be predispose to an earlier age of 
onset of the CMT1A disease, in particular, (iii) detection 
of the c.274A>G substitution in the LITAF gene provides 
an important prognostic information. Finally, the Ile92Val 
polymorphism is proposed as the genetic marker of the 
CMT1A disease. 

The study was supported by statutory budget of the 
MMRC PAS, computations and analysis were carried out using 
the computational infrastructure of the Biocentrum-Ochota 
project.
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Objectives: Treatment of patients with high grade 
gliomas remains ineffective. It is considered to be relat-
ed with hypoxia of neoplastic tissue. It can be assumed 
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that improvement of tissue oxygenation, achieved using 
high-pressured pure oxygen, can enhance the therapeutic 
potential of cytotoxic compounds. The aim of this study 
was to investigate if hyperbaric oxygen (HBO) adminis-
tration will be beneficial for the previously documented 
anti-tumour properties of novel isothiourea derivative as 
well as oxygenation status of glioblastoma cells in vitro. 

Methodology: Human glioblastoma T98G cell line 
(WHO grade IV) was cultured in medium supplemented 
with N,N’-dimethyl-S-(2,3,4,5,6-pentabromobenzyl)-isothio
uronium bromide (ZKK-3). Cells were exposed to various 
oxygen conditions: normoxia, hypoxia, HBO, double hypoxia 
or hypoxia followed by HBO. It was investigated how HBO 
administration influence the proliferation and viability of 
glioma cells in comparison to normoxic and hypoxic con-
ditions. Impact of HBO on the expression of HIF-1α protein 
was also examined. The proliferation of glioma cells was 
assessed 24 hours after ZKK-3 treatment using Multisizer 3 
Beckman Coulter. The viability of T98G cell line was evalu-
ated 24 and 48 hours post ZKK-3 administration by CellTiter 
96®AQueous One Solution Cell Proliferation Assay (Prome-
ga). HIF-1α level in cell lysates was determined with ELISA 
test (HIF-1A ELISA Kit, Thermo Scientific). 

Results: Administration of hyperbaric oxygen enhanced 
anti-proliferative properties of tested compound. Also the 
viability of neoplastic cells significantly decreased under 
the influence of ZKK-3/HBO treatment compared to nor-
moxic conditions. Differences were more pronounced 
and observed for lower ZKK-3 concentrations when HBO 
administration was compared with hypoxia groups. Under 
low oxygen conditions expression of HIF-1α was marked-
ly increased. On the other hand, exposure to HBO did not 
change protein content in cell lysates in relation to nor-
moxia. Moreover, HBO was able to reduce HIF-1α level pre-
viously elevated as the result of existing hypoxia. 

Conclusions: Hyperbaric oxygenation improves anti- 
tumour properties of selected pentabromobenzyliso-
thiourea against malignant glioma cells in vitro. It is prob-
ably connected with reduction of hypoxia state which may 
be indicated by diminution of HIF-1α protein expression 
after HBO application.

Acknowledgement: The research was supported by the 
KNOW-MMRC project and Foundation for the Development 
of Diagnostic and Therapy.
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Experimental autoimmune encephalomyelitis (EAE) is 
the main animal model for the investigation of pathomech-
anisms of multiple sclerosis (MS). So far the etiology of MS 
is unknown. Neurodegeneration in MS/EAE pathology is 
initiated by microglia activation and mediated by oxida-
tive stress, excitotoxicity and inflammation. The elevation 
of glutamate in cerebro-spinal fluid, as well as changes in 
the expression of glutamate receptors (GluRs) and excit-
atory amino acids transporters (EAATs) were observed in 
brains of MS patients. In the present studies we tested 
whether NMDA glutamatergic receptor antagonists, aman-
tadine and memantine, influence parameters of oxidative 
stress in different phases of EAE. Markers of oxidative 
stress such as lipid peroxidation (expressed by the level 
of malondialdehyde – the final product of polyunsaturat-
ed fatty acids peroxidation in cell membranes), the level 
of sulfhydryl groups (–SH), and expression of antioxidant 
enzymes were examined in the CNS. We noticed statisti-
cally significant reduction of both protein- and non-pro-
tein –SH groups level by about 40% and 20%, respectively. 
We also observed the increase in the level of lipid perox-
idation by about 35% and changes in the expression of 
different forms of superoxide dismutase (SODs) during 
the course of EAE. Administration of NMDAR antagonists 
(amantadine and memantine) to EAE rats significantly 
improved analyzed parameters. We noted increase of both 
protein- and non-protein –SH groups level and decrease 
in the level of lipid peroxidation. Treatment with NMDAR 
antagonists changed also the expression of antioxidative 
enzymes – SODs. Obtained results indicate that the signif-
icant amount of ROS generated during EAE results from 
NMDAR-mediated processes. NMDAR antagonists (aman-
tadine and memantine) are efficient to counter reactive 
oxygen species (ROS) in rat brains during EAE pathology 
being effective as antioxidants.
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Triclosan (TCS) is an antimicrobial agent used exten-
sively in personal care and sanitizing products such as 
soaps, toothpastes, and hair products. TCS has been incor-
porated into growing number of medical products as well 
as in household items such as plastic cutting boards, sport 
equipment, textiles and furniture. A number of studies has 
shown presence of TCS in different human tissues such 
as blood, adipose tissue, liver, brain and in breast milk or 
urine. N-methyl-D-aspartate receptors (NMDARs) are glu-
tamate-gated ion channels widely expressed in the central 
nervous system and play key roles in excitatory synaptic 
transmission. NMDARs are heteromeric complexes incor-
porating different subunits within a  repertoire of three 
subtypes: GluR1, GluR2 and GluR3. There are four different 
GluR2 subunits (A, B, C and D) of which the most import-
ant in neuroplasticity and excitotoxicity are GluN2A and 
GluN2B. 

The aim of the present study was to investigate the 
impact of TCS on the expression of GluN1, GluN2A and 
GluN2B NMDA receptor subunits in in vitro cultured mouse 
neocortical neurons. 

The cultures of the neocortical neurons were prepared 
from Swiss mouse embryos on 15/16 day of gestation. 
The cells were cultured in phenol red-free Neurobasal 
medium with B27 and glutamine. After 7 days of culture 
in vitro, neurons were exposed to 10 µM of TCS. After  
3 and 6 h, mRNA expression of GluN1, GluN2A and GluN2B 
NMDA receptor subunits was studied. Additionally, protein 
expression of NMDARs was measured. 

Our preliminary data demonstrated that in the pres-
ence of 10 µM of TCS, after 3 h mRNA expression of GluN1, 
and GluN2A NMDA receptor subunits decreased. Similar 
pattern was observed in respect to protein expression of 
the receptor subunits after 3 h treatment with TCS. After 
6 h exposure to TCS mRNA expression of GluN1 subunit 
continued to decrease, but mRNA expression of GluN2B 

significantly increased, possibly because of secondary 
effects of TCS. 

In summary, the presented study demonstrated that 
GluN1, GluN2A and GluN2B NMDA receptor subunits are 
involved in TCS mechanism of action. Since TCS interacts 
with NMDA receptor subunits, it can also affect the proper 
functioning and development of the nervous system.

Supported by NCN grant 2014/13/N/NZ4/04809.
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Introduction: There is a robust evidence that dysreg-
ulation of immune system may be related to the patho-
physiology of depressive disorder. The disturbances in the 
expression of pro-inflammatory cytokines in central ner-
vous system are of particular interest. It has been shown 
that alterations in the environment during prenatal period, 
substantial for brain development, leads to long-lasting 
adverse effects. In the last years, stressful events during 
pregnancy have received an increased attention, because 
they influence brain homeostasis especially by affecting 
the brain immune system. The aim of this study was to 
examine the impact of prenatal stress procedure on the 
behavioral and biochemical changes in the IL-1b, IL-18 and 
TGF-b level in the frontal cortex and hippocampus of adult 
offspring rats. Moreover the impact of chronic treatment 
of an antidepressant tianeptine on the above mentioned 
parameters were tested. 

Material and methods: Pregnant rats were subjected to 
stress sessions from 14th day of pregnancy until the deliv-
ery. At 3 months of age, control and prenatally stressed rats 
were tested for behavioral changes in forced swimming test. 
After behavioral verification, rats were chronically treated 
with tianeptine. Two weeks later the animals’ behavior was 
tested again and levels of IL-1b, IL-18 and TGF-b in hippo-
campi and frontal cortices were determined by ELISA test. 

Results: The obtained data showed that prenatal 
stress causes in adult offspring depression-like behavior. 
An increase in immobility and a decrease in swimming and 
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climbing behavior in the forced swim test were observed. 
Furthermore, the evaluation of the protein level showed 
increase in the IL-1b, IL-18 level and decrease in the TGF-b 
level in frontal cortices and hippocampi in adult rats off-
spring after prenatal stress procedure. Interestingly the 
chronic treatment of tianeptine not only normalized the 
behavioral disturbances but also the protein level of ana-
lyzed cytokines in both investigated brain structures. 

Conclusions: Our study clearly demonstrated that pre-
natal stress procedure leads to persistent behavioral and 
biochemical disturbances in adult offspring rats. It also 
appears that the cytokines’ systems can be an attractive 
target for antidepressant drug action. 

This research was supported by the grant no. 2013/ 
09/B/NZ7/04096, National Science Centre, Poland.
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Nicotine and caffeine belong to the most frequent-
ly consumed psychostimulating substances all over the 
word. Their action is concerned with activation of the brain 
reward system, among which the nucleus accumbens 
(NAc) plays a critical role. The mechanism of activation of 
the NAc neurons is concerned with triggering of the sig-
naling pathways related with the transcription factors like 
the cyclic AMP-response element binding protein (CREB) 
and DeltaFosB, as well as enzymes like extracellular sig-
nal-regulated kinase (ERK). In this study we compared the 
activation patterns of above-mentioned markers in the 
neurons of NAc of the rat after stimulation with nicotine 
and caffeine. Our results reveal apparent differences in 
the activation patterns of the studied markers in the NAc 
evoked by both psychostimulants. These results may be 
useful for explanation of some behavioral reactions elicit-
ed by each of the studied substances and for explanation 
of developing addiction.
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Neuropathic pain alters gene transcription  
in the nucleus accumbens
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Department of Molecular Neuropharmacology, Institute  
of Pharmacology, Polish Academy of Sciences, Krakow, Poland
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Nucleus accumbens, which is an important component 
of the mesolimbic dopaminergic reward system, also plays 
a role in pain. However, the molecular mechanisms of this 
involvement remain unknown. In the present study we 
explored molecular pathways involved in the development 
of neuropathic pain. This may allow finding biomarkers for 
expression of neuropathic pain-like behavior and indicat-
ing brain regions involved in this process. 

Neuropathic pain was induced by applying a Chronic 
sciatic nerve Constriction Injury (CCI) model in C57BL/6J 
mice. Two behavioral tests for neuropathic pain were 
used: the von Frey’s test to measure mechanical allodynia 
and the cold plate test to assess thermal hyperalgesia. 

Using qRT-PCR analysis, we found that nerve injury 
produced a significant increase in the expression of opioid 
propeptide prodynorphin and proenkephalin genes (PDYN, 
PENK), opioid kappa and delta receptors genes (KOR, DOR) 
and calcium/calmodulin-dependent protein kinase kinase 1  
(CAMKK1) in the nucleus accumbens. Furthermore, we 
observed that neuropathic pain augmented the expression 
of stress – and inflammatory response genes coding for 
the glucocorticoid receptor (GR), FK506 binding protein 5  
(FKBP5), and interleukins IL1 beta and IL6 in the nucle-
us accumbens. Moreover, elevated levels of Glial Fibril-
lary Acidic Protein (GFAP – astrocyte marker) but not C1q 
(microglia marker) mRNAs were detected.

Our results demonstrate that CCI produces lasting 
biochemical changes in a brain region implicated in mood 
regulation, reward learning and motor function. Taking 
into account the well-known roles of opioid systems in 
pain transmission and emotional processes, the observed 
changes in the expression of the opioid propeptides and 
receptors genes may contribute to changes in pain sensi-
tivity and in affective response to nociceptive stimulation 
underlying the development of neuropathic pain. Further-
more, increased expression of GFAP, GR, FKBP5, IL-6 and 
IL-1beta genes suggests that cellular stress and inflamma-
tory processes are involved in this type of pain not only on 
the level of the spinal cord but also in the brain.
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betaxolol treatment on p(Ser845)GluA1, 
GluA1, Arc and beta(1)adrenergic receptor 
levels in rat hippocampus
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Studies in humans and rodents have demonstrated 
that chronic stress adversely affects physiological func-
tions and neuronal structure of the hippocampus (HP). 
In addition to corticosteroids, stress causes rapid release 
of noradrenaline in some brain areas, which can regulate 
neuronal function in HP by means of the adrenergic recep-
tor. High level of noradrenaline results in stimulation of 
beta adrenergic receptors (beta-AR) leading to activation 
of protein kinase A (PKA) and phosphorylation at Ser845 
of GluA1 subunit of AMPA receptors (AMPA-R). This aug-
ments synaptic insertion of AMPA-R. The opposite process 
– the down-regulation of AMPA-R at postsynaptic sites, 
depends on the activity-regulated cytoskeleton-associat-
ed (Arc) protein which enhances the basal rate of recep-
tor endocytosis. We investigated the influence of stress 
procedure on the p(Ser845)GluA1, GluA1, Arc and beta(1)-
AR levels in rat hippocampus and evaluated whether the 
blockade of beta(1)-AR with specific antagonist, betaxolol, 
during stress can modulate observed changes. 

Male Wistar rats underwent the chronic restraint 
stress applied for 3 hours daily, for 14 days. During the 
last 7 days rats were treated with betaxolol (5 mg/kg p.o.) 
given immediately after daily stress. Next day after a com-
pletion of stress procedure the rats were decapitated, their 
hippocampi were dissected and the extracted proteins 
were assessed by standard Western blot analysis. 

Chronic restraint stress increased phosphorylation of 
GluA1 at Ser845, with no changes in its total protein lev-
el. Betaxolol treatment did not change the stress-induced 
effect. Also there was no effect of stress and betaxolol 
treatment alone or in combination on the protein expres-
sion of beta(1)-AR and Arc. 

The increased phosphorylation at Ser845 of GluA1 
with no changes in total GluA1 and Arc protein levels sug-
gests that prolonged stress augments the AMPA-R activity 

in hippocampal postsynaptic membranes. Phosphoryla-
tion at Ser845 of GluA1 results from PKA activation which 
depends on the beta(1)-AR activity. The lack of modulatory 
effect of beta(1)-AR blockade during stress on the level of 
p(Ser845)GluA1 together with the unchanged expression 
of beta(1)-AR observed in our study indicate that stress-in-
duced change of AMPA-R activity in rat HP was not medi-
ated by beta(1)-AR.

Supported by statutory funds of the Institute of Phar-
macology, Polish Academy of Sciences.
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Introduction: Benzophenone-3 (BP-3) is one of the 
most widely used chemical UV filter that has been avail-
able as a sunscreen agent for over 40 years. BP-3 is used 
as an active ingredient at levels of up to 10% in Europe. 
Moreover, BP-3 is accepted by the FDA as an indirect 
food additive. Chemical filters are generally used in com-
bination because no single active agent, used at levels 
currently permitted by legislation, would provide suffi-
cient protection against UV. Recent epidemiological data 
demonstrated a  strong correlation between prenatal 
exposures to BP-3 and abnormal innervation of peripher-
al tissues as observed in 3-4 year old children. However, 
knowledge about the effect of BP-3 on the central nervous 
system is limited. 

Objectives: This study aimed at clarifying molecular 
mechanisms of BP-3 action on brain neuronal cells with 
particular focus on apoptosis which is strongly associated 
with brain development. 

Methodology: Primary neuronal cell cultures, mea-
surements of caspase-3, ROS formation, microarrays and 
Hoechst 33342 staining were performed as previously. 
Mouse primary neocortical cell cultures were exposed to 
BP-3 (1-100 μM) for 6-24 h. 

Results: Our study demonstrated that BP-3 (25-100 μM) 
induced intrinsic apoptosis pathway in the mouse neocorti-
cal cell cultures. It was evidenced by 31% loss of the mito-
chondrial membrane potential and approx. 90-120% rise of 
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ROS formation and caspase-3 activity. These effects were 
accompanied by apoptotic fragmentation of cell nuclei as 
detected by Hoechst 33342 staining. Using specific inhibi-
tors, we provided evidence that BP-3-induced apoptosis of 
embryonic neuronal cells not only is caspase-3-dependent, 
but also is a caspase-9-, GSK-3β- and p38/MAPK-mediated 
process. Furthermore, by the use of microarray analyses 
we demonstrated BP-3-induced upregulation of apoptosis 
related genes such as Bax, Bak, Bad. 

Conclusion: Summing up, our study has demonstrated 
that BP-3 induces apoptosis in mouse neuronal cell cul-
tures, that position this UV filter as a risk factor for neuro-
developmental abnormalities. 

This study was supported by the NCN no. 2014/13/N/
NZ4/04845 and the statutory fund of the Institute of Phar-
macology PAS, Crakow, Poland. 

A. Wnuk and J. Rzemieniec are scholars of KNOW spon-
sored by Ministry of Science and Higher Education, Poland.
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Introduction: Endomorphin-2 (EM-2) is abundant in 
central and peripheral nervous system i.a. in the regions 
involved in pain transmission and respiratory and cardio-
vascular regulation. It presents high affinity and selectivity 
towards mu-opioid receptors. The sparse information on 
EM-2 action on respiratory system is focused primarily on 
the changes in the ventilation rather than in the shape of 
the respiratory pattern. The aim of this study was to deter-
mine the effects induced by intravenous challenge of endo-
morphin-2 on cardiovascular and respiratory variables. 

Methods: Cardiovascular and respiratory parame-
ters (blood pressure, heart rate, tidal volume, respiratory 
frequency and minute ventilation) were measured in 21 
Wistar rats anaesthetized with 750 mg/kg of urethan and  
150 mg/kg of a-chloralose. Animals breathed sponta-
neously room air via tracheal tube and were treated with 
an intravenous injection of endomorphin-2 (1 mg/kg) in 
the following scheme: in control conditions (n = 6); after 

bilateral dissection of cervical vagi nerves (n = 5); after 
blockade of opioid receptors with antagonist active in the 
periphery – naloxone methiodide (2 mg/kg) (n = 5); follow-
ing blockade with blood-brain barrier penetrant – nalox-
one hydrochloride (2 mg/kg) (n = 5). 

Results: Bolus injection of 1 mg/kg of endomorphin-2 
into the femoral vein evoked an apnoea of mean duration 
of 5.9 ± 1.8 s. After the cessation of breathing tidal volume 
remained similar to the baseline value. Transiently dimin-
ished respiratory frequency failed to have an impact on the 
minute ventilation. EM-2 challenge caused marked hypo-
tension and transiently slowed down the heart rate. All car-
diovascular and respiratory effects of EM-2 were abolished 
by midcervical vagotomy as well as by blood-brain barrier 
penetrating (naloxone hydrochloride) and nonpenetrating 
(naloxone methiodide) opioid receptor antagonist.
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Alzheimer’s disease (AD) was first described over 100 
years ago. It is the most common cause of dementia with 
an estimated prevalence of 30 million people worldwide. 
The growing body of data have shown that AD is charac-
terized by complex alterations in cellular processes that 
occur not only in neurons, but also in peripheral cells such 
as lymphocytes. Our previous studies have demonstrated 
that lymphocytes from sporadic form of AD (SAD) show G1 
phase arrest and increased levels of p21 protein, the key 
regulator of apoptosis and G1/S cell cycle checkpoint. Since 
it is known that p21, besides controlling the G1/S check-
point, can regulate apoptosis, we decided to investigate 
whether p21 levels play a role in the cellular response to an 
oxidative stress challenge like 2d-ribose (2dRib) treatment. 
We report here that cells from familial AD (FAD) are more 
resistant to 2dRib-induced cell death than control or SAD 
cells. Quantitative real-time PCR reactions and Immunoblot-
ting experiments showed that p21 mRNA and protein levels 

http://rcin.org.pl 

mailto:pwojciechowski@imdik.pan.pl


330 Folia Neuropathologica 2016; 54/3

The 13th International Symposium “Molecular basis of pathology and therapy in neurological disorders”
The 4th International Conference “Stem cells: therapeutic outlook for central nervous system disorders”

significantly increased in FAD cells in response to 2dRib. In 
addition, using cell fractionation and confocal microscopy 
imaging, we found a higher cytosolic accumulation of p21 
in FAD cells. Transcriptional activation of p21 was shown 
to be dependent on p53, as it can be blocked by PFT-a and 
was correlated with phosphorylation of p53. Thus in human 
B-lymphocytes under oxidative stress evoked by 2dRib,  
7 PS1 mutants seem to strongly exacerbate phosphoryla-
tion of p53 exhibiting gain of function effect over wtPS1. 
This activities of mutPS1 seem to represent a  compensa-
tory mechanism against acute oxidative stress, preventing 
depolarization of mitochondrial membrane and apoptosis 
in human FAD lymphoblasts. Altogether, our results showed 
that mechanism of apoptotic response to acute oxidative 
stress distinguishes cells from SAD and FAD patients. Thus, 
caution should be taken in extrapolating data obtained 
from cellular or animal models based in FAD mutations, as 
they may not be relevant in SAD. Consistently, therapeutic 
designs should take into account the possible effect vari-
ability in SAD versus FAD cells.

|A42|

Eplerenone affects kynurenic acid production 
in rat brain cortex in vitro
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Arterial hypertension is the predominant cause of car-
diovascular disorders in humans. The most recommend-
ed antihypertensive drugs are inhibitors of renin-angio-
tensin-aldosterone system (RAAS), which showed great 
improvement in prolonging patients survival. RAAS plays 
an important role in blood pressure regulation both in the 
central nervous system and peripheral tissues. Eplerenone 
is a  mineralocorticosteroid antagonist with diuretic and 
potassium sparing effect. In recent studies was shown 
that eplerenone reverses enhanced brain glutamatergic 
signaling in animal models with arterial hypertension. 

Kynurenic acid (KYNA) is the endogenous antagonist 
of glutamate receptors and of α7 nicotinic receptors. Cere-
bral synthesis of KYNA from L-kynurenine (L-KYN) is cat-
alyzed by kynurenine aminotransferases (KAT) localized 
mainly in astrocytes. KYNA has neuroprotective properties 
and its impaired production was implicated in various 
neurodegenerative diseases. Additionally, it was shown 
that KYNA plays a role in the regulation of blood pressure 
after local intracerebral administration. 

The aim of this study was to evaluate the effect of epler-
enone on the KYNA synthesis in rat brain cortex in vitro. 

Experiments were conducted on male Wistar rats 
brain cortex. The effect of eplerenone on KYNA concen-
tration and KATs activity was evaluated on cortical slices 
and cortical homogenates after 2 hours of incubation with 
L-KYN and different concentrations of tested drug. Eplere-
none at the concentration of 0.01 mM and 0.1 mM didn’t 
change the KYNA synthesis in the brain cortical slices. At 
the concentration of 0.5 mM eplerenone decreased KYNA 
production in the brain cortical slices to 90% of control. 
The activity of KAT I was decreased by eplerenone at the 
concentration of 0.01 mM, 0.05 mM, 0.1 mM and 0.5 mM 
to 92%, 71%, 69% and 61% (p < 0.05) of control value, 
respectively. The activity of KAT II was diminished by epler-
enone at the concentration of 0.01 mM, 0.05 mM, 0.1 mM 
and 0.5 mM to 84%, 50% (p < 0.001), 49% (p < 0.001) and 
45% (p < 0.001) of control, respectively. 

Presented data suggest that eplerenone might have 
an influence on KYNA production in rat brain cortex, most 
probably by changing KAT’s activity. 

Supported by the grant from National Science Centre 
(NCN) PRELUDIUM 4 No UMO-2012/07/N/NZ4/02088.
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Autism spectrum disorder (ASD) is a severe neurode-
velopmental disability disrupting the behavior of patients. 
Its unclear etiology most likely involves both genetic and 
environmental factors. Many substances are suspected of 
causing ASD. SNAP-25 (synaptosomal associated protein, 
25 kDa), which encodes a  presynaptic protein involved 
in neurotransmitter release and the modulation of volt-
age-gated calcium channels, is a  candidate gene that is 
implicated in neuropsychiatric disorders, including ASD. 
The aim of this in vitro study, which was performed on 
a  primary culture of rat cerebellar granule cells (CGCs), 
was to test the hypothesis that suspected developmental 
neurotoxins can alter SNAP-25 mRNA and protein expres-
sion. The test substances included environmental toxins: 
tetrabromobisphenol-A (TBBPA), the organomercury com-
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pound thimerosal (TH), and silver nanoparticles (NAg). 
Teratogens: valproic acid (VPA) and thalidomide (THAL), 
that cause behavioral changes similar to autism in rodents 
were also tested. The substances were administered to 
CGC cultures for 24 h at subtoxic concentrations. Obtained 
results demonstrated that SNAP-25 mRNA levels were 
increased by 49 and 66% by TBBPA and THAL, respectively, 
whereas VPA and NAg reduced levels to 48 and 64% of 
the control, respectively. In addition, the SNAP-25 protein 
content in CGCs was increased by 79% by TBBPA, 25% by 
THAL and 21% NAg, whereas VPA and TH reduced SNAP-
25 level to 73 and 69% of the control, respectively. Thus, 
this study is the first to demonstrate the effect of differ-
ent compounds that are suspected of causing autism on 
SNAP-25 expression; the results suggest that this protein 
may be a common target for not only inherited but also 
environmental modifications linked to ASD.

This study was supported by the Polish National Sci-
ence Centre; grant numbers 2012/05/B/NZ7/03225 and 
2014/15/B/NZ4/04490.
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Chronic (self-)administration of addictive drugs typi-
cally up-regulates the prodynorphin (PDYN) gene expres-
sion in the dorsal striatum or nucleus accumbens. Drug 
effects on transcription of other genes in the mesostriatal 
system, including those coding for proenkephalin (PENK) 
and dopamine eceptors, have also been characterized.  
The aim of our study was to determine if prolonged intake 
of highly palatable foods, which may produce addiction-like 
behaviours, affects the mesostriatal gene expression in the 
same manner as drugs of abuse. 

Two models of chronic intake of palatable foods by 
C57BL/6 mice were used: 1) instrumental self-adminis-

tration of cocoa-flavoured pellets (daily 1-h sessions for  
20 days) and 2) diet-induced obesity (DIO) model, i.e. 
constant free-choice access to a chocolate-based diet for 
10 weeks. mRNA levels of PDYN, PENK and the dopamine 
receptors D1 and D2 (D1R, D2R) were assessed in the 
mesostriatal system by in situ hybridization. 

We demonstrated that the PDYN mRNA levels were 
down-regulated in the dorsal striatum and nucleus 
accumbens in the instrumental model, and in the central 
amygdala of DIO mice. The D2R transcript was down-reg-
ulated in the nucleus accumbens both in the instrumental 
self-administration and DIO model. Expression of PENK 
and D1R remained unchanged in both models. 

In conclusion, neuroadaptations in the mesostriatal 
system produced by chronic intake of palatable foods seem 
distinct from those produced by drugs of abuse. Where-
as tasty food self-administration fails to up-regulate the 
PDYN gene (unlike addictive substances), its characteris-
tic effect seems to be down-regulation of the D2R in the 
nucleus accumbens, particularly in the shell (not shared 
by drug abuse models). This suggests that drug and food 
addictions involve different neuronal mechanisms.

This work was supported by the EU grant LSHM-
CT-2007-037669 (PHECOMP), the National Science Centre 
(Poland) grant 2013/08/A/NZ3/00848 and by the statuto-
ry activity funds from the Institute of Pharmacology, Polish 
Academy of Sciences.
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Human induced pluripotent stem cells (hiPSC) hold 
similar properties as human embryonic stem cells (hESC), 
however are not ethically controversial and easy to obtain. 
They possess ability to form embryoid bodies (EBs). EBs 
are three-dimensional aggregates of pluripotent stem 
(PS) cells which can recapitulate the early development of 
human embryo, thus can serve as the alternative model 
for toxicity and drug testing of neurodevelopmental toxic 
compounds. Methylmercury chloride (MeHgCl) is a devel-
opmental neurotoxin with strong embryotoxic effect for 
human embryo. In mouse in vitro culture cells model it has 
been defined as weakly embryotoxic or not embryotoxic. 
Here we present that methylmercury chloride is strongly 
embryotoxic for hiPSCs that are cultured as 3D embryoid 
bodies’ stage of development during neural commitment. 
Comparison of the MeHgCl effect on three hiPSC differ-
ent stages of development: non-differentiated hiPS cells 
in monolayer, the embryoid bodies (3D culture) and hiPS 
cells neurally committed, showed that the susceptibility 
to tested compound is developmental stage dependent.  
The three-dimensional aggregates were more sensitive 
than hiPSC after direct induction of neuronal differentiation.  
We have also confirmed inhibition of the ability of hiPSC 
to form embryoid bodies after 24 h of MeHgCl exposition. 
The increase in free radicals and reduction of the mitochon-
drial membrane potential were accompanied by a reduced 
cell viability after MeHgCl treatment. The obtained results 
indicate that hiPSC can be considered as an in vitro model 
for testing human embryotoxicity and developmental neu-
rotoxicity replacing mouse embryonic stem cell (EST) test. 

The work is supported by National Science Centre via 
Grant No 2013/11/B/N21/00089 and DEC-2011/03/B/ST8/ 
05867 EU co-financed under OPHC and statutory funds to 
MMRC.
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Introduction: Human breast milk is a well-known rich 
source of nutrients and immunological factors for a new-
born. Some studies indicate the presence of stem/pro-
genitor cells in that source. The aim of this study is to 
confirm the presence of human breast stem cells (hBSC) 
in human breast milk and to evaluate pluripotent and 
regenerative potential of isolated cells. 

Material and methods: Samples of breast milk were 
obtained in 0 to 4 day post-delivery from mothers after 
natural delivery or cesarean section in different gesta-
tional age. The isolation of cells was performed up to  
4 hours since collection of the sample. Milk sample was 
diluted with equal volume of sterile phosphate buffered 
saline (PBS) and centrifuged. The fat layer and superna-
tant were removed, and obtained cell pellet was washed 
three times in PBS. Cells viability and concentration were 
estimated in a Burker chamber by Trypan Blue exclusion. 
Various types of media were tested: DMEM + 10% FBS, 
Essential 8 medium, CellGro medium, MammoCult. hBSC 
were seeded in low adherent plates or standard culture 
plates. The cells were characterized by immunofluo-
rescence technique (IF) and reverse transcription poly-
merase chain reaction (RT-PCR). 

Results: In our study we succeed in isolating stem-
cell like population. Our results indicate that breastmilk 
cells from different donors displayed variable expression 
of pluripotency genes normally found in human embry-
onic stem cells (hESCs). These genes included the tran-
scription factors (TFs) OCT4, SOX2, NANOG, known to 
constitute the core self-renewal circuitry of hESCs. The RT 
PCR data have also revealed the presence of pluripotency 
markers (OCT4, SOX2, NANOG) in isolated cells. 

Conclusions: Stem/progenitor cells (SC) can be 
obtained from the human breast milk. The human breast 
milk can be a new noninvasive, needle free source of hBSC. 
The hBSCs can be considered to become a new, alternative 
source of SC and new standard for SC-based therapies. 
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The number of mesenchymal stem cells (MSC)-based 
therapies is increasing year by year. Numerous independent 
studies confirmed therapeutic effectiveness of mesenchy-
mal type of Adipose-Derived Regenerative Cells (ADRC) in 
various clinical settings. Nonetheless broad distribution 
and easy surgical accessibility of adipose tissue, as well as 
frequently observed heavy deterioration of patients’ gener-
al conditions and needs of high number of autologous cells 
for mono- or multiple transplantations, force elaboration 
of safe and enhanced method of these cells’ expansion in 
vitro. Previously, it was confirmed that oxygen concentra-
tion is one of the most important determinants of stem/
progenitor cell metabolism, viability, proliferation and dif-
ferentiation, leading to the enormous amplification of the 
MSC amount in culture. 

The aim of this study was to characterize and confirm 
stability of ADRC phenotype and genotype during a long 
term cell culture expansion in 21% vs lowered to 5% oxy-
gen concentrations. The ADRC were isolated by CellCelu-
tion System by commercial method performed in typical 
clinical surrounding. The MSC-like phenotype and ability 
to multi-lineage differentiation were assessed. Prolifera-
tion of cultures was controlled steadily by increased cell 
density and expressed as the population doubling time 
(PDT) and the cumulative population doublings (CPDs). 
The morphological control of ADRC phenotype stability 
and cell senescence were carried out during long term cul-
tivation in both examined oxygen conditions by the use of 
typical immunocytochemical methods. The cells growing 
until 30th passage additionally underwent chromosome 
analysis – karyotyping. 

Our results expressly indicate that the low oxygen 
“physioxic” culture conditions significantly favour ADRC 
long-term proliferation and well preservation of their 
phenotype and genome stability. The significant enhance-
ment of the aforementioned low oxygen dependent ADRC 
properties in culture can positively influence their further 
therapeutic effectiveness.

The work was supported by National Science Centre 
grant No 2011/01/B/NZ3/05401 and National Centre for 
Research and Development grant No Strategmed 1/234261/ 
2/NCBR/2014.
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Leber’s hereditary optic neuropathy (LHON) is the most 
common mitochondrial disease resulting in central vision 
loss due to optic nerve atrophy. Most cases are caused by 
a mutation in mitochondrial genes encoding one of three 
subunits of mitochondrial complex I (ND1, ND4, and ND6). 
LHON is considered as a disease of young men because of 
its early onset between 20 and 30 years and male prepon-
derance (50% men and only 10% women with mutations 
predisposing to LHON are affected). The mtDNA usually 
is homoplasmic for the mutation in every cell. Chang-
es in mitochondrial respiratory chain or ROS production 
can lead to induction of apoptosis. Most LHON mutations 
involve a  decrease in Complex I  activity and some data 
suggest that cells with these mutations are more prone to 
apoptosis. In females, estrogens are thought to modify the 
severity of mitochondrial dysfunction, including defective 
ATP synthesis, oxidative stress, and apoptosis (Giordano 
et al., 2011). However, no increase of LHON in post-meno-
pausal women is observed. Estrada et al. (2006) reported 
that high concentrations of testosterone initiate an apop-
totic pathway and induce neurotoxicity in neuroblastoma 
cells. So far not much data has been published regarding 
the role of testosterone in apoptosis in LHON affected 
men. The objective of this research is to determine the 
effect of sex hormones on cell death in LHON patient and 
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control cells. Human optic nerve cells are unavailable for 
studies, therefore a  lymphoblast cell model was used.  
4 cell lines from a  unique Polish family harboring two 
LHON mutations m.11778G>A and m.3460G>A and healthy 
controls were enrolled into this study. The effect of tes-
tosterone on initiation of apoptosis was investigated via 
the canonical apoptotic pathway which involves activation 
of aspartate-specific proteases (caspases). Apoptosis was 
confirmed by PARP cleavage. Here we present for the first 
time the influence of the sex hormone testosterone on 
apoptosis in LHON. We did not observe any differences in 
level of apoptosis in the LHON patient and control cells. 
However, in the control cells apoptosis was activated via 
a caspase dependent pathway, while in LHON cells apop-
tosis was initiated by a  different, caspase independent 
pathway.

|B5|

Effect of culture conditions on proliferation 
and differentiation of rat oligodendrocyte 
progenitor cells

Janowska J., Sypecka J.

NeuroRepair Department, Mossakowski Medical Research 
Centre, Polish Academy of Sciences, Warsaw, Poland

jjanowska@imdik.pan.pl 

Background: Oligodendrocyte progenitor cells (OPCs) 
can give rise to myelinating oligodendrocytes but they are 
also involved in modifying neural microenvironment, e.g. in 
response to damaging conditions. It is crucial for studies of 
the biology of OPCs in vitro to culture them at physiological 
normoxia (2-5% O2) and to have the possibility of tracing 
their paracrine activity in a defined, serum-free medium. 
The aim of our study was to evaluate growth of rat OPCs 
in vitro in different culture conditions which may influence 
cell proliferation and maturation. 

Material and methods: Mixed glial cell cultures were 
established from brain hemispheres of 2-day-old Wis-
tar rat pups and plated in a  tissue culture flask coated 
with poly-L-lysine. The cells grew under standard con-
ditions in DMEM containing 10% FBS for 12 days. OPCs 
were obtained from mixed glial cell cultures with a shak-
ing method which uses differential adherent properties 
of glia. The isolated OPCs were then plated at densities 
between 1.2 and 6 × 104 cells/cm2 and cultured under 5% 
or 21% O2 either in serum-free medium or supplemented 
with 1% FBS. After 2 DIV or 5 DIV the cells were fixed and 

identified by immunolabeling with antibodies against NG2 
for OPCs, GalC for immature oligodendrocytes, MBP and 
PLP for myelinating cells, and Ki67 for proliferating cells. 

Results: The OPCs plated at higher density prolifer-
ated more intensely, but the process of their maturation 
was significantly slowed-down. The cells seeded sparsely 
had more complex morphology and were able to express 
myelin proteins even only after 2 days in culture. The 1% 
FBS addition to culture medium enhanced OPC differen-
tiation at low oxygen level, but had no influence on the 
number of GalC- and MBP-positive cells at 21% O2 level. 

Conclusions: Although a  low concentration of FBS in 
a  culture medium appreciably promotes oligodendrocyte 
maturation, the OPC differentiation proceeds correctly 
through its typical stages in physiologically-relevant con-
ditions created in vitro. Application of serum-free media 
and normoxic oxygen tension provides a good model to 
analyze active compounds OPC release during growth in 
well-defined conditions. 

Supported by NCN (National Science Centre, Poland) 
grant no. 2014/15/B/NZ4/01875.
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Neonatal hypoxia-ischemia (HI) causes considerable 
mortality and long-term neurological deficits. Mounting 
evidence indicate that administering histone deacetylase 
inhibitors (HDACis) in adult animal stroke models provides 
neuroprotection, associated with reduced neuroinflamma-
tion. The aim of our study was to examine the effect of 
Sodium Butyrate (SB), a HDACi, on inflammatory process-
es after neonatal HI injury. 

We used a model of HI induced in 7-day old rats. The 
left common carotid artery was ligated and animals were 
exposed to hypoxia (7.6% oxygen for 60 min). The hypoxic 
undamaged hemisphere and sham-operated rats served as 
control. SB was injected subcutaneously for 5 days start-
ing immediately after HI. Microglial cells and astroglia were 
identified immunohistochemically with specific markers 
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(ED1 and GFAP, respectively). Additionally, we determined 
the expression of transcription factor NFkappaB and pro-in-
flammatory protein COX-2 using Western Blot, whereas the 
level of other pro-inflammatory factors (IL-1alpha, IL-1be-
ta, IP-10, TNFa) were estimated by magnetic bead–based 
assay (Luminex). 

HI markedly increased the density of microglia (ED1+) 
in the ipsilateral hemisphere which was further enhanced 
by SB application. A significant number of microglial cells 
after inhibitor treatment presented an anti-inflammatory 
M2 phenotype (ED1+/Arg1+). At the same time suppression 
of pro-inflammatory M1 cells (ED1+/IL-1B+) was observed. 
SB treatment also resulted in an over 2-fold elevation in the 
GFAP staining intensity in the ipsilateral injured hemisphere 
(HI+SB) however the amount of astroglial cells expressing 
IL-1β within the cortex of the damaged ipsilateral hemi-
sphere was markedly reduced upon SB administration. 
Moreover, treatment with the inhibitor decreased the level 
of NFkappaB and pro-inflammatory factors (COX-2, IL-1beta 
and IP-10). 

This study provides evidence that inhibition of HDACs 
by SB exhibits beneficial anti-inflammatory action. 

Supported by National Science Centre, Poland grants 
no. 2012/05/B/NZ3/00436 and 2015/17/N/NZ7/00969.
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Background: Sphingolipids modulate neurotransmis
sion, cell survival, and may modify amyloid beta (AB) 
toxicity in Alzheimer’s disease (AD). Accumulation of pro- 
apoptotic ceramide (Cer) and loss of the protective sphin-
gosine-1-phosphate (S1P) parallel the neurodegeneration 
and might modulate AB production. Deciphering the early 
AD mechanisms is of greatest importance: the long ini-
tial period of relatively asymptomatic neurodegeneration 
makes AD extremely difficult to diagnose before irreversible 
damage occurs. 

Objectives: We examined the influence of sphingo-
lipid-modulating compounds (myriocin and FTY720) on 
gene expression of enzymes metabolizing sphingosine/
S1P, sphingomyelin, Cer/Cer-1-phosphate in streptozoto-
cin (STZ) induced AD model. 

Methodology: Intracerebroventricular administra-
tion of STZ was used to induce the neurodegenerative 
symptoms characteristic for the prevailing sporadic AD 
in C57Bl6/J mice. Animals were intraperitoneally treated 
for 14 days with myriocin (serine palmitoyltransferase 
inhibitor) and FTY720 (S1P receptor modulator). Gene 
expression levels in brain cortex and hippocampus were 
assessed using Real-time PCR. 

Results: In the brain cortex, treatment with STZ and 
myriocin significantly elevated mRNA expression of sphin-
gomyelin phosphodiesterases Smpd1 and Smpd2, and 
ceramide kinase, as compared to STZ+vehicle-treated con-
trols. Thus, although myriocin inhibits de novo ceramide 
synthesis, elevated SMPDs should counteract the resulting 
drop in cortical Cer level while the kinase would increase 
ceramide phosphate. Administration of FTY720 together 
with STZ led to tendency towards reduction of cortical 
SMPDs. We also observed that hippocampal mRNAs of 
SMPDs and Cer kinase remained unchanged in STZ+myrio-
cin and STZ+FTY720 treated animals. S1P phosphatase 1 
(Sgpp1) was reduced in the hippocampus of FTY720 treat-
ed animals and showed a similar tendency in the cortex, 
probably facilitating the maintenance of S1P levels. 

Conclusions: Our results show that myriocin and 
FTY720 exert significant effects on the expression of 
genes related to ceramide metabolism and S1P signaling. 
Myriocin tends to increase ceramide kinase expression 
while FTY720 appears to exert its influence in two ways, 
through the reduction of SMPDs, and Sgpp1. Changes in 
cellular sphingolipids may affect the metabolism of AB 
and its precursor which subsequently could impact cell 
survival and death. 

Supported by the National Science Center (http://www.
ncn.gov.pl) grant no. NCN/15/B/NZ3/01049.
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The most common definition of mesenchymal stem 
cells says that mesenchymal stem cells (MSCs) are multi-
potent stromal cells that can differentiate into a variety of 
cell types, including osteoblasts, chondrocytes, myocytes 
and adipocytes. However, it is huge oversimplification, 
because only one-third of the MSC clones generated from 
bone marrow mononuclear cells are able to differentiate in 
trilineage potential suggesting that MSCs are constituted 
by a group of cells with different differentiation potential. 
Described variation relates to cells isolated from differ-
ent sources and relate to the potential for differentiation. 
Results based on the analysis of real-time PCR and flow 
cytometric assay indicates that one of the most homoge-
neous fractions of MSCs is a sub-population of cells pres-
ent on their surface marker CD271. It is characterized by 
high potential to differentiate into cells of the bone and 
cartilage, and is the most abundant source of stromal 
bone marrow. It is thought that a large variety of glycans 
closely located on the surface of the cell is important 
because of their specific interactions that control cell-cell 
adhesion, immune response or microbial pathogenesis. 
The structure of surface glycans reflects cellular changes, 
such as cell-cycle, differentiation, and various conditions 
of its physiological activity. All of these states are indicat-
ed on the cell surface with changes in the cell membrane 
which decorates glycoproteins and glycolipids. This is pos-
sible due to huge amount of – estimated at nearly 2000 
– glycogen, or programming protein genes responsible for 
the synthesis of proteins responsible for the synthesis of 
glycan processing and transport structural. We performed 
a  comparative analysis of surface glycans in the entire 
population MSCs and two sub-populations, possitive and 
negative for CD271 marker using a  lectin panel specific 
for oligosaccharides present in human cells. Taking into 
account the role of glycans in different states of the cell, 
we need to be aware of the fact that they glycans will be 
extensively utilized and critically contribute to the use of 

stem cells for future therapeutic transplantation. In the 
successful cell therapy it is essential to establish stan-
dardized multi-step protocols to generate high quality and 
efficacy therapeutic biomaterial.
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One of the major components of the cellular mem-
brane that define cell-cell and cell extracellular matrix 
interactions is the cell glycome consisting of a large vari-
ety of complex glycans covalently attached to the mem-
brane proteins and lipids. These glycoproteins and glyco-
lipids are actively involved in, and often control cell-cell 
signaling, microbial infections, immune response, wound 
healing, and other events on the cellular and tissue levels. 
The dynamics of a glycomic profile reflects changes in the 
cellular activities such as division, differentiation, motil-
ity, secretory functions and malignant transformation. 
Glycoconjugate-targeting investigations would therefore 
be expected to streamline discovery of novel biological 
factors of potential clinical significance. With the aim of 
developing novel techniques to analysis of cell movement, 
we tested whether the system of deep brain stimulation 
contributes to creating changes in the cell surface glycan 
profiles. We performed a  comparative analysis of sur-
face glycans in mesenchymal stem cells population after 
pulsed electric field stimulation using a  lectin panel spe-
cific for oligosaccharides present in human cells. On the 
basis of staining with fluorescein-labeled lectins, we have 
determined the presence of both terminal and internally 
linked α1-3/α1-6-Fuc, (a-1,3) and (a-1,6) linked mannose, 
sialic acid attached to terminal galactose in (a-2,6), alpha-
linked mannose, terminal GlcNAc, and a-linked mannose. 
After electrical field stimulation changes were observed 
for all lectins. They concerned both signal intensity and 
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placement. Analysis of a panel of lectins, in order to eval-
uate changes in the profile of surface glycans revealed 
significant changes in the expression of cell surface gly-
cans. We used glycans staining following hypothesis that 
application of different lectins highlighting different types 
of glycans in human cells. That would allow observed 
dynamics of cell surfaces reprogramming glycosylation in 
cell populations under the influence of the electric field of 
different values. Obtained results made possible to assess 
the impact of the electric field on the degree of cell migra-
tion and changes in cell phenotype and allowed choosing 
the right parameter of stimulation. We can assume that 
they can have a significant impact on the quality of the 
therapeutic preparation.

|B10|

Astrocyte-conditioned medium protecting 
cholinergic neurons against zinc-induced 
neurotoxicity
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Excessive accumulation of zinc in the brain is one of 
putative factors involved in pathomechanism of choliner-
gic encephalopathies. Our previous studies have shown 
that Zn-dependent losses of many enzymes of energy and 
acetyl-CoA metabolism, is much more harmful to choliner-
gic neurons than to the other cells, because they consume 
acetyl-CoA not only for energy production, but also for the 
acetylcholine synthesis. Astroglia are known to exert sev-
eral neuroprotective functions through the supply of many 
metabolites into the neurons. On the other hand, abundant 
evidence shows that changes in astrocyte function may 
contribute to neurodegenerative diseases. Therefore, the 
aim of this work was to find out whether diffusible factors 
produced by astroglial cells can affect energy metabolism 
and survival of cholinergic neurons in neurotoxic condi-
tions. SN56 neuroblastoma cells were used as experimen-
tal model of cholinergic neurons. To obtain astroglia-con-
ditioning medium (ACM), C6 glioma cells were grown until 
confluence. After 36 hours the medium was collected as 
ACM and transferred to the neuronal cultures for the next 
24 hours (with or without zinc). We reported that ACM 
protected cholinergic neurons against the zinc-induced 

damages. Zn in concentration 0.15 mmol/l brought about 
loss of neuronal extensions and intracellular connections 
as well as appearance of blebs and malformations of cell 
membranes. These alterations were reversed in part by 
ACM. In response to the same concentration of zinc, the 
number of non-viable trypan-blue positive cells was sig-
nificantly reduced from 60 to 20% in the ACM-cultured 
cholinergic neurons. In the same conditions, the total 
number of cells increased three times. We also observed 
that ACM partially reversed the inhibitory effect of zinc on 
the energy metabolism of cholinergic neurons in the range 
of aconitase and isocitrate dehydrogenase activity and the 
total level of acetyl-CoA. These results indicate that diffus-
ible factors released from astrocytes affect neurons energy 
metabolism and probably this way promote their survival. 

Supported by MN 01-0174/08/248 and ST57 GUMed 
fund.
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Leber’s Hereditary Optic Neuropathy (LHON) is the 
most common mitochondrial disease. LHON is charac-
terized by sudden, painless loss of vision associated with 
abnormalities of the optic nerve. The disease in over 90% 
of cases is caused by one of three mutations in the mito-
chondrial genome: 11778G>A, 3460G>A  or 14484T>C.  
The co-occurrence of two pathogenic mutations respon-
sible for LHON is extremely rare. Here we present for 
the first time the respiratory function analysis of cybrid 
cells harbouring a combination of the 11778G>A and the 
3460G>A  LHON mutations. Cybrid cell lines were con-
structed by fusion of enucleated fibroblasts, derived from 
skin biopsies of 3 LHON patients and 3 healthy controls, 
with ρ0 143B cells. The heteroplasmy level of each muta-
tion was measured by the last cycle hot PCR-RFLP meth-
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od. Cellular respiration was measured in four conditions 
(basal respiration and after addition of respiratory sub-
strates, ATPase inhibitor and OXPHOS uncoupler) with 
the use of oxygraph (Oroboros-2k). Analysis showed that 
LHON cybrids had higher rates of respiration and respira-
tory capacity compared to control cells. Moreover, respi-
ratory capacity increased with the increasing level of the 
11778G>A mutation. These data suggest that LHON muta-
tions could force cells to increase their respiratory capaci-
ty to overcome the mutation effect. Increased respiratory 
capacity could be due to mitochondrial biogenesis induc-
tion in response to energy stress caused by LHON muta-
tions.

|B12|

Differentiating oligodendrocyte precursor 
cells produce interleukin-33 which shapes 
remyelinating lesion microenvironment
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Interleukin-33 (IL-33) plays an important role in main-
taining organism homeostasis by several potential activi-
ties: as an alarmin, traditional cytokine or nuclear factor. 
Due to its multiple functions, IL-33 has been recently 
widely studied in pathophysiology of numerous disorders, 
including multiple sclerosis (MS). MS is an autoimmune 
disease characterized by central nervous system (CNS) 
demyelination. Remyelination is a physiological response 
to demyelination and is led by the oligodendrocyte pre-
cursor cells (OPCs) which differentiate within lesion and 
serve the axons with new myelin sheaths. However, remy-
elination often fails, which causes long-term neurological 
problems for the MS patients. 

Using well described in vivo model of murine spinal 
cord demyelination and based on global gene expression 
profiling, we have selected the group of genes, which prod-
ucts could be potentially involve in the process of OPCs 
differentiation and one of them was interleukin-33 (IL-33). 
We hypothesize that IL-33 may play a  role in activation 
of OPCs and remyelination outcome. Here, we provide 
evidence for the significant role of IL-33 in modeling the 
white matter damage environment and its impact on the 
axons remyelination. We demonstrate that IL-33 is highly 

produced in the intact CNS, by a population of oligoden-
drocyte lineage cells, but neither OPCs nor white matter 
mature oligodendrocytes. Moreover, using an in vivo mod-
el of chemically-induced murine spinal cord demyelination, 
we show that IL-33 is upregulated, produced and secreted 
by differentiating OPCs in response to the CNS white mat-
ter injury. Secreted IL33 alters the functional phenotype 
of microglia/microphages, which in consequence allows 
OPC for the complete differentiation. Our results clearly 
show, for the first time, that interleukin-33 is produced 
and secreted by activated OPCs, which shapes the lesion 
microenvironment and finally indirectly supports white 
matter regeneration. 

Studies were supported by National Science Centre 
grant 2011/03/B/NZ4/02988.
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Background: Calbindin-D28k is one of the major calci-
um-binding proteins in the brain. It regulates intracellular 
response against various stimuli and provides neuropro-
tection against calcium-mediated neurotoxicity. Previous 
studies have reported the vulnerability of calbindin-posi-
tive (CB+) neurons in the dentate granule cell layer of the 
hippocampal formation in epilepsy. According to previous 
studies, neuroinflammation may lead to an increase in sei-
zure susceptibility and trigger epileptogenesis. However, 
emerging experimental evidence indicates that early age 
inflammation acting as a preconditioning factor may also 
have protective effects. The aim of this study was to exam-
ine long term effects of systemic inflammation induced at 
different postnatal developmental stages on the CB+ cell 
population within hippocampal formation in response to 
status epilepticus evoked in adulthood. 

Methodology: Lipopolysaccharide (LPS) was injected 
intraperitoneally (2 mg/kg b.w.) to Wistar rats on postna-
tal day 6 or 30 (P06 and P30, respectively). When became 
two-month-old, the rats which survived inflammation 
were injected with pilocarpine to evoke status epilepti-
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cus and sacrificed 3 days later. Brain sections were then 
processed for CB immunohistochemistry and CB+ neu-
rons were counted bilaterally within CA1, CA2/3 and DG 
regions of the dorsal part of hippocampal formation. 

Results: LPS injections alone on P06 or P30 caused sig-
nificant decreases in numbers of CB+ cells but only within 
the DG area when compared to naïve animals. The epi-
leptic seizures induced in both LPS-untreated controls and 
LPS-treated animals led to significant decreases of CB+ 
cell number (vs. naïve animals) but also in the DG. Howev-
er, in rats injected with LPS on P30 the effect of seizures 
was significantly lower than in those injected on P06.

Conclusions: Transient inflammation induced during 
the brain development led to permanent decreases of CB+ 
neuronal population in the adult brain. The inflammation 
induced on P30 could also prevent large seizure-related 
reduction of the cells. This might result from long-term 
changes in nervous tissue reactivity – preconditioning. 

Supported by the NSC grant: UMO-2012/05/B/NZ4/ 
02406.
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Introduction: Pro-inflammatory cytokines such as 
interleukin 1-β (IL-1β) are considered to exert detrimental 
effects during brain trauma and in neurodegenerative dis-
orders. In other way it was reported that IL-1β enhances 
neurite growth in brain slices. In this study, we analyzed 
the influence of this cytokine on the axon growth of DRG 
neurons supplying porcine urinary bladder. 

Material and methods: Lumbar and sacral DRGs were 
collected from 8-10 weeks old pigs (n = 4) which received 
2 weeks earlier multiple injections of the Fast Blue retro-
grade tracer in the wall of the urinary bladder. Cell cultures 
were prepared as described previously (Hausott et al., 
2011). Neurons were re-suspended, plated at per glass 
coverslip coated with poly-D-lysine/laminin and cultivated 
in TNB medium at 37°C in 5% CO2 and treated with IL-1β  
(50 ng/ml, experimental group). After 24 h in culture, neu-
rons were fixed with 4% paraformaldehyde for 20 min, per-
meabilized with 0.01% Triton X-100 in PBS for 5 min and 
blocked with blocking buffer (10% goat serum in PBS) for  
30 min. Cells were incubated with primary antibodies 
against neuron-specific β-III tubulin diluted in blocking 
buffer for 1h at room temperature and then incubated with 
secondary Alexa-488-conjugated antibody for 60 min at RT. 
Axon length analysis was performed using the WIS-Neuro-
Math (Rishal et al. 2012). The Mann-Whitney U test (Graph-
Pad Software, Inc) was used to analyze the variability and 
the relative differences in the morphology of the neuronal 
cells. 

Results: Morphological analysis revealed that addition 
the IL-1β to the culture of isolated DRG neurons supply-
ing porcine urinary bladder did not significantly affect the 
number of axonal branch points and neurites as well as 
their length. 

Conclusions: This is the first report specifying the share 
of IL-1β in the regeneration process of the porcine DRG 
neurons supplying the urinary bladder. A lack of changes 
in the total axon length, maximal distance of the longest 
axon and the number of the branch points suggest that 
this factor has not the capacity to promote regeneration 
of this specific subpopulation of DRG neurons. 

This work was supported by grant no 2011/03/B/NZ4/ 
06451.
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It is well know that nerve growth factor (NGF) increas-
es initial rate of axonal regeneration of aged dorsal root 
ganglia neurons (DRG) and influences on the survival time 
of these neurons. However, there is a lack of data revealing 
the putative influence of NGF on the neurite outgrowth 
of urinary bladder-projecting DRG neurons. Therefore, the 
present study was aimed at determining the influence of 
NGF treatment on morphology of the porcine bladder-pro-
jecting sensory neurons.

Lumbar and sacral DRGs were harvested from 8-10 
weeks old pigs (n = 4) which received multiple injections 
of the retrograde tracer Fast Blue in the urinary bladder 
wall 2 weeks prior to the collecting of DRG studied. Cell 
cultures were prepared as described previously (Hausott 
et al., 2011). Neurons were plated on glass coverslip coat-
ed with poly-L-Lysine/laminin and cultivated in TNB medi-
um at 37°C in 5% CO2 and treated with NGF (100 ng/ml, 
experimental group). After 24 h in culture, neurons were 
fixed with 4% paraformaldehyde for 20 min, permeabi-
lized with 0.01% Triton X-100 in PBS for 5 min and blocked 
with blocking buffer (10% goat serum in PBS) for 30 min. 
Cells were incubated with primary antibodies against neu-
ron-specific β-III tubulin diluted in blocking buffer for 1 h 
at room temperature and then incubated with secondary 
Alexa-488-conjugated antibody for 60 min at RT. Neurite 
length analysis was performed using the WIS-NeuroMath  
(Rishal et al., 2012). The Mann-Whitney U  test (Graph-
Pad Software, Inc) was used to analyze the variability in 
the relative differences in the morphology of the neuronal 
cells. 

The result show the number of branch points was 
increased after NGF treatment, while the total axon length 
as well as maximal distance of the longest axon was simi-
lar to those observed in untreated control. 

This is the first scientific paper concerning the influ-
ence of NGF on the porcine sensory DRG neurons supply-
ing the urinary bladder during their regeneration. The rise 
in the number of axonal branch suggests contribution of 
this factor in the regeneration of axons from DRG neurons. 

This work was supported by grant no. 2011/03/B/NZ4/ 
06451.
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Introduction: The neurodegenerative diseases such as 
amyotrophic lateral sclerosis (ALS) constitute social prob-
lem related to civilization. First results of stem cell thera-
pies in ALS seem to be promising. However, rejection of 
allogenic neural cells is still a common problem and there 
is an urgent need to define the mechanism of immune 
response and to develop effective immunosuppressive 
strategy. In this study, we evaluated immunogenic poten-
tial of glial restricted progenitor cells – the potential candi-
dates for ALS therapy. 

Material and methods: Glial Restricted Progenitor cell 
suspensions (GRP) derived from canine and murine fetus-
es and obtained human commercial cell line QSV40 were 
long time cultured in DMEM medium, enriched in growth 
supplements. The phenotypic characteristics of human, 
murine and canine GRPs were assessed via flow cytome-
try and immunofluorescence staining. Cells were evaluat-
ed for the presence of immunogenic markers: MHC-I and 
MHC-II and costimulatory molecules CD40, CD154, CD28 
and CD80 as well as for the presence of markers specific 
for neural progenitors: A2B5, nestin, NG2, and for differ-
entiated cells: β-III-tubulin, PSA-NCAM, GFAP, MBP. Differ-
entiation in vitro of GRP cell into astrocytes was performed 
in culture with 15% FBS media. 

Results: GRPs of all examined species express 
MHC-I but not MHC-II antigens. The presence of costim-
ulatory molecules was not observed on surface of murine 
and human cells. GRPs preserve stable phenotype of A2B5, 
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NG2 and nestin in long term culture. Murine and canine 
GRPs were easily differentiated into astrocytes in medi-
um supplemented with 15% FBS. Such phenomenon was 
not observed in human QSV40 cell line. Differentiation 
potential of murine and canine GRP was proven by GFAP 
expression. 

Conclusions: GRPs are stable in long term in vitro cul-
ture. There is no expression of MHC-II and costimulatory 
molecules which might suggest low immunogenic poten-
tial of the cells. Not immortalized murine and canine GRPs 
show ability to differentiate into astrocytes. These biologic 
properties of GRP make them potential candidates for ALS 
therapy.
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Glioblastoma is one of the most frequent primary and 
aggressive (WHO grade IV) neoplastic malignant tumors 
of the central nervous system with a poor survival time. 
Despite developments in neurosurgery and treatment 
strategy, the chemotherapy is still inefficient and it is 
urgent to develop new strategies for tumour therapy.  
The objective of this study was to investigate the effect 
of platinum nanoparticles (NP-Pt) on the inhibition of gli-
oma cell proliferation and compare the antiproliferative 
properties of NP-Pt with platinum based drugs – cisplatin 
against U87 and U118 glioma cell lines and tumour tissue. 
NP-Pt and cisplatin were incubated with U87 and U118 
glioma cells or injected directly into glioma tumour tissue. 
Herein, we report a study on the antiproliferative proper-
ties of NP-Pt by examining the influence of nanoplatinum 
on the glioma cells morphology, the level of DNA synthe-
sis, viability and cells migration ability of glioma cells, as 
well as protein expression of proliferating cell nuclear anti-
gen (PCNA) at glioma tumour tissue. The obtained results 
showed that NP-Pt treatment of U87 and U118 glioma 
cells caused reduction of DNA synthesis and the migra-
tion of cancer cells. Moreover, the PCNA protein expres-
sion level was also decreased at tumour tissue after NP-Pt 

administration. The obtained results demonstrated the 
antiproliferative properties of NP-Pt. Consequently, NP-Pt 
can be considered as an effective inhibitor of glioblastoma 
tumour cell proliferation. However, the molecular mecha-
nism of action as well as potential side effects need to be 
elucidated in in vivo follow-up research.
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Mesenchymal stem cells (MSC) exhibit enormous het-
erogeneity which can influence their regenerative prop-
erties, therapeutic effectiveness and finally their safety 
after transplantation. The source of stem cells and also 
the method of isolation, can significantly affect their prop-
erties. Human mesenchymal stem cells derived from bone 
marrow, adipose tissue or umbilical cord, have been used 
in many clinical trials. Recently Wharton’s Jelly-derived 
MSC (WJ-MSC) gained special attention due to their low 
immunogenicity, strong immunomodulatory properties 
and ability to secrete adjuvant factors supporting regen-
eration. The aim of the study was to characterize and 
compare WJ-MSC isolated from umbilical cord stroma by 
mechanical and collagenase based enzymatic process and 
critical view on the selection criteria of optimal MSC deri-
vation method. 

Both obtained cell populations were characterized fol-
lowed by ISCT criteria (expression of typical surface mark-
ers, mesodermal differentiation potential) and additional-
ly a number of such features for MSC as proliferation and 
senescence rate, self-renewal capacity based on ability to 
create specific colonies (CFU-F) and neural differentiation 
potential. Cells were analyzed with flow cytometry, immu-
nocytochemistry and quantitative RT-PCR techniques. 

Despite comparable level of expression of typical for 
MSC markers, enzymatically isolated cells were less stable 
in culture with slower proliferation rate, low frequency of 
CFU-F formation ability, faster cell senescence and limited 
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mesodermal differentiation potential. Moreover a  signifi-
cantly higher expression of neuronal and glial markers: 
Nestin, βTubulinIII, GFAP, NF-200 as well as primitive mark-
er α-SMA was observed in WJ-MSC obtained by mechanical 
tissue fragmentation. These unique properties of WJ-MSC 
for neural differentiation can lead to their promising future 
applications in the treatment of neurological disorders. 

To guarantee the high quality of the isolated cells, we 
should focus on necessity of development of more sensi-
tive and selective methods for prediction and control cells 
function during time of growth in vitro. 

The work was supported by National Science Cen-
ter grant no. 05401/B/NZ3/2011/01 and National Centre 
for Research and Development grant No STRATEGMED1/ 
234261/2/NCBR/2014.
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One of the often-appearing problems in case of use of 
stem cells in regenerative medicine is evaluation of their 
movement when they are placed in electric field. That issue 
can be considered in two ways. On the one hand, desirable 
can be directed migration of stem cells. That is the case 
of the idea of delivering stem cells as close to their desti-
nation as it is possible, and then guiding their migration 
using electric field. On the other hand, desirable can be as 
well reduction of cells movement, i.e. keeping them in the 
place of delivery, also using electric field. In both cases, 
the key is selection of proper kind and strength of elec-
tric field. Research on this matter is now quite common. 
However, in order to study the influence of electric field 

on stem cells movement, necessary are reliable methods 
provided for precise determination of cells position and 
its changes over time. The aim of our study was to test 
whether different methods used for these purposes can 
influence on the evaluation of research results. We based 
our study on series of images obtained from digital micro-
scope. Adult human bone marrow-derived mesenchymal 
stem cells were being placed in pulsed electric fields of 
different strengths and frequencies. In each case, images 
were acquired every 15 minutes, for duration of 3 hours. 
Then, locations of the individual cells, as well as param-
eters of their movement (i.e. velocity and linearity) were 
estimated using different methods. The results show that 
the influence of used method is not to be underestimated 
as it can have a  significant impact on the evaluation of 
research results. Problems concerning different methods 
of evaluation of the migration of stem cells in electric field 
were listed as well, including their comparison in aspects 
of implementation and use.
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Diseases of the intervertebral discs (discopathies) are 
one of the most common diseases of civilization. Discopa-
thy is initiated through biochemical changes in the struc-
ture of discs. In this context, tissue engineering, through 
creating new possibilities of regeneration of degrad-
ed tissue, raises hope that there appear new and more 
effective methods of dealing with this problem. To eval-
uate the effectiveness of therapies most often are used 
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animal models in which in a  certain way the process of 
degeneration of the intervertebral disc is initiated. Most 
commonly used method of determination of the degree 
of damage and possible subsequent regeneration of inter-
vertebral discs is magnetic resonance imaging (MRI). Our 
study focused on the identification of differences that may 
arise in the assessment of the same cases based on imag-
es obtained in different cross-sections of the same MRI 
research. The issue of proper indication of area of inter-
est has been raised as well, which is, as shown by clinical 
experience, especially problematic after a long period (i.e. 
several months) from the time of injury. Attempt was made 
to identify the most reliable methodology, which could be 
used to assess the degree of degeneration/regeneration 
of intervertebral discs. Images obtained in MRI study were 
analyzed to evaluate the process of regeneration of inter-
vertebral discs after administration of mesenchymal stem 
cells isolated from bone marrow in porcine animal model, 
after the damage caused by the surgical laser vaporization. 
Evaluation was performed for the time of 4, 8 and 12 weeks 
from the time of damage. Based on our study, the follow-
ing conclusions can be drawn. Firstly, due to the greater 
number of available measurement data, frontal plane can 
be indicated as more reliable than sagittal. Secondly, use 
of the one of the basic geometrical shapes as the discs’ 
shape approximation can lead to significant errors in the 
evaluation of the results of the experiment – the borders 
of the intervertebral disc should be determined using more 
complex shapes, i.e. considering the anatomy.
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To assess the relationship of morphological status of 
the neurons of the cerebrum, cerebellum and spinal cord 
and behaviour of mice with the “cuprizone” model of 
demyelination and remyelination after used of exogenous 
recombinant human leukemia inhibitory factor and inter-

leukin 10. Adult mouse of line 129/Sv received daily for 
three weeks “cuprizone” with food. Control mice received 
normal food. After first week of cuprizone application mice 
were provided with exogenous recombinant human leuke-
mia inhibitory factor and interleukin 10. The animals were 
evaluated for morphometric analysis which determined the 
proportion of neurons with unmodified, and with moderate 
and severe structural changes (staining of histological speci-
mens of toluidine blue) and behavioral reactions (open field 
test). In morphological investigations we observed structural-
ly modified neurons in the gray matter of the cerebrum, cere-
bellum and the spinal cord of all experimental groups of mice 
line 129/Sv. “Cuprizone” had a stronger psychological impact 
to most behavioral responses in mice. After use of exogenous 
recombinant human leukemia inhibitory factor and interleu-
kin 10 we observed an increase in unmodified neurons in all 
parts of the central nerve system. The severity of violations of 
behavioral and pathological changes of neurons in the CNS 
after taking “cuprizone” and cytokines are harmonized and 
have clear differences. The experimental model using “cupri-
zone” aplication can be used as a model of the demyelination 
neurological degeneration and breaches of conduct.
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Hypocretin-1 is a  hypothalamic neuropeptide with 
a  known chemical structure and anatomical distribution. 
This peptide is a  part of the hypocretin system which is 
linked with central pain modulation, probably by way of 
influence on trigeminovascular nociception and the cor-
tical spreading depression. Recent genetic studies sup-
ports the position that hypocretins may play a role in the 
pathogenesis of primary headache disorders and the hypo-
cretin receptor 1 (HCRTR1) gene could contribute to sus-
ceptibility to migraine without aura. The objective of this 
paper is to investigate the association between non-syn-
onymous G1222A polymorphism of the HCRTR1 gene and 
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the concentration of hypocretin-1 in 96 migraine patients  
(11 males, 85 females) representing different subtypes 
of the disease: migraine with aura (MA: 43 patients) and 
migraine without aura (M0: 53 patients). A  group of 82 
healthy controls were subsumed under the study (10 males, 
72 females). Polymorphism in exon 7 of HCRTR1 gene 
results in an amino acid substitution in the cytoplasmic 
region of the HCRT receptor and could modify its function. 
Polymorphism G1222A is associated with an increased risk 
of disease, probably due to the carriage of the A allele of 
HCRTR1 gene. The results of the study revealed significant 
difference in the frequencies of the GG, GA, and AA geno-
types between patients with migraine as a whole and with 
M0 when compared with control subjects (p < 0.05, Fisher’s 
exact test). The prevalence of genotypes did not reached 
statistically considerable difference in patients with MA. 
Interestingly enough, significant differences in the serum 
concentration of hypocretin-1 were observed among AA 
individuals. However, the research did not demonstrate 
diversity of the blood serum concentration of hypocretin-1 
in migraineurs (648.1 ± 343.7 pg/ml) to compare with con-
trols (670.3 ± 406.0 pg/ml; p = 0.4610) as well as when the 
patients were divided into migraine with and without aura 
groups (p = 0.8655). In connection with the above-men-
tioned facts it could be assumed that described genotypes 
did not seem to modify the serum concentration of hypo-
cretin-1, except for AA genotype, which is associated with 
an increased migraine risk. The study revealed no relation-
ship between hipocretin-1 and subtypes of migraine.
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Mesenchymal stem cells derived from Wharton jelly 
(WJ-MSC) appear to be promising candidate for postisch-
emic tissue repair. Unfortunately, moderate and inconsis-
tent benefits of cellular clinical trials press for an urgent 
need to improve this therapy. The aim of our study was 
to evaluate the ability of WJ-MSC to differentiate into 
endothelial progenitor cells (WJ-EPC) and compare the 
influence of these both cell types on vascular network 

and proliferation of neural cells in ischemically injured rat 
brain. WJ-MSC were cultured in growth medium (MSCGM) 
or in endothelial differentiating medium (EGM-2). Cells 
were characterized by flow cytometry, immunocytochem-
istry and molecular methods on the basis of expression of 
endothelial and mesenchymal markers. Angiogenic activity 
of WJ-EPC was proved by DiI-Ac-LDL-uptake and Matrigel 
assay. Cells metabolic activities were determined by WST-1  
reagent. Cytotoxic brain injury was conducted with the 
use of Na+/K+ pump inhibitor – ouabain (1 µl; 50 nmol).  
WJ-MSC and WJ-EPC were engrafted in 3D bioactive plate-
let lysate (PL) scaffolds into the striatum of normal and 
focally injured brains of adult Wistar rats. After 3, 7, 14 
and 21 days brains were isolated and sliced with cryostat. 
Subsequently, immunohistochemical studies was per-
formed with rat endothelial cell specific antibody (RECA-1),  
cell proliferation marker (Ki67), neural markers (Nestin, 
NF-200, β-tubulin III, GFAP) and microglial cell marker 
(ED1). WJ-MSC after 7 days in EGM-2 medium, acquired 
typical EPC cobblestone-like morphology, form capillary-like 
structures on Matrigel and took up DiI-Ac-LDL. Both cell 
types were positive for MSC and EC markers CD73, CD90, 
CD105, VEGFR2, VEGF, but only EPC culture expressed vWF 
and CD31 on significantly higher gene and protein levels. 
We showed that plateled lysate could be transplanted into 
the brain in rat models. Scaffolds with WJ-MSC and WJ-EPC 
exert vasculo- and neuroprotective properties after trans-
plantation into striatum of focally injured rat brains which 
makes them a good candidate for cell therapy. 

The work was supported by NCN grant 2011/01/B/
NZ3/05401 and NCRD grant Strategmed 1/234261/2/
NCBR/2014.
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Background: In recent years, the dynamic process of 
aging of the population is observed. It is estimated that 
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in 2025 the number of people aged over 60 will exceed 
the threshold of 1 billion, and the proportion of elderly 
will reach almost 14% of the world population. The num-
ber of people suffering from neurodegenerative diseases 
is also increasing. Effective treatment of these diseases is 
very important, and at the same time difficult. Currently, 
numerous studies focusing on finding effective, safe and 
simultaneously minimally invasive methods of drug ther-
apy are conducted. The development of drug form tech-
nology allows to optimize the currently used treatment 
regimens and develop the new ones. The aim of the study 
was to analyze current data concerning drug forms used in 
the treatment of neurodegenerative disorders.

Material and methods: An analysis of the available lit-
erature of the past 16 years was conducted. We searched 
the following databases: PubMed, Medline, Embase, the 
Cochrane Library as well as the scientific medical journals. 

Results: Recently, besides the traditional dosage 
forms like tablets and capsules, sustained release tablet, 
disintegrating tablets in the oral cavity, and transdermal 
patches were allowed in the treatment of Alzheimer’s and 
Parkinson’s diseases. Sustained release tablets contain 
increased amounts of the drug substance that provides 
the constant effective concentration of at least 8-12 h.  
The tablets disintegrating in the mouth are the safe drug 
for people with the swallowing problems thus convenient 
for elder patients. They disperse on the tongue, have a rap-
id onset of action of the active substance and minimize 
first-pass effect. The transdermal systems have the form 
of a patch, that allows administering the drug substance 
to the general circulation. Several nanoformulations con-
taining the drug (e.g. nanoemulsions, lipid nanoparticles, 
polymeric micelles) which enable the targeted therapy, 
increase its efficacy and bioavailability of the drug are also 
tested. The nanoparticles have the ability to penetrate the 
blood-brain barrier and demonstrate biodegradability, sta-
bility and low toxicity. 

Conclusions: The development of nanotechnology of 
drug formulation increases the chances of an effective and 
safe treatment of neurodegenerative diseases.
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Previously, we reported that PC-12 cells overexpress-
ing wild type APP(-wt), or Swedish mutation APP(-saw) 
under control of GFP gene promoter have reduced viabil-
ity escorted by enhanced autophagy. Present study was 
conducted to address the question whether mevalonate 
pathway affects the level of clusterin protein, the extra-
cellular chaperone that protects cell viability. Clones sta-
bly expressing wild type APP (W), or Swedish mutation 
APP (S) under control of GFP gene promoter together 
with empty vector (G) transfected cells were differentiat-
ed into neuronal cells with NGF. APP overexpression was 
monitored by the presence of green fluorescence (FL) 
and Western blot (WB). FL confirmed stable transfection 
whereas WB showed sAPPalpha fragment present in 
APP(-wt) but not in APP(-sw) or empty vector transfected 
cells. Similarly, amyloid beta (Abeta) was found solely in 
APP(-sw) but not in APP(-wt) or empty vector transfected 
cells. Next, the cells were left untreated or treated with 
selected statins or non-sterol isoprenoids or both for  
24 h. Atorvastatin [ATR, 50 microM] or simvastatin [SIM,  
50 microM] used to inhibit mevalonate synthesis  
(HMG-CoA reductase inhibitors) diminished cell viabil-
ity (p < 0.05) but did not affect clusterin protein levels. 
Interestingly, administration of non-sterol isoprenoids 
(geranyl-geraniol – GGOH, farnesol – FOH, mevalonate 
– MEV) and cholesterol PEG conjugate (Chol-PEG) in 
non-toxic concentrations strongly stimulated (p < 0.05) 
clusterin protein levels in PC-12 cells. The effects of Chol-
PEG and non-sterol isoprenoids were more profound in 
APP(-wt) and APP(-sw) than in empty vector transfected 
cells. GGOH overridden statin-dependent cytotoxicity 
by re-establishing cell viability to observed in untreated 
cells but this effect does not seem to be dependent on 
clusterin as its level did not differ from other treatments. 
These results suggest important role played by meva-
lonate pathway in clusterin protein stimulation in APP 
overexpressing cells, although merely GGOH has direct 
effect on cell survival. Protein prenylation with GGOH 
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rather than FOH might play substantial role in neuronal 
cell viability. 

This research was funded by National Science Centre 
(Poland), Grant no. UMO-2011/03/B.
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Small molecules can exert developmental context 
dependent activity: influence the maintenance of stem 
cells stemness or support their differentiation into specif-
ic cell types. Moreover, it was proven that oxygen tension 
may influence the cellular response to small molecules. 
In this study the effect of selected small molecules (TSA, 
RG108, PD0325901, SB431542) and the oxygen tension 
on developmental processes of neural stem cells derived 
from human umbilical cord blood (HUCB-NSC) was inves-
tigated. We have shown that 5% oxygen concentration 
promotes proliferation of HUCB-NSCs, but the presence 
of selected small molecules affect this correlation. HUCB-
NSC cultured in 21% oxygen concentration with RG 108 
revealed significantly higher proliferative potential. 

All samples have been tested for the expression of 
genes typical for the pluripotency (OCT4, SOX2, NANOG, 
REX1) neural differentiation (B-TUBULIN III, MAP2, NF200) 
as well as related to the hypoxia (HIF1, 2, and 3 alpha) 
and epigenetic regulation (HDAC1, HDAC2, DNMT3A, 
DNMT3B). This expression was confirmed on the protein 
level by immunocytochemistry. In all tested experimental 
variants cells were negative for OCT4, SOX2 and REX1. 
Low NANOG expression was detected in two variants: 
HUCB-NSCs cultured in 5% oxygen concentration without 
addition of any small molecule and with TSA. Neural dif-
ferentiation of HUCB-NSC was confirmed by the expres-
sion of neural markers in all tested samples, with two 
exceptions: there was no expression of MAP2 in cells cul-
tured in 5% oxygen concentration with RG108 and NF200 
in cells growing in 21% oxygen concentration with TSA.  
The expression of genes involved in regulation of epigen-
etic processes (HDAC1, HDAC2, DNMT3A, DNMT3B) was 
present in HUCB-NSCs in almost all experimental condi-

tions, except cells growing in 21% oxygen with PD0325901 
– for all tested genes and cells cultured in 5% oxygen con-
centration with RG108 – for DNMT3A, DNMT3B exclusively. 
The quantitative estimation of the expression of selected 
genes is presently under verification. 

Our study based on changes of the expression of inves-
tigated genes revealed, that developmental response of 
HUCB-NSCs to small molecules may be modified by the 
level of oxygen tension in cell microenvironment. 

The work was supported by MMRC statutory funds.
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Background: It is observed that the level of homo-
cysteine (HCys) plays important role in the functioning of 
endothelial cells. Elevated level of HCys is a risk factor for 
vascular diseases as well as brain atrophy. Several common 
polymorphisms within genes encoding enzymes involved 
in homocysteine metabolism (e.g. methylenetetrahydro-
folate reductase; MTHFR) are suggested to be associated 
with development of arterial ischemic stroke (AIS), both in 
adults and children. Previous studies, including meta-anal-
ysis, have shown that 677C>T polymorphism within MTH-
FR gene is related to paediatric AIS. However, the role of 
other common MTHFR polymorphism, 1298A>C, is still 
uncertain. One studies show such relation, while others 
– do not. Most often, studies are performed on small num-
ber of patients due to the rarity of AIS. Considering that, 
we performed meta-analysis of available data addressing 
possible association between MTHFR 1298A>C polymor-
phism and AIS in children. 
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Material and methods: We searched Pubmed using 
“MTHFR polymorphism”, “ischemic stroke”, “paediatric”, 
“1298A>C polymorphism”, “children” as keywords. We 
included to a study 5 case-control studies. Due to the pos-
sibility of obtaining false positive or negative results, we 
did not include to the present meta-analysis studies with 
the number of patients lower than 40. A total number of 
325 paediatric patients with arterial ischemic stroke and 
504 controls were enrolled to the study. We conducted sta-
tistical analyses with the use of MedCalc software. Hetero-
geneity between the studies was evaluated using the Der-
simonian and Laird’s Q test. When heterogeneity between 
the studies was significant, the pooled odds ratio (OR) 
was analysed with a  random effects model, otherwise, 
a fixed effects model was used. Results: In case of MTHFR 
AC+CC vs AA analysis, we observed significant heteroge-
neity between the analysed studies (Cochrane Q p = 0.02 
and I2 = 65.19%), thus random effects model was used 
to estimate pooled OR. We observed that carrier-state of 
1298C allele is not related to ischemic stroke in children  
(p = 0.236, OR = 1.37, 95% CI: 0.81-2.30). 

Conclusions: The results based on a  sizeable groups 
of paediatric patients suffering AIS and healthy controls 
demonstrated that 1298A>C polymorphism in MTHFR 
gene is not related to paediatric ischemic stroke.
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The presence of new psychoactive substances (NPS) 
use is a  relatively new challenge for clinicians, forensic 
pathologists, lawyers and basic researchers. According to 
alerts of European Union Early Warning System (EU EWS), 
almost each week completely new substance (mainly syn-
thetic cannabinoids, cathinones and opioids) appears on 
drugs of abuse market. These substances are often called 
“legal highs” due to the fact that after introduction on 
the narcotic market they are not illegal. The main current 
problem is lack of sufficient knowledge about its mech-

anism of action, psychoactive effects in humans and its 
acute, short- and long-term toxicity. 

The aim of this work is: (1) to review the published and 
referenced in PubMed database results of basic studies on 
the mechanisms of action and toxicity of some of NPS, 
and (2) present own results of routine neurohistological 
examination (H&E stain) of the central nervous system 
(CNS) in fatal victims of NPS intake, examined post mor-
tem in the Department of Forensic Medicine and Forensic 
Toxicology in Katowice on the prosecutor’s order. 

New designer drugs mimic the action of classical nar-
cotics. In the last years the number of articles concerning 
mechanisms of action and toxicity of some of NPS is con-
stantly growing, but still relatively small number of NPS 
was studied. There are many questions, which have to be 
answered. Our results of routine neurohistological exam-
ination of CNS in fatal victims of NPS intake indicate that 
there are no specific changes related with NPS intoxica-
tion. In all cases we found severe oedema and hyperae-
mia. Further studies on animal models (in vitro, in vivo) 
and on human post mortem material obtained during 
autopsy are strongly required for better understanding 
of NPS action, which is important for both, clinicians and 
forensic experts.
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Reactive gliosis has been regarded as the specific and 
stimulus-dependent character of nervous tissue response 
to different pathological processes. Important issues for 
this reaction are cellular proliferation and de-differentia-
tion of resident progenitors enabling their further develop-
ment into various cell lineages. The source of differentiat-
ing cells and the intensity of their proliferation in different 
pathological circumstances are still the subject of discus-
sion. A significant role is attributed to NG2-immunoreac-
tive (NG2-ir) polidendrocytes (oligodendroglial progenitor 
cells), which constitute the most numerous population of 
progenitors in the developed brain. The aim of this study 
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was to assess the proliferation and differentiation capa-
bilities of NG2 glia during reperfusion after 1 h transient 
cerebral ischemia in rats. An ischemia was evoked in adult 
male Wistar rats with subsequent 6 weeks of reperfusion 
in order to assess the reactive glial response. Transient 
cerebral ischemia triggers an intense proliferative reaction 
of polidendrocytes and astroglia. However, our study did 
not reveal the ability of changing the morphological fea-
tures of glial lineage fate among the former and replenish-
ing the population of reactive astrocytes.
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transfected with amyloid precursor protein
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Background: Sphingolipids are diverse class of lipids 
that play an important role in signal transduction, cell rec-
ognition, growth arrest and apoptosis. These lipids include 
sphingomyelin, ceramides, ceramide phosphate, sphin-
gosine 1-phosphate (S1P). Disturbances in sphingolipid 
metabolism and alteration of the rheostat between cera-
mide and S1P have been suggested as important factors 
in pathogenesis/pathomechanism of Alzheimer’s disease 
(AD). This study concentrate on the effect of endogenous-
ly liberated amyloid beta peptides (AB) on enzymes’ gene 
expression involved in sphingolipid metabolism in pheo-
chromocytoma (PC12) cells characterized by overproduc-
tion of amyloid precursor protein (APP). 

Methodology: Rat PC12 cells transfected with human 
gene for wild type of APP (APPwt) and PC12 cells bearing 
double Swedish mutation (APPsw) were used in this study. 
Control PC12 cells were transfected with an empty vector. 
Biochemical and qPCR methods were applied. Following 
genes were analyzed: ceramide synthases: Cers2, Cers3; 
ceramidase: alkaline ceramidase Acer1; kinases: ceramide 
kinase Cerk1, sphingosine kinases: Sphk1, Sphk2. 

Results: Our results demonstrated that endogenous-
ly liberated AB (APPwt and APPsw) significantly affected 
transcription of enzymes involved in the regulation of cer-
amide level in cells. Analysis of mRNA level for ceramide 
synthases and ceramidases in both cell lines demonstrat-

ed that Cers3 gene expression was upregulated in APPwt 
cells while expression of Cers2 remained unchanged. 
However, in APPsw cells significant reduction of Cers2 
gene expression was observed. Moreover, the expression 
of Acer1 gene was decreased in APPwt and APPsw cells. 
Our study indicated downregulation in Cerk1 gene expres-
sion in APPsw cells. Additionally, significant reduction of 
the gene expression of Sphk2, was found in both APP 
transfected cells. 

Conclusions: Our data indicated significant alter-
ations in enzymes gene expression involved in regulation 
of balance between bioactive lipids: ceramide and S1P in 
cellular AD model. The observed changes of Cers, Acer1, 
Cerk1 and Sphk2 may lead to higher ceramide level, cells’ 
degeneration and death. All these enzymes could be con-
sidered as a promising target(s) for cytoprotection against 
AB toxicity. 

Supported by the National Science Centre (http://www.
ncn.gov.pl) grant no. NCN/15/B/NZ3/01049.
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Background: Poly(ADP-ribose) polymerase-1 (PARP-1) 
is the oldest member of NAD+ dependent PARPs family. 
In the brain PARP-1 is responsible for more than 90% of 
protein poly(ADP-ribosylation). PARP-1 is involved in DNA 
repair, however its overactivation may lead to cell death. 
The interaction between PARPs and other NAD+ depen-
dent enzymes – histone deacetylases class III - Sirtuins 
(SIRTs) is fundamental for cells metabolism, DNA repair, 
transcription in physiology and pathology.

Aim: This study was focused on the role of PARP-1 in 
regulation of SIRTs gene expression in PC12 cells under 
resting conditions and amyloid beta (AB) toxicity. The 
short term effect of AB42 was compared with long term 

http://rcin.org.pl 

mailto:pwencel@imdik.pan.pl
mailto:pwencel@imdik.pan.pl


349Folia Neuropathologica 2016; 54/3

The 13th International Symposium “Molecular basis of pathology and therapy in neurological disorders”
The 4th International Conference “Stem cells: therapeutic outlook for central nervous system disorders”

action of endogenously liberated AB in PC12 cells trans-
fected with Amyloid Precursor Protein (APP).

Methodology: The experiments were carried out using 
PC12 cells treated with PARP-1 inhibitor PJ-34 (20uM) or 
with AB42 oligomers (ABO, 1uM) during 24 h in culture. Rat 
pheochromocytoma (PC12) cells transfected with human 
gene for wild type of APP (APPwt) and PC12 cells bearing 
double Swedish mutation (APPsw) were used in this study. 
Control PC12 cells were transfected with an empty vector. 
Biochemical and qPCR methods were applied.

Results: Our results demonstrated that pharmaco-
logical inhibition of PARP-1 activity by PJ-34 upregulat-
ed expression of both nuclear Sirtuins: Sirt1 and Sirt6 in 
resting conditions and in the presence of ABO. Inhibition 
of PARP-1 had no effect on cytosolic Sirt2 expression and 
its signalling. However, PJ-34 enhanced gene expression 
for mitochondrial Sirt4 which is mainly responsible for 
mono(ADP-ribosylation) and indicates very low deacetyl-
ase activity. ABOs upregulated mRNA level for both mito-
chondrial Sirtuins: Sirt4 and Sirt5 and PJ-34 decreased 
their expressions. Endogenously liberated AB peptides 
enhanced mRNA level exclusively for mitochondrial Sirt3 
in APPsw cells suggesting its involvement in antioxidative 
defense.

Conclusions: Summarizing, these results indicate that 
PARP-1 is a very important regulator of Sirtuins transcrip-
tion in control resting condition and in AB toxicity. Mutu-
al dependence between PARPs and SIRTs can influence 
nuclear and mitochondrial protein functions and cells 
metabolism in physiology and in AB toxicity.

Supported by The National Science Centre (http://www.
ncn.gov.pl) Grant 2013/09/B/NZ3/01350
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Introduction: Breast-feeding plays an important role 
for the development of the newborn. The breast milk 
among proteins, lipids, carbohydrates and other biologi-
cally active components also contains a  heterogeneous 
population of cells that have the potential to differentiate 
into various mature cell types including neural cells [1]. 

The natural presence in breastmilk of stem cells with mul-
tilineage differentiation potential raises the question of 
the role of these cells during early infant development. It is 
proposed that the cells could develop the enteric nervous 
system – one of the main divisions of the nervous system, 
consists of a mesh-like system of neurons, that governs 
the function of the gastrointestinal system. Non-breast 
fed premature born infants show a significantly higher risk 
of developing diseases like infantile diarrhoea and necro-
tizing enterocolitis. 

Material and methods: In aseptic procedures, mature 
breast milk (10-30 ml) samples were obtained from 
healthy breastfeeding women with early range of lactation 
stages. The isolation procedure was based on the proto-
cols described by Hassiotou et al. [2] with modifications. 
The cells were cultured under standard conditions in basic 
culture medium based on low-glucose DMEM supple-
mented with 10% fetal bovine serum (FBS) and antibiotic–
antimycotic mixture. 

Results: The aims of this study were to obtain the 
breast milk-derived cells cultured in vitro. The isolated 
breast-milk-derived cells were adherent to the plates. The 
presence of the cells with various origins was detected in 
human breast milk. 

Conclusions: Human breast milk contains a heteroge-
neous population of cells that have the potential to pro-
vide a non invasive source of cells for proper growth and 
development of infants, but also for cell therapy and treat-
ing neonatal disorders. Because of its ethical, noninvasive 
and plentiful nature, breastmilk offers a novel resource of 
patient-specific progenitor cells for applications in regen-
erative medicine and also in treating neurodegenerative 
diseases. 

Acknowledgment: We thank dr Elżbieta Łodykowska 
for collecting milk samples. 
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A new generation of multifunctional nanoparticles, 
defined as upconversion nanoparticles (UCNPs), are lumi-
nescent nanomaterials, which have ability to convert 
near infrared light (λ = 980 nm) to visible or UV light. 
The unique properties of the UCNPs are: low toxicity 
and low autofluorescence from biological samples. They 
are very useful candidates for in vitro cellular imaging 
and in vivo tissue imaging. The UCNPs have also poten-
tial applications in photodynamic therapy, drug delivery, 
biomolecules sensing and theranostics. To understand 
biological interactions between nanoparticles (NPs) and 
living cells, at the molecular level, we studied their cellular 
internalization process termed endocytosis. The endocy-
tosis takes several forms: clathrin-mediated endocytosis 
(CME) and clathrin-independent pathways (CIE) including 
lipid-raft/caveolin-mediated endocytosis, micropinocy-
tosis and phagocytosis. To examine which mechanism is 
involved in the NPs endocytosis we applied several inhibi-
tors. Chlorpromazine was used to block clathrin-mediated 
endocytosis. Methyl-β-cyclodextrin (MβCD) and nystatin 
were evaluated as inhibitors of caveolae-mediated endo-
cytosis; amiloride and cytochalasin D were used to inhibit 
macropinocytosis and phagocytosis, respectively. Sodium 
azide and low temperature (4°C), which are factors inhib-
iting almost all endocytic pathways were used to distin-
guish from the non-endocytic pathways. Influence of the 
β-NaYF4:Yb3+,Er3+ upconverting nanoparticles on cell 
viability and proliferation was evaluated by the following 
assays: MTT, PrestoBlue and RealTime MT-Glo Cell Viability 
Assay. Effects of endocytosis inhibitors on the internaliza-
tion of β-NaYF4:Yb3+,Er3+ UCNPs by HeLa and HEK293 

cells were evaluated using confocal microscopy and trans-
mission electron microscopy (TEM). Pre-treatment of HeLa 
and HEK293 cells with the tested endocytosis inhibitors 
showed that more than one mechanism is engaged in 
the cellular uptake of the NPs. The NPs uptake was very 
fast. We found that the β-NaYF4:Yb3+,Er3+ nanoparticles 
entered cells as soon as 1 hour post transfection and colo-
calized with late endosomes and lysosomes. We did not 
observe ultrastructural changes and the level of apopto-
sis did not increase in comparison with the control group. 
The Energy-dispersive X-ray analysis (EDX) confirmed the 
presence of the UCNPs inside cells and their chemical con-
tent. The β-NaYF4:Yb3+,Er3+ UCNPs are promising agents 
in biomedical science because they revealed no apparent 
cytotoxicity and are very interesting for multi-functional 
optical imaging and therapy.
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Matrix metalloproteinases (MMPs) are proteolytic 
enzymes that degrade extracellular matrix and carry out 
key functions during brain development but are also impli-
cated in pathological functions within central nervous sys-
tem. It was reported that histone deacetylase inhibitors 
(HDACis) provide neuroprotection against brain injury in 
adult stroke models, among others, by reduction of MMPs 
activity. Aim of our study was to investigate the influence 
of HDACi-Sodium Butyrate (SB) treatment on the activi-
ty of MMPs as well as its potential role in neurogenesis 
in the immature brain subjected to hypoxia-ischemia. 
We utilized a model of hypoxia-ischemia (HI) induced in 
7-days old rats. After ligation of the left common carotid 
artery animals were exposed to hypoxia (7.6% oxygen for 
60 min). Hypoxic undamaged hemisphere and sham-oper-
ated rats served as control. SB (300 mg/kg) was injected 
subcutaneously for 5 days starting immediately after HI. 
The activity of MMPs was examined using in-situ zymogra-
phy. Hypoxia-ischemia resulted in elevation of MMPs activ-
ity mainly in hippocampus of the ipsilateral hemisphere 

http://rcin.org.pl 

mailto:mnalecz@imdik.pan.pl


351Folia Neuropathologica 2016; 54/3

The 13th International Symposium “Molecular basis of pathology and therapy in neurological disorders”
The 4th International Conference “Stem cells: therapeutic outlook for central nervous system disorders”

and SB treatment significantly decreased this activation. 
To investigate the role of MMPs in neurogenesis after SB 
treatment we used double immunohistochemical staining 
with specific markers. The administration of SB stimulates 
the generation of neuroblasts and progenitors of oligoden-
drocytes and elevates MMPs activity in these cells. These 
results suggest that SB treatment has beneficial effects by 
diminishing MMPs activity in acute phase of HI damage 
and by stimulating the proliferation of neural progenitors 
and MMPs activation in later stages after injury. 

Supported by National Science Centre grants: 2012/05/ 
B/NZ3/00436 and 2015/17/N/NZ7/00969.
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