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Review paper

Toxic effects of silver nanoparticles in mammals – does a risk  
of neurotoxicity exist?

Joanna Skalska, Lidia Strużyńska

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

Folia Neuropathol 2015; 53 (4): 281-300 DOI: 10.5114/fn.2015.56543

A b s t r a c t

Over the last decade, silver nanoparticles have become an important class of nanomaterials utilized in the devel-
opment of new nanotechnologies. Despite the fact that nanosilver is used in many commercial applications, our 
knowledge about its associated risks is incomplete. Although a number of studies have been undertaken to better 
understand the impact of silver nanoparticles on the environment, aquatic organisms and cell lines, little is known 
about their side effects in mammalian organisms. This review summarizes relevant data and the current state of 
knowledge regarding toxicity of silver nanoparticles in mammals, as well as the accumulated evidence for potent 
neurotoxic effects. The influence of nanosilver on the central nervous system is significant because of evidence indi-
cating that it accumulates in mammalian brain tissue. 

Key words: silver nanoparticles, neurotoxicity, mammals, nanotoxicology.

Introduction

Silver is well known for its many industrial 
applications such as soldering, electrical conduc-
tion and plating applications. Additionally, this 
metal is used in the production of jewellery, cut-
lery, coins, medical instruments and photographic 
materials. In medical applications silver is included 
in wound dressings, urinary catheters and other 
medical devices, because of the ability of silver 
ions to inhibit growth of bacteria and fungi. Known 
for millennia, the antimicrobial effect of ionic silver 
arises from its ability to generate reactive oxygen 
species (ROS) and to inactivate microbial enzymes 
[19,75,88].

In addition to antibacterial activity, silver (par-
ticularly in the form of soluble silver compounds) 
exerts toxic effects in animals and humans. Acute 
symptoms of over-exposure to silver ions in humans 
include damage to the gastrointestinal tract, abdom-
inal pain, diarrhea and convulsions [113]. The most 
common adverse effects associated with chronic 
exposure to silver in humans are discoloration of 
eyes (argyrosis) and pigmentation of the skin and 
mucous membranes, which turn irreversibly gray 
or bluish-gray (argyria). Argyria has been reported 
mainly in workers associated with mining, manufac-
turing or packing of silver [8,28,96]. Moreover, animal 
studies have revealed that prolonged administration 
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of silver ions in low doses leads to accumulation of 
silver granules in eyes, heart enlargement, anemia 
and pathological changes to the liver and kidneys 
[28,113].

Recently, a  resurgence in commercial applica-
tions of silver has occurred due to the development 
of nanotechnologies which make extensive use of 
silver in the form of nanoparticles (NPs). NPs are 
defined as materials having at least one dimension 
below 100 nm. NPs have unique properties useful 
in many applications. The most important features 
include a  large surface area per unit mass and the 
potential to generate surface modifications which 
alter their properties. As a result, NPs have enhanced 
chemical reactivity, improved cell penetration and 
specific influences on biological systems. Moreover, 
the surface of NPs can be modified with various 
chemical groups which allow them to be conjugated 
to ligands or drugs [23,90,120]. As a  result of their 
enhanced reactivity, NPs may generate toxic effects 
which differ from the bulk materials from which they 
are produced.

The number of NP-based applications is signif-
icantly increasing, and many products containing 
NPs are commercially available. There is great excite-
ment about the potential benefits of NPs in medical 
applications. NPs have been tested as vehicles for 
gene therapy and drug delivery and as tools in diag-
nostic imaging and targeting systems for recognition 
of cancer cells [90]. Metal NPs in general and silver 
nanoparticles (AgNPs) in particular are among the 

most important nanomaterials used in a wide range 
of industrial applications. According to the Woodrow 
Wilson inventory, about 30% of all NP-based prod-
ucts in the marketplace contain AgNPs [114]. The list 
of AgNP-based consumer products includes cleans-
ers for disinfecting hard surfaces, laundry and dish-
washing detergents, bath and sports towels, cloth-
ing, socks, underwear, water and air filters, personal 
cleansers, deodorants, cosmetics, cleansing soaps, 
toothbrushes, toothpastes, health supplements, 
nursing bottles and associated nipples, children’s 
toys, and nanosilver-coated devices such as mobile 
phones and laptops. Appliances such as refrigerators 
and washing machines include interior coatings with 
AgNPs. Additionally, silver nanoparticles are includ-
ed in paints used to cover walls in hospital rooms 
and in food storage containers (a  complete listing 
of AgNP-based products is available at: http://www. 
nanotechproject.org/process/assets/files/7039/ 
silver_database_fauss_sept2_final.pdf). The medical 
ap plications of AgNPs are summarized in Table I.

This particular interest in AgNPs relates to their 
antimicrobial activity. The rapid development of bac-
terial resistance against conventional antimicrobials 
and the challenges involved in development of new 
drugs have led to searches for promising alterna-
tives. The smallest AgNPs, which have sizes within 
a  range of a  few nanometers, exhibit particularly 
strong antibacterial effects [61,82,94]. It has been 
found that in addition to size, the specific types of 
surface-coating agents have a  significant effect on 
the biocidal potency of AgNPs [27]. AgNPs are also 
effective against fungi and viruses [40,42].

Although the commercialization of AgNPs has led 
to great excitement about potential benefits of their 
strong antimicrobial activity, it has simultaneously 
created a risk of hazardous interactions with biolog-
ical systems [69,76].

There is a potential hazard to the environment and 
human health when AgNPs present in commercially 
available products, such as clothing, towels, socks, 
underwear, and toys, are released to the environment 
when these items are washed. AgNPs present in per-
sonal care products, cleaning supplies, detergents or 
cosmetics can be directly introduced into the envi-
ronment during use and/or disposal [10,11]. Applica-
tions such as health supplements containing AgNPs, 
as well as food and drink storage containers, may 
also be a source of AgNPs [24]. Moreover, increasing 

Table I. Selected medical applications of silver 
nanoparticles

Medical applications References

Bone prostheses [17] 

Contraceptive devices [91] 

Gloves [58] 

Medical catheters [117] 

Orthopedic implants [110] 

Prosthetic devices [21] 

Endotracheal tubes [83] 

Surgical instruments [31] 

Wound dressings [142] 

Dental restorative materials, endodontic 
cements, dental implants

[43] 
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use of silver nanoparticles is expected to raise occu-
pational exposure mainly through inhalation [18].

AgNPs released from consumer products are 
expected to enter aquatic and terrestrial ecosys-
tems, but their fate after long-term accumulation 
and their impact on the environment are not fully 
known. There is significant concern regarding aquat-
ic organisms in locations where AgNPs accumulate 
[87,115,140]. Unfortunately, our knowledge about 
the environmental and human risks remains at 
a very low level. It is therefore challenging to assess 
the long-term health consequences of environmen-
tal contamination. This problem is currently in the 
center of interest for scientists and various national 
agencies as well as public and private organizations. 

Routes of exposure and biodistribution of 
AgNPs in mammalian organisms

Since AgNPs are found in a wide variety of prod-
ucts, exposure to them may occur via different 
routes of entry into the body. AgNPs from consumer 
products or medical applications may gain access to 
systemic circulation via oral or intravenous exposure 
as well as via inhalation or through the skin. 

The gastrointestinal tract is the most likely route 
of entry for silver nanoparticles, directly through 
intentional ingestion (medical or dietary supple-
ments, toothpastes) or indirectly via dissolution of 
AgNPs from products (food and drink containers, 
toothbrushes) [24]. Moreover, increasing environ-
mental contamination may further lead to indirect 
and unintentional ingestion via consumption of 
water or fish. Inhalation of dust and fumes contain-
ing AgNPs or skin contact occurs mainly in occupa-
tional settings. Furthermore, certain products such 
as cosmetics, clothing, underwear, socks or wound 
dressings may allow AgNPs to penetrate the skin, 
primarily under conditions of concomitant presence 
of skin diseases such as allergic dermatitis, atopic 
eczema, psoriasis or simply during skin damage [92]. 
Medical or diagnostic compounds can also cause 
entry of AgNPs into the circulatory system by intra-
venous administration.

Information about absorption of AgNPs is incom-
plete. Park and co-workers observed that the bio-
availability of AgNPs (7.9 nm) after oral administra-
tion to rats was very low, in the range of 1.2% to 4.2% 
based on a single dose [101]. Following entry into the 
systemic circulation, AgNPs can become distributed 

among a number of mammalian organs, most notably 
liver and spleen [73,145]. Furthermore, silver nanopar-
ticles have been found in blood, lungs, kidney, brain, 
heart and genital organs [67,70,73,81,101,131,145]. 
The results of research on the biodistribution of 
AgNPs indicate that most organs are able to remove 
AgNPs over time, with the exception of brain and 
testes [70,138]. Numerous studies have shown that 
AgNPs can be distributed within the brain of mam-
mals, regardless of the route of exposure. Selected 
studies on biodistribution of AgNPs in mammalian 
brain are listed in Table II.

Lee and co-workers observed that after a  sin-
gle intravenous injection of citrate-coated AgNPs  
(7.9 nm), they become distributed in serum, liver, 
kidney, spleen, lungs, brain, testes and thymus of 
rabbits. Significantly, the presence of silver nanopar-
ticles was observed at time points 1, 7 and 28 days 
after the injection [73]. Silver was also detected in 
brain of rats at 24, 96 and 168 h after an intraperito-
neal injection of bovine serum albumin-coated 2 nm 
AgNPs [45]. 

Studies using the model of oral exposure to 
nanosilver indicate distribution among many organs 
of animals, including brain, after 90 days of repeat-
ed administration [67]. In organs of rats chronical-
ly exposed to AgNPs (10, 25 nm) by the oral route, 
nano-sized granules were observed in liver, kidney, 
spleen, brain, testes and ovaries [70]. Moreover, the 
oral exposure of rats to uncoated AgNPs (< 20 nm) or 
PVP-coated AgNPs (< 15 nm) showed a very similar 
pattern of biodistribution. The nano-sized granules 
were detected in liver, kidney, lungs, heart, spleen, 
brain, bladder, testes, blood, intestine and stom-
ach [138]. Subchronic inhalation of AgNPs may also 
cause them to enter systemic circulation. Studies in 
which rats were exposed to AgNPs (18-19 nm) via 
inhalation for 13 weeks revealed that the lungs and 
liver are targeted organs. Additionally, nano-sized 
granules were identified in kidney, the olfactory bulb, 
blood and brain tissue [131]. The results of a study 
on the biodistribution of AgNPs (25 nm) after a sin-
gle dose via intranasal administration demonstrated 
that silver accumulates in spleen, lungs, kidney, the 
nasal cavity and brain tissue [46]. 

Additionally, the assessment of the level of silver 
in urine and feces of treated animals suggests that 
excretion of AgNPs occurs mainly via feces, indicat-
ing that AgNPs are secreted in bile [63,73,101].
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Toxicity of AgNPs 

There has been significant progress in silver- 
based nanotechnology in recent years. The commer-
cialization of nanoproducts is increasing each year, 
and studies on the toxicological potential of such 
products are needed. Currently available informa-
tion about hazards associated with AgNPs requires 
further verification. 

The existing data suggest that the size of AgNPs 
is highly correlated with their toxicity. In many stud-
ies with mammalian cells, it was found that smaller 
AgNPs are more toxic than larger ones in equivalent 
dosages. The role of the size of AgNPs in toxicity 
was confirmed in in vitro experiments comparing 

cytotoxicity and genotoxicity of 20, 80 and 113 nm 
AgNPs [102]. Furthermore, cytotoxic effects were 
exhibited by 10 nm AgNPs, but not 40 and 75 nm 
citrate-coated silver nanoparticles [48]. Size-depend-
ent toxicity of AgNPs was also confirmed in stud-
ies on the influence of 15, 30 and 55 nm AgNPs on 
viability and oxidative stress induction in alveolar 
macrophages [15]. Research was also designed to 
evaluate size-dependent cytotoxic effects of AgNPs 
of different sizes (5, 20 and 50 nm) on various types 
of human cells. In all toxicity endpoint studies (cell 
morphology, viability, cellular membrane integri-
ty and oxidative stress) it was observed that 5 nm 
AgNPs induce the most severe damage, with larger 
particles inducing less damage [78]. 

Table II. Studies on the biodistribution of AgNPs in mammalian organisms

Surface coatings 
and/or sizes  
of AgNPs 

Animal 
model

Route  
of administration  

and dosage

Time of AgNP level  
measurement after last 
administration and time  

of administration

Organs/tissues  
examined

References

AgNPs: 20 and 
200 nm

Rats i.v.: 5 mg/kg b.w. 1, 7 and 28 days after  
single injection

Liver, spleen, kidney, 
lungs and brain

[29] 

Citrate-coated 
AgNPs: 7.9 nm

Rabbits i.v.: 0.5 or 5 mg/kg b.w. 1, 7 and 28 days after  
single injection

Serum, liver, kidney, 
spleen, lungs, brain, 
testes and thymus

[73] 

BSA-coated 
AgNPs: 2 nm

Rats i.p.: 50 mg/kg b.w. 24, 96 and 168 h after  
single injection

Liver, spleen, kidney, 
heart, lungs and brain

[45] 

AgNPs:  
50-100 nm

Rats s.c.: 62.8 mg/kg b.w. 2, 4, 8, 12, 18 and 24 weeks 
after single injection

Brain [135]

AgNPs: 25 nm Mice Intranasal:  
100 or 500 mg/kg b.w.

1 and 7 days after  
single treatment

Spleen, lungs, kidney, 
nasal cavity and brain

[46]

AgNPs: 56 nm Rats Oral: 30, 125  
or 500 mg/kg b.w./day

90 days of repeated  
exposure

Blood, liver, kidney, lungs, 
testes and brain

[67]

AgNPs:  
10 and 25 nm

Rats Oral:  
100 or 500 mg/kg b.w./

day

28 days of repeated expo-
sure with measurement of 
silver level after a wash-out 
period of 1, 2 and 4 months

Blood, brain, kidney, 
spleen, liver, testes  

and ovaries

[70] 

PVP-coated 
AgNPs: 14 ± 4 nm

Rats Oral: 9 mg/kg b.w./day 28 days of repeated  
exposure

Plasma, liver, kidney, 
stomach, lungs, muscle, 

brain and small intestine

[81]

AgNPs: 22, 42 
and 71 nm

Mice Oral: 1 mg/kg b.w./day 14 days of repeated  
exposure

Liver, kidney, brain,  
lungs and testes

[99]

Uncoated AgNPs:  
< 20 nm, 
PVP-coated 
AgNPs: < 15 nm

Rats Oral: 90 mg/kg b.w./
day

28 days of repeated expo-
sure; the measurement of 
silver level 1 day, 1 week 

and 8 weeks after previous 
administration

Liver, kidney, lungs, 
heart, spleen, brain, 

bladder, testes, blood, 
intestine and stomach 

[138]

AgNPs: 18-19 nm Rats Inhalation: 49, 133 or 
515 µg AgNPs/m(3)

Exposure for 6 h/day,  
5 days/week, for 13 weeks 
in a whole-body inhalation 

chamber

Liver, kidney, olfactory 
bulb, brain, lungs,  

and blood

[131]

AgNPs – silver nanoparticles, BSA – bovine serum albumin, PVP – polyvinylpyrrolidone, i.v. – intravenous, i.p. – intraperitoneal, s.c. – subcutaneous, b.w. – body 
weight
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The surfaces of silver nanoparticles are often 
coated with various types of compounds to provide 
stability and prevent agglomeration. For example, 
polysaccharide-coated AgNPs do not agglomerate, in 
contrast to uncoated AgNPs [1]. The type of capping 
agent may also play a crucial role in stabilization of 
AgNPs. Polyvinylpyrrolidone (PVP)-coated AgNPs were 
found to be stable over a  1-week period in water, 
whereas citrate-coated AgNPs are unstable [136]. 

The most popular types of nanoparticle coatings 
are citrate, chitosan, PVP, polysaccharides, peptides 
and carbon. Different types of superficial agents 
may generate coating-specific behavior of AgNPs in 
solution [66] or in physiological fluids [13], and con-
sequently may cause different antimicrobial or toxic 
effects.

Only a few studies have compared the influence 
of various coating agents on AgNP-induced toxici-
ty; therefore this issue is still not fully understood. 
Among other effects, it was demonstrated that car-
bon-coated silver nanoparticles influence cell viabil-
ity to a lesser extent than uncoated AgNPs of sim-
ilar size [95], whereas polysaccharide-coated AgNPs 
cause more severe effects than uncoated AgNPs 
[1]. Moreover, it was shown that PVP-coated [66] or 
peptide-coated [51] AgNPs are more toxic than cit-
rate-coated AgNPs with similar particle core sizes. 

It is also claimed that all observed AgNP-medi-
ated toxic effects are a  consequence of silver ions 
released from the surface of nanoparticles inside 
cells through the “Trojan Horse effect” [48,100,126]. 
Moreover, it is considered that smaller AgNPs are 
able to release silver ions from their surfaces more 
efficiently than larger ones, because of the larger 
surface area per unit mass [48].

Ag+ ions are released after surface oxidation of 
AgNPs. Notably, it was shown that the intracellular 
solubility of AgNPs is 50 times greater than their sol-
ubility in pure water [126].

The most effective cellular conditions for dissolv-
ing endocytosed AgNPs are found in the acidic envi-
ronment of lysosomes, which has a pH of about 4.8 
[26,122]. However, it has been suggested that the 
toxic effects are a  combined result of both AgNPs 
and released silver ions [16,44,108,127].

It was observed that PVP-coated AgNPs and Ag+ 
ions both affect cellular pathways involved in oxi-
dative stress and homeostasis of Na+, K+ and H+ 
ions. Toxic effects of AgNPs on fish were found to 
be mediated by activation of a  few nuclear recep-

tors and inhibition of ligand binding to the dopa-
mine receptor. In contrast, in tissues of Ag+-exposed 
fish, ligand binding to adrenergic receptors α1 and 
α2 and cannabinoid receptor CB1 were found to be 
inhibited [44]. Powers and co-workers showed that 
ascorbate protects cells against Ag+-induced oxida-
tive stress, but does not act as an effective antioxi-
dant with respect to stress induced by AgNPs [108].

Other studies indicate that the pattern of expres-
sion of stress-related genes in liver of AgNP- or 
Ag+-treated fish (Japanese Medaka) is different 
[16]. Silver ions induce an inflammatory response in 
the liver of exposed fish, whereas AgNPs increase 
expression of genes implicated in DNA damage, car-
cinogenesis and oxidative stress.

Toxic effects of AgNPs  
in microorganisms

It was observed in a variety of studies that AgNPs 
exhibit antimicrobial activity against gram-positive 
(Staphylococcus aureus) and gram-negative bacte-
ria (Pseudomonas aeruginosa and Escherichia coli) 
[94,129,133]. Thus it was proposed that AgNPs may 
constitute an attractive alternative to antibiotics. It 
has been proposed that silver nanoparticles could 
play a major role in solving the serious public health 
problem caused by the presence of multidrug-resist-
ant bacteria, which are resistant to most antibiotics 
[4]. In addition, AgNPs are also useful in disrupting 
the formation of bacterial biofilms, wherein bacteria 
aggregate into complex invasive structures. These 
structures provide the basis for a  natural survival 
strategy used by microorganisms after invasion of 
a host and provides resistance to a lot of commonly 
used anti-microbial agents. Strains of Pseudomonas 
aeruginosa and Staphylococcus epidermidis have 
been found to be susceptible to the anti-biofilm 
properties of AgNPs [65,98].

Even though the antibacterial effects of AgNPs 
have been extensively examined, their mecha-
nisms of action have been only partially elucidated. 
Although one hypothesis emphasizes the role of sil-
ver ions released from the surfaces of AgNPs inside 
bacterial cells [53,82], direct action of AgNPs on 
microorganisms has also been proposed [64].

Many studies indicate that AgNPs or Ag+ released 
from their surfaces may directly damage the cell 
membranes. Silver structures are known to adhere 
to the microbial cell wall and cause structural chang-
es in the cell membrane proteins, such as cis-trans 
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isomerization of unsaturated fatty acids. The chang-
es in the membrane components lead to increased 
membrane fluidity and decreased resistance to envi-
ronmental factors [53]. Structural changes in mem-
brane proteins cause them to become inactivated 
and released, causing degradation of membrane 
structure [129]. These abnormalities lead to a signif-
icant increase in permeability, resulting in cell death.

Structural proteins and enzymes with thiol 
groups are highly sensitive to inactivation by AgNPs 
or released Ag+ ions [125]. Interactions of AgNPs 
with the thiol groups of the L-cysteine residue 
have been found to disturb the function of several 
enzymes of Staphylococcus epidermidis [50]. Moreo-
ver, both forms of silver may interact with bacterial 
DNA and prevent DNA replication and cell division, 
leading to cell death [34,125]. Another mechanism 
of antibacterial action induced by AgNPs is gener-
ation of reactive oxygen species, which damage all 
components of the cell, including cell membranes 
and DNA [64,72]. 

The biocidal potency of AgNPs is also effective 
with respect to fungi and viruses. Antifungal activi-
ty against Cladosporium cladosporioides, Aspergillus 
niger [109], Trichophyton rubrum [104] and Candida 
sp. [93] has been demonstrated. AgNPs have been 
found to be a potential weapon against a wide range 
of viruses. Due to the low likelihood of resistance, 
AgNPs may provide effective antiviral therapies 
against HIV-1 [68], hepatitis B virus [84], herpes 
simplex virus types 1 [9] and 2 [97] and influenza 
virus [143]. The mechanism of antiviral potential of 
AgNPs is still being investigated. It is thought that 
AgNPs interact with glycoprotein receptors [68], the 
viral envelope [143] and double-stranded DNA/RNA 
[84], thereby preventing the replication of viruses, or 
block the binding of viruses to the host cell.

Toxic effects of silver nanoparticles  
in mammals

Following entry of AgNPs into the systemic cir-
culation, they may migrate into many organs and 
induce toxicity. Table III lists studies demonstrat-
ing the negative influence of AgNPs in mammalian 
organisms. A series of studies has shown that sys-
tematically administered AgNPs cause inflammatory 
and cytotoxic effects including pulmonary toxicity 
after prolonged inhalation [132] and hepatotoxicity 
after prolonged oral [30,67,103], intravenous [25] or 
intraperitoneal [32] administration. Moreover, histo-

pathological changes in kidneys and increasing lev-
els of creatinine have been reported [33,119], indi-
cating that AgNPs may cause nephrotoxic effects. 
Impairment of spermatogenesis in rats exposed to 
AgNPs was also observed [128].

Toxic effects of AgNPs in liver of rodents have 
been intensively investigated. Adverse effects were 
observed including marked pathological chang-
es in liver morphology [32,67,71], changes in liver 
enzyme activities [2,56,99], changes in the level of 
plasma lipids [30,67], generation of ROS [30,103] 
and inflammatory response [25,99]. Autophagy and 
apoptosis have been confirmed to play roles in medi-
ating hepatotoxicity [71]. 

Mechanisms of AgNP-induced toxicity

In recent years, the mechanisms of AgNP-in-
duced toxicity have been intensively investigated. 
It remains unknown if observed toxic effects are 
caused only by direct interaction of AgNPs with 
biological systems, or if silver ions released from 
the surfaces of the AgNPs inside the cell are also 
involved. In any case, the contribution of individu-
al forms of silver has been found to induce toxicity, 
and a  number of in vitro and in vivo studies have 
provided strong evidence for a connection between 
AgNP-mediated production of reactive oxygen spe-
cies, oxidative stress, DNA damage, inflammation 
and cell death. A schematic representation of mech-
anisms of toxicity of AgNPs is shown in Figure 1.

It is likely that AgNP-mediated ROS production 
is related to physical (size, shape, surface charge) 
and chemical (surface coating, solubility, elemental 
composition) properties which create chemical con-
ditions to induce an oxidative environment inside 
the cells. These conditions cause an imbalance in 
the cellular energy system, which depends on redox 
potential, leading to initiation of the inflammatory 
response or cell death. However, there is evidence 
that the mechanisms of toxicity of AgNPs towards 
neurons are much more complex [148].

AgNP-induced oxidative stress  
and disruption of mitochondria 

Reactive oxygen species are chemically reactive 
molecules produced as natural byproducts during 
the mitochondrial electron transport process in aer-
obic respiration or by oxidoreductase enzymes and 
have an important role in cellular processes, such as 
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Table III. Selected studies demonstrating toxic effects of silver nanoparticles in mammals 

Type of 
AgNPs

Mammalian  
model

Administration
method, dosage,  
time of exposure

Observed toxic effects References

AgNPs:  
20, 100 nm

Rats i.v.: 28 days of repeated 
administration,  

dose 6 mg/kg b.w./day

(Only 20 nm toxic)
–  Decreased body weight
–  Enlargement of spleen and liver
–  Histopathological changes in liver, spleen and lymph 

nodes
–  Increased activity of liver enzymes (alkaline phos-

phatase, alanine transaminase and aspartate 
transaminase)

–  Changes in red blood cell parameters
–  Changes in immune parameters (suppression of nat-

ural killer cells; changes in production of cytokines: 
IL-10, IL-1β, IL-6, TNF-α; decrease in interferon-γ pro-
duction; increase in IgM and IgE immunoglobulin 
levels in serum) 

[25]

AgNPs:  
20 nm

Rats Oral: 81 days of repeated 
administration,  

dose 500 mg/kg b.w./day

–  Decreased body weight
–  Increased level of total cholesterol and LDL-choles-

terol and decreased level of triglycerides
–  Increased plasmatic alanine transaminase activity
–  Increased liver and cardiac superoxide anion (O2

⋅–) 
production 

–  Increased level of IL-6 and TNF-α in liver 
–  No changes in liver SOD activity, liver lipid peroxida-

tion and plasma antioxidant capacity

[30]

AgNPs:  
56 nm

Rats Oral: 90 days of repeated 
administration, dose 30, 

125 or 500 mg/kg b.w./day

–  Decreased body weight of male rodents
–  Increased alkaline phosphatase activity (dose 500 mg/ 

kg b.w.)
–  Increased level of cholesterol (doses: 125 and 500 mg/ 

kg b.w.)
–  Histopathological changes in liver tissues (bile-duct 

hyperplasia, fibrosis, pigmentation inflammatory 
cell infiltration) and intestines (pigmentation)

–  No changes in hematological parameters, except for 
a significant increase in the number of monocytes 
(dose 500 mg/kg b.w.)

[67]

AgNPs:  
10-30 nm

Rats i.p.: single injection,  
dose 500 mg/kg b.w./day

–  Low level of ATP content in liver tissue
–  Induction of autophagy and apoptosis in liver
–  Histopathological changes in liver tissues (piecemeal 

necrosis and chronic inflammatory cell infiltration)

[71]

AgNPs:  
22, 42  
and 71 nm

Mice Oral: 14 days of repeated 
administration,  

dose 1 mg/kg b.w./day  
or 28 days of repeated 

administration,  
dose 1 mg/kg b.w./day  

(42 nm)

–  No changes in body weight of rodents
–  Increased level of TGF-β in serum after 14 days of 

administration (other cytokines not investigated)
–  Increased level of cytokines: IL-1, IL-6, IL-4, IL-10, 

IL-12 and TGF-β in serum after 28 days of exposure
–  Increased distribution of NK cells and B cells after 

14 and 28 days
–  Increased activity of liver enzymes (alkaline phos-

phatase, alanine transaminase and aspartate trans-
aminase)

–  Increased IgE production after 28 days of adminis-
tration 

–  No histopathological changes in organs (liver, kidney 
and small intestine)

[99]
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Type of 
AgNPs

Mammalian  
model

Administration
method, dosage,  
time of exposure

Observed toxic effects References

AgNPs:  
10 nm

Rats Oral: 5 days of repeated 
administration at doses 

of: 5, 25, 50  
and 100 mg/kg b.w./day 

(Effects observed for doses of 50 and 100 mg/kg b.w.)
–  Induction of ROS production in liver
–  Increased activity of liver enzymes (alkaline phos-

phatase, alanine transaminase and aspartate trans-
aminase)

–  Increased lipid peroxidation in liver tissue
–  Morphological alterations in liver tissue (hepatocyte 

disruption, hepatocellular vacuolization, degenera-
tion of liver, central vein injury and areas of necrosis)

–  DNA damage in liver

[103]

AgNPs:  
size  
< 100 nm

Rats i.p.: two injections of 
AgNPs in a dose  

of 2 mg/kg b.w./day

–  Histopathological alterations in liver and renal tis-
sues

–  Increased number of white blood cells and increased 
hemoglobin level

–  Increased serum creatinine, urea, and aspartate and 
alanine aminotransferases

[119]

AgNPs:  
18 nm

Rats 90 days of 6 h/day 
exposure via inhalation 

at concentrations of  
0.7 × 106, 1.4 × 106 and 
2.9 × 106 particles/cm3

–  Significant decrease of tidal volume and minute vol-
ume

–  Histopathological changes in lungs (mixed inflam-
matory cell infiltration, chronic alveolar inflamma-
tion and small granulomatous lesions)

[132]

AgNPs:  
8.7 nm

Rats i.p.: 28 days of repeated 
administration at doses 

of 1, 2, and 4 mg/ 
kg b.w./day

–  No significant changes in the body weight of rodents
–  Histopathological changes in liver tissue (bile-duct 

hyperplasia, cholangiofibrosis, hepatocellular necro-
sis and leukocytosis)

–  Increased lipid peroxidation in liver tissue after dose 
of 2 and 4 mg/kg b.w.

–  No change in GSH level in liver tissue
–  Chromosomal aberrations after 4 mg/kg b.w.

[32]

AgNPs: 
35-45 nm

Mice Oral: 14 days of repeated 
administration at a dose 
of 50 µl of AgNP solution 

at concentration  
of 20 or 50 ppm

–  Increased activity of liver enzymes (alanine transam-
inase and aspartate transaminase)

–  No change in blood parameters (values of red blood 
cells, hemoglobin and hematocrit)

–  Histopathological changes in liver (cytoplasmic vac-
uolization of hepatocytes with necrosis, inflamma-
tion and degeneration of hepatic cells)

[56]

AgNPs:  
21 ± 8 nm

Rats i.v.: single injection,  
dose 10 mg/kg b.w.;

intratympanic injection: 
40 µl of 0.4 % of AgNP 
was injected into the 

middle ear cavity 

–  Glycosaminoglycan accumulation in the basement 
membrane associated with up-regulation of pro-
duction of hyaluronic acid in kidney and cochlea 
(after i.v. injection) leading to renal failure and 
hearing loss (a significant hearing loss over a broad 
range of frequencies after intratympanic injection)

–  Increased concentration of urea and creatinine in 
the serum (after i.v. injection)

–  Presence of proteins in the urine (after i.v. injection)

[33]

Table III. Cont.
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Type of 
AgNPs

Mammalian  
model

Administration
method, dosage,  
time of exposure

Observed toxic effects References

AgNPs:
43.6  
± 6.4 nm

Mice i.p.: single injection in 
doses of 26, 52 and  

78 mg/kg b.w.; animals 
were sacrificed 24 and  

72 h after injection 

–  Increased activity of liver enzymes (alkaline phos-
phatase, alanine transaminase and aspartate 
transaminase) – 24 and 72 h after injection in all 
doses

–  Oxidative DNA damage in lymphocytes – 24 and  
72 h after injection in all doses

–  Induction of apoptosis in liver tissue – mainly after 
78 mg AgNPs/kg b.w.)

–  Histopathological changes in liver (lymphocyte infil-
tration in the hepatic portal space, necrosis, vacuoli-
zation of hepatocytes and edema around the blood 
vessels)

[2]

AgNPs:  
20 nm 

Rats i.v.: 28 days of repeated 
administration at doses 
of 0.0082, 0.025, 0.074, 

0.22, 0.67, 2,  
and 6 mg/kg b.w.

–  Decreased body weight
–  Reduced thymus weight and increased spleen 

weight, no effect on liver and kidney weights
–  Decrease of NK cell activity
–  Changes in red blood cell, hemoglobin and white 

blood cell parameters
–  Decreased IgG and increased IgM levels
–  Changes in the level of cytokines

[139]

AgNPs:
20 nm

Rats i.v.: single injection, dose:  
238-263 µg/kg b.w.

–  No changes in GSH level in liver
–  Increased mRNA expression of IL-8, macrophage 

inflammatory protein 2, IL-1 receptor and TNF-α; 
and no changes in mRNA level of IL-1β, IL-10

[39]

b.w. – body weight, GSH – reduced glutathione, IgE – immunoglobulin E, IgG – immunoglobulin G, IgM – immunoglobulin M, IL – interleukin, i.p. – intraperitoneal, 
i.v. – intravenous, SOD – superoxide dismutase, TGF-β – transforming growth factor β, TNF-α – tumor necrosis factor α

Table III. Cont.

growth, proliferation, apoptosis, differentiation and 
activation of cell signaling cascades [55]. Moreover, 
phagocytic cells are able to produce ROS while par-
ticipating in induction of host cell defense mecha-
nisms [111,121]. 

ROS are generated mainly in mitochondria dur-
ing oxidative phosphorylation. Physiologically, cells 
defend themselves against ROS damage with anti-
oxidant enzymes such as superoxide dismutase 
(SOD), catalase, glutathione peroxidase (GPx) and 
glutathione S-transferase, as well as using non-en-
zymatic factors such as glutathione to reduce ROS. 
An imbalance between the level of destructive ROS 
and the availability of biological systems for detox-
ification of the reactive species leads to oxidative 
stress [12]. Pathologically increased free radicals 
cause oxidative damage to all cell components, 
including oxidation of polyunsaturated fatty acids 
in lipids, oxidation of amino acids in proteins and 
DNA damage. Significant damage to cell structures 
leads to apoptotic cell death if cellular repair mech-
anisms are ineffective [37]. Brain tissues are highly 
sensitive to abnormal levels of ROS, because their 

defensive mechanisms are limited. Moreover, reac-
tive oxygen species are involved in the development 
of the inflammatory response, which is an important 
element of the pathogenesis of neurodegenerative 
diseases such as Alzheimer’s disease [107] or Parkin-
son’s disease [41].

Presumably, AgNP-mediated ROS production is 
associated with intracellular oxidation of AgNPs to 
Ag+ ions. This chemical process creates a  pro-oxi-
dant environment which interferes with mitochon-
drial functions and may lead to overproduction of 
ROS and mitochondrial damage [126]. A deleterious 
influence of silver on mitochondrial functions has 
been observed in vitro in rat liver cells [60], human 
liver cells [106,130] and human colon cancer cells 
[118]. Moreover, AgNPs were shown to decrease the 
activity of mitochondrial respiratory chain complex-
es I, II, III and IV, leading to a drop in ATP levels and 
increased rates of ROS production [7,22].

Furthermore, it has also been proposed that 
AgNPs may interact, directly or via released Ag+ ions, 
with amino acid thiol groups, disrupting the function 
of structural proteins in mitochondrial membranes 
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Fig. 1. Schematic representation of the mechanisms of AgNPs toxicity.

and/or mitochondrial enzymes [62]. For example, Ag+ 
ions were observed to interfere with thiol groups in 
the mitochondrial inner membrane, increasing its 
permeability [5]. This mechanism of AgNPs toxicity 
may be confirmed by the fact that weak antioxidants 
with –SH groups such as 2,3-dithiopropanol [26], 
N-acetylcysteine (NAC) [62], methionine and cysteine 
are more effective against AgNP-induced cytotoxic-
ity than the most potent antioxidants without thi-
ol groups such as Trolox (water soluble vitamin E 
analog) or Tempol [126].

Overproduction of ROS during exposure to AgNPs 
has been proven directly in several in vitro investiga-
tions [15,26,78,141] and also in vivo [30,103]. Among 
the oxidative stress-related changes caused by 
AgNPs, depletion of reduced glutathione (GSH) has 
been observed in human skin carcinoma cells [6], rat 
liver cells [60], mouse macrophage cells [100], human 
liver cells [106,141] and mouse embryonic fibroblasts 
[74]. Results of studies on aquatic organisms strong-
ly support these in vitro observations [3,38,86], 
whereas limited in vivo studies demonstrate a lack 
of changes in GSH levels in liver of exposed rodents 
[32,39]. 

Furthermore, oxidative stress-related lipid per-
oxidation was demonstrated in vitro [6,106] and 
in vivo in liver of exposed rats [32,103]. DNA dam-
age induced by ROS has been detected in vitro as 
increased DNA fragmentation in human alveolar cells 
[35], human liver cells [106], human epithelial embry-
onic cells [116], and in vivo in rodents [2,32,103] and 
aquatic organisms exposed to AgNPs [3,38].

Moreover, changes in the activity of antioxidant 
enzymes have been suggested to occur under the 
influence of AgNPs. Both decreased [6,130] and 
increased [141] SOD activity has been observed. 
It was also found that exposure to AgNPs leads to 
a decrease in the activity levels of glutathione per-
oxidases in a human liver cell line [130].

AgNP-induced inflammation and cell 
death

Several in vitro studies provide evidence of an 
inflammatory response in cells exposed to AgNPs. 
The connection between increased ROS levels and the 
release of inflammatory mediators such as interleu-
kin-6, tumor necrosis factor-alpha [95], interleukin-1β 
and macrophage inhibitory protein (MIP-2) in macro-
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phages [15] has been observed. The AgNP-mediated 
inflammatory response was also observed in rodent  
liver [30,56,67,71] and lungs [132], and increased ex-
pression of cytokines was observed in serum [25,39,99].

As described above, AgNP-induced changes in 
the mitochondrial membrane potential disrupt mito-
chondria and lead to reduction of ATP content. This 
may activate the protective process of autophagy. 
This conservative intracellular protein degradation 
system promotes cell survival by allowing the use 
of misfolded proteins as well as injured and unnec-
essary cellular components as alternative energy 
sources. However, it has been shown that prolonged 
autophagy may induce cell death through excessive 
autolysis or apoptosis [47,89]. 

There have been limited studies demonstrat-
ing that AgNPs may induce autophagy. Correla-
tions between decreasing ATP content, autophagy 
and apoptosis have been observed in liver of rats 
exposed to AgNPs [71]. Additionally, relationships 
between oxidative stress, autophagy and apopto-
sis have been demonstrated in mouse embryonic 
fibroblast cells [74]. Induction of apoptosis by AgNPs 
has been demonstrated in vitro in many types of 
mammalian cells, for example in THP-1 monocytes 
[36], human lung cancer cells [35], human liver cells 
[106], human colon cancer cells [118], fibroblast 
cells [57], mouse embryonic fibroblasts [74], HeLa 
cells (human cervical carcinoma), A549 cells (human 
lung carcinoma) [26], baby hamster kidney (BHK21) 
and human colon adenocarcinoma cells (HT29) [49]. 
It was suggested that exposure of cells to AgNPs 
promotes ROS- and JNK-dependent apoptotic path-
ways [57]. Activation of p53 [49], down-regulation 
of the anti-apoptotic protein Bcl-2, up-regulation 
of pro-apoptotic protein Bax [49,106], activation of 
caspase-3 [49,74,106,118], release of cytochrome c  
from mitochondria into the cytosol, translocation 
of Bax to mitochondria [57,106], formation of DNA 
adducts and DNA fragmentation [26,35,36,118] have 
also been reported.

Current evidence of AgNP-induced 
neurotoxicity

The available data introduced in the section enti-
tled “Routes of exposure and biodistribution of AgNPs 
in mammalian organisms” suggest that after entering 
bodily fluids, AgNPs can penetrate the brain tissues 
and be deposited there for long periods of time. There 
is a  lack of information on the long-lasting effects 

of accumulation of AgNPs in brain parenchyma, and 
thorough studies on this subject are required. In this 
chapter we concentrate on the analysis of the side 
effects of AgNPs in cultured cells of cerebral origin 
and in brain tissue of exposed mammals. 

Certain data demonstrate that AgNPs may enter 
the brain along the olfactory nerve when adminis-
tered via inhalation or intranasally [46]. AgNPs may 
also penetrate the brain through the blood-brain 
barrier (BBB) during systemic or oral administration, 
as indicated in Table II. The evidence that AgNPs 
cause neurotoxic effects is demonstrated in Table IV.

The influence of AgNPs on blood-brain 
barrier function

The blood-brain barrier is a  highly specialized 
brain endothelial structure which separates compo-
nents of the circulating blood from brain parenchy-
ma. The BBB is composed of a basement membrane 
and microvascular endothelial cells (BMVECs) which 
interact with pericytes, perivascular astrocytes and 
neurons. Transport of substances across the BBB is 
strictly regulated by both physical and metabolic bar-
riers. The physical barrier is created by tight junctions 
between the BMVECs, whereas the metabolic barrier 
is provided by specialized enzymes and diverse trans-
port systems [105]. It is quite likely that AgNPs influ-
ence the function of endothelial cells and increase 
the permeability of the BBB by direct toxic effects or 
by induction of a  cascade of events leading to dis-
ruption of tight junctions. Since the tight junctions 
maintaining the integrity of the BBB have a  gap of  
4-6 nm, it is very likely that nanoparticles pass through 
the endothelial cell membrane rather than through 
the inter-endothelial junctions. This is supported by 
the observation that endothelial cell membranes are 
undamaged [135].

It was demonstrated using an in vitro BBB model 
that AgNPs can pass the BBB mainly by transcytosis 
and accumulate inside endothelial cells of microvessels 
[134]. Moreover, there is evidence that AgNPs induce 
the release of IL-1β and TNF-α in rat brain microvessels 
and that this leads to inflammation and a subsequent 
increase in the permeability of the BBB [137].

The influence of silver nanoparticles on the BBB 
was also demonstrated in vivo. Tang and co-work-
ers observed that subcutaneous injections of AgNPs 
(50-100 nm) to rats in a  dose of 62.8 mg/kg b.w. 
induce astrocyte swelling outside the blood-brain 
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Table IV. Studies demonstrating neurotoxic effects of AgNPs in mammalian cells and mammals 

Type of 
AgNPs

Mammals/
Cell lines

Time of exposure,
dose

Observed neurotoxic effects References

In vitro studies

AgNPs: 32.74- 
380.25 nm

Rat  
hippocam-
pal slices

Final concentrations: 
10−6, 5×10−6, 10−5 g/ml

–  Decreased amplitude of voltage-gated sodium current (INa) 
of hippocampal CA1 neurons (observed within 2 min after 
AgNP treatment, 10−5 g/ml)

–  Extension of the recovery time of INa from inactivity  
(10−5 g/ml)

[80]

AgNPs:  
25, 40 and 80 
nm

Primary 
rat brain 

microvessel 
endothe-
lial cells 

(rBMECs)

Time of incubation:  
8 or 24 h 

Final concentration:  
up to 50 µg/cm3

(Toxic effects observed for 25 nm AgNPs)
–  Induction of release of IL-1β, TNF-α and PGE2 in rBMECs
–  Increased BBB permeability
–  Cellular damage with the appearance of large perfora-

tions in the monolayers
–  Decreased cell viability (mainly for 25 and 40 nm AgNPs) 

[137]

Peptide- coat-
ed AgNPs: 20 
and 40 nm, 
AuNPs:  
20 nm

Mixed 
primary cor-
tical neural 
cell culture

Time of incubation:  
up to 24  h

Final concentrations:  
5, 10, 20, 30, 50  
and 100 µg/ml

(Toxic effects observed for 20 nm AgNPs)
–  Increased ROS production, reduced by antioxidants (NAC)
–  Formation of protein carbonyls
–  Induction of heme oxygenase-1 expression
–  Acute calcium response
–  Dose-dependent decrease of cell viability

[52]

PVP-coated 
AgNPs:  
75 ± 20 nm

Astroglia- 
rich primary 

cultures

Time of incubation:  
4 h and further cultured 

in AgNP-free medium  
for up to 7 days

Final concentrations:  
10, 30 and 100 µM silver

–  Upregulation of metallothioneins in cells
–  Unchanged total glutathione level and the GSSG/GSH 

ratio 
–  No changes in cell viability
–  No changes in ROS generation
–  No changes in glucose consumption and lactate production
–  No changes in extracellular concentration of glucose and 

lactate

[85]

polyethylene 
glycol-coated 
AgNPs: 5  
± 2 nm

Neuroendo-
crine cells 

(chromaffin 
cells)

Final concentrations:  
13, 16, 43, 130 µM  

and 1.3 mM

–  Dose-dependent reduction of the amplitude of sodium 
currents

–  Induction of local changes in network activity

[14]

AgNPs:  
20 nm

Rat cortical 
cells

Time of incubation:  
2 or 3 days

Final concentrations:  
1, 5, 10 and 50 µg/ml

–  Degeneration of cytoskeletal components (β-tubulin, 
F-actin)

–  Inhibition of axonal outgrowth, reduction of the intensity 
of neuronal branches and overlaps, and reduction of cell 
viability of premature neurons and glial cells

–  Decreased cell viability of neurons and glia at mature 
stages of development

–  Mitochondrial dysfunction leading to mitochondria- 
dependent cell death

–  Synaptic degeneration in cortical neurons (reduction of the 
level of synaptic proteins: synaptophysin and PSD-95)

[144]

PVP-coated 
AgNPs: from 
21.7 ± 1.1 nm 
to 24.4  
± 0.6 nm

Rat cerebel-
lar granule 

cells
In vivo: neo-

natal rats

Time of incubation:  
4 or 24 h

Final concentration:  
up to 50 µg/ml

In vivo: intranasally,  
21 days of repeated  

exposure;  
dose: 0.2 or 1 mg/kg b.w.

–  Decreased cell viability (after 24 h incubation with 
AgNPs at a concentration of 0.05 µg/ml)

–  Increased ROS production after 4 h exposure
–  Depletion of reduced glutathione after 4 h incubation
–  Induction of apoptosis after 24 h of incubation
–  Increased intracellular calcium concentration
In vivo observations:
–  Histopathological changes in cerebellum (alterations in 

the morphology of the granular layer: granule cells with 
abnormal shape and shrinking nucleus, degeneration 
granular layer with loss and separation of structure, 
edema and necrotic areas)

–  Activation of caspase-3

[146]
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Type of 
AgNPs

Mammals/
Cell lines

Time of exposure,
dose

Observed neurotoxic effects References

AgNPs:  
20 nm

Human 
cerebral 

cells: neu-
roblastoma 
(SH-SY5Y), 

astrocytoma 
(D384); 

human lung 
epithelial 

cells (A549)

Short-term exposure:  
4, 24 and 48 h; final con-
centration: 1-100 µg/ml; 

prolonged exposure:  
7 and 10 days; final con-

centrations: 0.5-50 µg/ml

–  Dose- and time-dependent changes in mitochondri-
al metabolism and cell membrane damage leading to 
de creased cell viability – observed for cerebral cell lines 
after short-term exposure 

–  No significant changes in cell viability of A549 cells after 
short-term exposure

–  Dose-dependent reduction of proliferation ability and 
capacity to form colonies after long-term exposure of 
human cerebral cells and A549 cells to AgNPs

[20]

PVP-coated 
AgNPs:  
< 100 nm

Rat cerebel-
lar granule 

cells

incubation times: 
10, 30 and 60 min,

final concentrations:  
2.5-75 µg/ml

–  Decreased cell viability after 24h incubation (50 µg/ml)
–  Dose-dependent increase in the uptake of radioactive 

calcium after 10 min of incubation with the effect abol-
ished by an antagonist of NMDAR (MK-801)

–  Dose-dependent increase in the intracellular calcium 
concentration

–  Activation of glutamatergic N-methyl-D-aspartate recep-
tors

–  Increased ROS production after 30 min of incubation 
with 75 µg/ml

–  Decreased mitochondrial potential after 60 min of incu-
bation

[148]

AgNPs:  
3-5 nm

Mouse brain 
neural cells: 

murine 
brain ALT 

astrocytes, 
murine 

microglial 
BV-2 cells, 

mouse  
neuro-

blastoma 
Neuro-2a 

cells

time of incubation: 24 h,
final concentration: 5, 10, 

12.5 µg/ml 

–  Increased IL-1β secretion in microglial cells exposed to 
AgNPs (dose: 12.5 µg/mL)

–  Increased gene expression of C-X-C motif chemokine  
13 and macrophage receptor with collagenous structure 
in all types of neural cells 

–  Increased expression of glutathione synthetase in micro-
glial cells and decreased in astrocytes

–  Generation and deposition of amyloid-β (Aβ) protein in 
neuroblastoma cells (dose: 12.5 µg/ml)

–  Increased gene expression of amyloid precursor protein 
(APP) in all neural cells and APP protein level in Neuro-2a 
cells

–  Decreased gene expression of LDLR (all types of neural 
cells) and neprilysin (for neuroblastoma cells), decreased 
LDLR protein level for Aβ uptake in Neuro-2a cells 
exposed to AgNPs

–  Decreased cell proliferation of astrocytes and Neuro-2a 
cells with no change in microglial cells

[59]

In vivo studies

AgNPs:  
14 nm

Rats,
neuronal- 
like PC12 

cells

Oral: 28 days of repeated 
exposure;  

doses: 4.5 and 9 mg/
kg b.w.,

in vitro: 4-48 h of incu-
bation;  

final concentrations:  
0.5, 5 and 10 µg/ml

In vivo:
–  Increased dopamine concentration in the brain (dose: 

4.5 and 9 mg/kg b.w.)
–  Increased 5-hydroxytryptamine (5-HT) concentration in 

the brain (dose: 9 mg/kg b.w.)
–  Unchanged noradrenaline concentration in brain
In vitro:
–  Decreased viability of PC12 cells
–  Induction of necrosis in PC12 not observed
–  Induction of the mitochondrial and the death receptor 

pathways

[54]

AgNPs:
50-100 nm

Rats s.c.: single injection;  
dose: 62.8 mg/kg b.w.

–  Histological changes (astrocyte swelling outside the 
blood–brain barrier, presence of pyknotic and necrotic 
neurons)

[135]

Table IV. Cont.
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Type of 
AgNPs

Mammals/
Cell lines

Time of exposure,
dose

Observed neurotoxic effects References

AgNPs:  
29.3  
± 12.5 nm

Mice i.p.: single injection, dose: 
100, 500, 1000 mg/kg b.w.

–  Alterations in expression of oxidative stress-related 
genes in various regions of the brain (caudate nucleus, 
frontal cortex and hippocampus)

[112]

AlNPs, AgNPs, 
CuNPs: 50-60 
nm

Rats, mice i.v.: single injection,  
dose: 30 mg/kg b.w.;
i.p.: single injection,  
dose: 50 mg/kg b.w.;

intracarotid:  
single injection, dose:  

2.5 mg/kg b.w.; and
intracerebroventricular: 

20 µg/10 µl

Effects observed after administration of AgNPs or CuNPs:
–  Increased BBB permeability leading to brain edema for-

mation and decrease of local cerebral blood flow 
–  Glial cell activation
–  Increased level of heat shock protein (HSP)
–  Loss of myelinated fibers

[123]

AlNPs, AgNPs, 
CuNPs: 50-60 
nm

Rats i.v.: single injection,  
dose: 30 mg/kg b.w.; 
i.p.: single injection,  

dose: 50 mg/kg b.w.; and
intracerebroventricular: 

20 µg/10 µl

–  Increased BBB permeability leading to brain edema for-
mation caused by AgNPs, CuNPs

[124]

AgNPs: 32.68- 
380.21 nm

Rats Nasal administration: 
once every two days  

for 14 days;  
dose: 3 and 30 mg/kg b.w.

–  Deterioration of space learning and memory ability, 
mainly in the group of animals exposed to 30 mg AgNPs/
kg b.w.

–  Increased ROS production in hippocampal homogenate 
(3 and 30 mg/kg b.w.)

–  Histological changes of pyramidal neurons in the PP 
and DG regions of hippocampus (edema and nuclear 
shrink phenomenon as well as neurobiosis among the 
neurons)

[79]

AgNPs:  
36.3 ± 1.2 nm

Mice i.p.: 7 days of repeated 
exposure; dose: 10, 25 

and 50 mg/kg b.w.

–  No influence on spatial learning and memory
–  Unmodified adult hippocampal neurogenesis (no chang-

es in hippocampal progenitor proliferation, new born cell 
survival and differentiation)

[77]

citrate-coated 
AgNPs:  
10 ± 4 nm 

Rats Oral: 14 days of repeated 
exposure;  

dose: 0.2 mg/kg b.w.

–  Ultrastructural changes in synapses, mainly in hip-
pocampus (e.g. swelling of nerve endings, blurred struc-
ture of synaptic cleft, enhanced density of synaptic ves-
icles, disturbed synaptic membrane with free synaptic 
vesicles located in neuropil, myelin–like bodies and mul-
ti-vesicular bodies)

–  Decreased level of synaptic proteins: synaptophysin, 
synapsin I and PSD- 95

[127]

citrate-coated 
AgNPs:  
20-25 nm

Neonatal 
rats

Intranasal instillation:  
14 weeks of repeated 

exposure; dose: 0.1, 0.2, 
0.5 or 1 mg/kg b.w.

–  Significant body weight loss
–  Histological changes (neuroglial cell activation with 

destruction of the granular layer of the cerebellum)
–  Increased level of glial fibrillary acidic protein (a marker 

of astrocyte activation)
–  Activation of caspase-3

[147]

BBB – blood-brain barrier, b.w. – body weight, GSH – reduced glutathione, GSSG – oxidized glutathione, IL – interleukin, i.p. – intraperitoneal, i.v. – intravenous, 
LDLR – low-density lipoprotein receptor, NAC – N-acetylcysteine, NMDAR – N-methyl-D-aspartate receptor, PGE2 – prostaglandin E2, PSD-95 – postsynaptic recep-
tor density protein, PVP – poly(N-vinylpyrrolidone), ROS – free radicals, TNF-α – tumor necrosis factor-alpha

Table IV. Cont.
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barrier, and produce pyknotic and necrotic neurons 
[135]. The influence of nanoparticles on the integrity 
of the BBB after single intravenous (30 mg/kg b.w.), 
intraperitoneal (50 mg/kg b.w.) and intracerebroven-
tricular (20 µg/10 µl) administration to rodents was 
investigated. Increased BBB permeability and brain 
edema formation [123,124], a  marked decrease in 
local cerebral blood flow, glial cell activation and loss 
of myelinated fibers [123] were identified.

These limited studies have shown that AgNPs can 
induce BBB dysfunction and cause neuronal degen-
eration. 

AgNP toxicity towards neuronal cells

The influence of AgNPs on neurons and glial 
cells has been predominately investigated using in 
vitro models. Many of the results show that expo-
sure to AgNPs causes decreased cell viability, main-
ly of neurons [20,52,54,59,137,144,146,148]. In the 
case of astroglia-rich primary cultures, the results 
are generally inconsistent with either no changes in 
viability observed after incubation with AgNPs [85] 
or observations of high sensitivity [52]. Such differ-
ences are likely related to both the incubation time 
and the size of the AgNPs. Moreover, it was observed 
that AgNPs may negatively influence proliferation of 
human cerebral cells [20] and axonal outgrowth of 
premature neurons and glial cells [144].

Additionally, histopathological analysis of the 
cerebellum of neonatal rats exposed intranasal-
ly to AgNPs for 21 days showed many abnormali-
ties including degeneration of the granular layer 
with loss of structure, edema and necrotic areas 
[146,147]. Similar changes were also identified in 
regions of rat hippocampus [79].

AgNPs can also cause changes in action poten-
tial, because they may lead to the reduction of 
the amplitude of voltage-gated sodium currents 
[14,80]. Xu and co-workers identified degeneration 
of cytoskeletal components (β-tubulin and F-actin) 
and synaptic degeneration in cortical neurons [144]. 
Additionally, ultrastructural changes in synapses  
were observed in hippocampus of exposed rats 
together with decreased levels of two presynaptic 
proteins (synaptophysin and synapsin I) and one 
postsynaptic protein (PSD-95) [127].

The contribution of oxidative stress to the mech-
anisms of AgNP-mediated neurotoxicity has been 
considered. In in vitro studies of activation of ROS 
generation [52,146,148], protein carbonylation [52], 

induction of heme oxygenase-1 expression [52], 
and depletion of reduced glutathione concentration 
[146] were observed. However, loading of prima-
ry astrocytes with AgNPs did not cause significant 
alterations in total and reduced glutathione or ROS 
production [85]. Mitochondrial dysfunction caused by 
AgNPs [144,148] and activation of caspase-3 [54,146], 
which may result in mitochondria-dependent neu-
ronal cell death [54,144,146], have been reported. 
Limited in vivo studies also confirm the connection 
between AgNPs, oxidative stress and apoptosis in 
the central nervous system. It was demonstrated 
that AgNPs may cause up-regulation of oxidative 
stress-related genes in the brain tissues of mice after 
a single intraperitoneal injection [112], increased ROS 
production in rat hippocampus after 7 days of intra-
nasal administration [79] and activation of caspase-3 
[147]. However, the mechanisms of neurotoxicity of 
AgNPs may be more complex in the brain than in 
other tissues. Recently, new lines of research have 
indicated an influence of AgNPs on intracellular cal-
cium homeostasis [52,146,148]. Moreover, it was sug-
gested that calcium imbalance, resulting in neuronal 
cell death, may be connected to activation of gluta-
matergic receptors (NMDARs) [148]. This observation 
is in line with data showing impairment of cognitive 
functions of rats after prolonged intranasal expo-
sure [79]. In contrast to the effect on neurons, pro-
tective mechanisms are induced in astrocytic cells. 
During exposure of primary astrocytes to AgNPs, 
metallothioneins (metal-binding proteins involved in 
cell protection against metal-induced toxicity) were 
shown to be upregulated [85].

Based on these findings, it is apparent that expo-
sure to AgNPs exerts neurotoxic effects in mammals. 
However, the more subtle or permanent effects 
should be further investigated. Because our knowl-
edge of the neurotoxic effects of AgNPs is based 
mainly on in vitro studies, future investigations 
should focus on animal studies. With increasing rec-
ognition of the dangers related to extensive usage of 
AgNPs and potential environmental hazards, we will 
be able to limit human health risks. 
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A b s t r a c t

In the present study, we examined the effects of negative and positive allosteric modulators of metabotropic glu-
tamate receptor 5 (mGluR5), fenobam and ADX47273, respectively, on brain damage induced by hypoxia-ischemia 
(H-I) in 7-day-old rats. The test drugs were administered intraperitoneally 10 min after H-I. Rectal body temperature 
was measured for 2.5 h after the insult. The number of apoptotic neurons in the immature rat brain was evaluated 
after 24 h. The wet weight of both hemispheres was determined 14 days after H-I, and its loss was used as an indi-
cator of brain damage. In the vehicle-treated groups, H-I reduced the weight of the ipsilateral (ischemic) hemisphere 
by approximately 33% and sixfold increased the number of apoptotic cells in the cortex. Fenobam (10 mg/kg) and 
ADX47273 (5, 10, and 30 mg/kg) had no significant effect on brain damage, although application of fenobam at this 
dose significantly reduced the number of apoptotic cells. In contrast, fenobam (20 mg/kg) potentiated ischemic brain 
damage to 57.4% and had no effect on H-I-induced apoptosis. In all of the experimental groups, we detected no sig-
nificant changes in the weight of the contralateral (control) hemisphere or the rectal temperature. In conclusion, in 
7-day-old rats, the bidirectional modulation of mGluR5 by fenobam (10 mg/kg) and ADX47273 (all doses tested) did 
not result in significant changes in H-I-evoked brain damage, supporting our previous data indicating that also the 
antagonists of mGluR5 MPEP and MTEP, which reduce neuronal lesions in adult animals submitted to brain ischemia, 
were ineffective in 7-day-old rat pups.

Key words: ischemia, neuroprotection, perinatal asphyxia, rat, metabotropic glutamate receptors, NMDA receptors.

Introduction

Excitotoxicity mediated by ionotropic gluta-
mate receptors, particularly N-methyl-D-aspartate 
receptors (NMDARs), is known to play a key role in 
brain damage caused by different forms of brain 
ischemia, including perinatal asphyxia [for review, 
see 11,14,38]. Preclinical studies have used various 

animal models of cerebral ischemia, demonstrating 
that NMDAR antagonists are neuroprotective [39]. 
However, because of the serious adverse effects of 
high-affinity NMDAR antagonists [34], their benefi-
cial neuroprotective effects have not been directly 
confirmed in clinical tests [11]. Of particular concern 
is the developing brain, in which the pro-apoptotic 
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effects of these compounds have been reported [12, 
22,24].

Group I  metabotropic glutamate receptors 
(mGluRs) comprising mGlu1 and mGlu5 subtypes, 
which potentiate the induction of calcium signals, 
may be an attractive therapeutic target because 
mGluR antagonism is relatively free of undesirable 
side effects, in which they only interfere with the 
modulatory control of excitatory neurotransmis-
sion instead of harming the tonic inhibition of exci-
tation [3]. In addition it has been shown that mGlu5 
receptors are positively coupled to NMDA receptors 
[6,29], and therefore they might also be involved 
in the NMDAR-mediated mechanisms associated 
with ischemic brain damage, and mGluR5 inhibition 
might be neuroprotective. 

Many preclinical studies have demonstrated that 
mGluR1 antagonists were neuroprotective in brain 
ischemia in adult and developing animals [4,15, 
19,23,35]. However, contradictory data have been 
reported concerning the neuroprotective effects of  
mGluR5 antagonists. Potent neuroprotection in- 
duced by the mGluR5 antagonists MPEP and MTEP 
in global brain ischemia in adult Mongolian gerbils 
[19,26] was not observed in another study [23]. Szy-
dlowska et al. [35] reported that MTEP was highly 
neuroprotective in focal brain ischemia in adult rats, 
while in our previous study, this compound failed to 
provide neuroprotection against hypoxia-ischemia 
(H-I) in 7-day-old rats [19]. We tentatively attributed 
this difference in the effectiveness of mGluR5 antag-
onist in adult and developing rats to the distinctly 
specific properties of the developing brain, but this 
explanation requires verification by testing other 
pharmacological tools, including mGluR5 antagonists 
and mGluR5 positive allosteric modulators (PAMs), to 
determine how negative and positive mGluR5 mod-
ulation affects ischemic brain damage in immature 
rats.

Fenobam is a selective negative allosteric mod-
ulator of mGluR5, with anxiolytic and analgesic 
properties [13,25]. Recently mGluR5 PAMs emerged 
as a  new group of drugs that may potentiate 
NMDAR-mediated currents by utilizing the func-
tional coupling between mGluR5 and NMDARs [6]. 
Behavioral studies demonstrated that ADX47273, 
which is an mGluR5 PAM, enhances NMDA-depen-
dent functions in vitro and in vivo in adult rodents  
and exerts antipsychotic-like and pro-cognitive ef-
fects [7,17,29,32,33]. To our knowledge, neither fe no-

bam nor ADX47273 has been tested in studies of 
neuroprotection in brain ischemia, particularly in 
a rat model of perinatal asphyxia.

The aim of the present study was to assess the 
effects of mGluR5 modulation by fenobam and 
ADX47273 on ischemic brain damage in develop-
ing animals using a rat model of perinatal asphyx-
ia. Weight deficit of the ipsilateral (ischemic) hemi-
spheres served as an indicator of ischemic brain 
damage.

Material and methods

ADX47273 [S-(4-fluoro-phenyl)-{3-[3-(4-fluoro- 
phenyl)-[1,2,4]oxadiazol-5-yl]-piperidin-1-yl}-me-
thanone], fenobam [N-(3-chlorophenyl)-N’-(4,5-dihy-
dro-1-methyl-4-oxo-1H-imidazole-2-yl)urea], and the 
vehicles dimethyl sulfoxide (DMSO) and Cremophor 
were obtained from Sigma-Aldrich (Poznan, Poland). 
ADX47273 was suspended in a mixture of DMSO and 
Cremophor (1 : 1, v/v), and the vehicle for fenobam 
was a mixture of DMSO and Cremophor (1 : 9, v/v).

Rat pups of both genders were obtained from the 
breeding animal house of the Mossakowski Medical 
Research Centre PAS in Warsaw. The animal exper-
iments were approved by the Third Local Ethical 
Committee in Warsaw and performed in accordance 
with the European Community Council Directive of 
24 November 1986 (86/609/EEC) and correspond-
ing Polish government regulations concerning ani-
mal experimentation. All efforts were made to min-
imize animal suffering and the number of animals 
required.

A model of H-I in 7-day-old Wistar rat pups was 
used as previously described [27], with slight mod-
ifications [19,20]. Briefly, halothane-anesthetized 
rats were subjected to occlusion of the left common 
carotid artery. After 1 h, they were exposed to a gas 
mixture that contained 7.3% oxygen in nitrogen for 
75 min at 36°C. The test drugs were administered 
intraperitoneally (i.p.) 10 min after the termination 
of hypoxia. The solutions were administered in a vol-
ume of 3.3 ml/kg (approximately 50 µl per animal, 
each weighing approximately 15 g). The concentra-
tion of the drugs in stock solutions was adjusted 
according to the final doses required (5, 10, and  
30 mg/kg ADX47273 and 10 and 20 mg/kg feno-
bam). Control animals received corresponding vol-
umes of the vehicles. The pups were then returned 
to their dams, kept for 2.5 h at 27°C, with control 
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of their rectal body temperature [19,20]. Then the 
dams were housed at an environmental tempera-
ture of 20°C under a 12 h/12 h light/dark cycle.

On postnatal day 21 (i.e., 14 days after the 
insult), the rats were anesthetized with halothane 
and decapitated. Both cerebral hemispheres were 
weighed. Brain damage was reflected by a deficit in 
the wet weight of the ipsilateral (left) ischemic hemi-
sphere and is expressed as a percentage of the wet 
weight of the contralateral (right) control hemisphere 
[19,20]. This method of assessing the developing 
brain damage in a rat model of HI has recently been 
used by a number of other research groups [8,17,30]. 
Our previous control experiments demonstrated 
equal weight of the left and right hemisphere in naive 
and sham-operated animals and that H-I induction in 
7-day-old rats does not interfere with the mass of the 
contralateral (reference) hemisphere. The obtained 
data are expressed as means ± SEM, with the number 
of repetitions (n) provided in parentheses. Statistical 
significance was tested using analysis of variance 
(ANOVA) followed by Tukey’s multiple-comparison 
test. Values of p < 0.05 were considered statistically 
significant.

In order to evaluate the effects of fenobam 
in dosage of 10 or 20 mg/kg applied 10 min after 
hypoxia-ischemia on ischemia-induced apoptosis, 
the animals treated as described above were sacri-
ficed 24 hours after hypoxia-ischemia. The animals 
were deeply anesthetized using Nembutal (80 mg/
kg w. m. i.p.) and perfused through the ascending 
aorta with 0.9% NaCl in 0.01 M sodium-potassium 
phosphate buffer pH 7.4 (PBS), followed by in situ 
perfusion-fixation with ice-cold fixatives applied 
under gravity. Afterwards, the brains were saturated 
with sucrose through immersing in 10, 20 and 30% 
(w/v) sucrose solutions in PBS and cut into 40 µm-  
thick free-floating coronal sections using a cryostat. 
Morphology of cell nuclei was examined on brain 
sections mounted on microscope slides. Sections 
were washed in PBS and incubated in a 1 µg/ml solu-
tion of Hoechst stain (bisbenzimide dye in PBS) for  
2 minutes, at room temperature. The stain was then 
drained off and cover slipped with PBS for visualiza-
tion. The number of apoptotic cells at the last stage 
of apoptosis (formation of apoptotic bodies) was 
measured using a Zeiss fluorescent microscope with 
a 40× (NA 1.0) objective with additional 10× ocular 
zoom. Three to four animals from each experimen-
tal group were investigated. For each animal we 

analyzed 6-8 sections. The dying cells were counted 
within 10 microscopic fields of observation located 
randomly within the somatosensory region of the 
cerebral cortex.

Results

The evaluation of brain damage 14 days after H-I in 
untreated animals revealed a 33.4% loss of weight 
of the ipsilateral brain hemisphere, indicating the 
same degree of brain damage induced by H-I (results 
not shown). The same level of brain damage was 
found in the vehicle-treated groups (Figs. 1 and 3).  
Compared to the corresponding vehicle control ani-
mals with a  reduction of weight of the ischemic 
hemisphere at the level of 34.3 ± 2.19% (n = 27), 
brain damage of 24.6 ± 2.45% (n = 35) found in ani-
mals treated with the mGluR5 negative allosteric 
modulator fenobam (10 mg/kg) did not differ sig-
nificantly (p > 0.05). In contrast, 20 mg/kg fenobam 
significantly (p < 0.05) potentiated brain damage to 
57.4 ± 3.2% (n = 18) (Fig. 1). 

In order to investigate the influence of fenobam 
on apoptosis in the rat brain, evoked by hypoxia-isch-

Fig. 1. Effects of fenobam on brain damage 
induced by hypoxia-ischemia in 7-day-old rats. 
Indicated doses of fenobam (Fen) or vehicle were 
administered i.p. 10 min after hypoxia-ischemia 
(H-I). Brain damage was evaluated by weighing 
the brain hemispheres 14 days after hypoxia- 
ischemia and is expressed as the weight deficit 
of the ipsilateral hemisphere as a  percentage 
of the weight of the contralateral hemisphere. 
The bars represent mean ± SEM (group size:  
n ≥ 19 rats per time point in each group).  
*p < 0.05, significant difference from vehicle- 
treated controls (H-I+veh; ANOVA followed by 
Tukey’s multiple-comparison test).
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emia, the animals were treated with fenobam in dos-
age of 10 or 20 mg/kg. Then, the number of apop-
totic neurons was assessed 24 hours after the insult.  
The results presented in Figure 2A and B demonstra-
te that in the group of rats treated with fenobam in 

the dose of 20 mg/kg the mean number of apoptot-
ic cells per field of observation was at the same level 
as observed in the H-I group (about 60 cells per field). 
Treatment with fenobam in the dose of 10 mg/kg signifi-
cantly reduced the number of apoptotic cells by 36.7%.

Fig. 2. The effect of fenobam on hypoxia-ischemia evoked induction of apoptosis in the cortex of immature 
rat brain assessed 24 hours after the insult. Morphology of cell nuclei in cerebral cortex visualized by Hoechst 
staining (A). Note many apoptotic cells within the section subjected to H-I and H-I Fenobam + 20 mg/kg as well. 
Note the reduction of apoptotic cell number within the material of animals pretreated with fenobam 10 mg/kg. 
Quantitative evaluation of the number of apoptotic cells. Fluorescent images were taken using a Zeiss micro-
scope equipped with a 40x (NA 1.0) objective with additional 10x ocular zoom. B) Bars represent means  
± SEM (n = 4 animals for each experimental group). For each animal we analyzed 8-10 sections. Significant 
differences from the appropriate ischemic control (H-I) were tested by ANOVA followed by Tukey’s multiple 
comparison test. *p < 0.001 vs. number of apoptotic cells assessed in the 24 h control group.
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Application of the mGluR5 PAM ADX47273 tend-
ed to increase brain damage (Fig. 3), but this effect 
did not reach statistical significance. To illustrate 
this, statistical analysis of data for ADX47273 10 mg/
kg, which are also representative for other ADX47273 
doses, demonstrated that the level of reduction of 
weight of the ischemic hemisphere in the ADX47273 
treated group by 42.3 ± 3.25% (n = 24) did not differ 
significantly (p > 0.05) from the corresponding vehi-
cle control data (34 ± 2.2%) (n = 27) (Fig. 3).

To evaluate the possible negative effects of fe no-
bam and ADX47273 on brain development, and ef-
fects of the test substances on post-ischemic body 
temperature, the mass of the contralateral hemi-
spheres and rectal body temperature were also 
measured. The vehicles for fenobam and ADX47273 
as well as these test substances regardless of the 
drug dose administered had no effect on the mass of 
the contralateral hemispheres and did not interfere 
with rectal body temperature during the 2.5-h period 
after H-I (results not shown).

Discussion

Based on the well-established role of NMDARs in 
ischemic brain damage and the functional coupling 
of mGluR5 and NMDARs, one might expect that the 
negative modulation of mGluR5 provides neuropro-
tection, whereas the enhancement of mGluR5 activ-
ity exacerbates brain damage in animal models of 
brain ischemia. However, the results of the present 
study using a  rat model of perinatal asphyxia and 
evaluating brain damage based on the ipsilateral 
hemisphere’s mass deficit 14 days after the insult 
indicate that the mGluR5 negative and positive mod-
ulators fenobam and ADX47273 at typically used 
doses failed to influence brain damage in 7-day-old 
rats subjected to H-I, but fenobam at a  high dose 
(20 mg/kg) enhanced it. Examination of the number 
of apoptotic cells in the brain 24 h after H-I showed 
a  significant reduction in the number of apoptotic 
cells in the animals treated with the lower dose of 
fenobam, and no effect at its higher dose.

Our negative data are consistent with previously 
published results indicating that the other mGluR5 
antagonist MTEP provided neuroprotection in brain 
ischemia in adult but not in developing rats [19,35]. 
Collectively these data appear to support the hypoth-
esis that mGluR5 activity and consequently its func-
tional coupling to NMDARs, which may determine 

the effects of mGluR5 modulators on H-I-evoked 
brain damage, depend on the level of brain develop-
ment, and that mGluR5 may not be fully operational 
in 7-day-old rats. We propose that the mechanism of 
unexpected potentiation of the ischemic brain dam-
age evoked by fenobam 20 mg/kg may result from 
unspecific interactions of its metabolites.

In the present study, we used H-I  in 7-day-old 
rats, which is an established model of perinatal 
asphyxia [27, for review see 37]. We used this mod-
el previously to test the neuroprotective poten-
tial of other mGluR ligands [19,20]. The involve-
ment of NMDARs in the mechanisms of ischemic 
brain damage in this experimental model is clear 
[9,10,11,14,38,39], but less clear is the role of partic-
ular group ImGluRs subtypes. mGluR1 and mGluR5 
have significantly different developmental profiles 
in various brain regions and in the subcellular local-
ization [5,18]. Immunocytochemical studies have 
shown that mGluR5 predominates in the immature 
rat brain [28], whereas mGluR1 appears in the rat 
brain only in limited amounts at the end of the first 
postnatal week [18]. However, the results of func-
tional studies demonstrated that mGluR1 rather 
than mGluR5 mediates transient calcium currents 
in rat brain neurons during early postnatal days 
[36]. Thus, a model of H-I in 7-day-old rats appears 
to be suitable for studies that address developmen-
tal aspects of the effects of mGluR5 modulation on 
ischemic brain damage. As pharmacological tools we 
used fenobam and ADX47273, which are selective 

Fig. 3. Effects of ADX47273 on brain damage 
induced by hypoxia-ischemia in 7-day-old rats. 
Indicated doses of ADX47273 (ADX) or vehicle 
administered i.p. 10 min after hypoxia-ischemia 
(H-I). For other explanations see legends to Fig. 1.
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mGluR5 negative and positive allosteric modulators, 
respectively [16,25]. Oral fenobam administration in 
adult rats (10-30 mg/kg) exerted analgesic and anx-
iolytic-like effects and impaired learning [13], where-
as the behavioral effects of ADX47273 were observ-
ed in rats treated with 10 and 30 mg/kg i.p. [16].  
The doses of the test substances used in our study 
were based on the above data from the literature.

As mentioned above, based on theoretical as-
sumptions, the negative modulation of mGluR5 
should lead to a decrease in the activity of NMDARs 
and consequently neuroprotection in brain ischemia. 
However, the present study failed to demonstrate 
such effects of fenobam in the H-I model in 7-day-
old rats. These results fit in with the divergent liter-
ature data on the neuroprotective effects of mGluR5 
antagonists in different models of brain ischemia. 
Although Meli et al. [23] did not find a neuroprotec-
tive effect of the mGluR5 antagonist MPEP on glob-
al brain ischemia in adult Mongolian gerbils, other 
authors reported potent neuroprotection induced by 
the mGluR5 antagonists MPEP and MTEP in the same 
gerbil model and a model of focal brain ischemia in 
adult rats [2,19,26,35]. In contrast to the results of 
studies in adult animals, our previous study demon-
strated a lack of neuroprotection provided by MTEP 
in 7-day-old rats subjected to H-I [19]. The present 
data are consistent with these earlier findings. 

The aforementioned differences in the subcel-
lular localization of mGluR1 and mGluR5 and min-
imal functional role of mGluR5 in calcium signaling 
during the first postnatal week [18,36] may suggest 
that mGluR5 may not be functional during this ear-
ly developmental period with corresponding con-
sequences for the operation of coupling between 
mGluR5 and NMDARs. It has been demonstrated 
that the antagonism of NMDARs in the develop-
ing brain increases constitutive apoptosis [12,24] 
and decreases brain weight 2 weeks after a single 
MK-801 injection [21]. Moreover, NMDAR antago-
nists interfere with thermoregulation and induce 
hypothermia in neonatal rats [9]. Our present data 
showed the absence of a decrease in the weight of 
the contralateral brain and of hypothermia in rats 
treated with fenobam, which is consistent with lack 
of interference with NMDAR activity.

To our knowledge the impact that fenobam has on 
induction of apoptosis in brain neurons by ischemia, 
hypoxia and similar pathological situations has not 
previously been investigated extensively. Ahn et al. 

[1] demonstrated in in vitro that fenobam given alone 
only marginally reduced activation by H2O2 of Akt and 
p38 in C6 cells or protected them against DNA dam-
age. These authors revealed that fenobam significant-
ly potentiated cytoprotective effects of the exogenous 
peptide construct PEP-1-FK506BP both in C6 cells sub-
mitted to oxidative stress and in the hippocampus of 
Mongolian gerbils after global forebrain ischemia. Our 
present results showed that application of fenobam 
at a dose of 10 mg/kg significantly reduced the num-
ber of apoptotic neurons in H-I challenged immature 
rat brains, which is a  new and interesting finding. 
This finding may indicate that although mGluR5 par-
ticipates in the H-I-evoked triggering of apoptosis in 
the rat pups, its role may still be rather weak. Indeed, 
this significant fenobam-evoked protection against 
neuronal apoptosis observed 24 hours after HI (Fig. 2) 
contrasts with only an insignificant tendency to neu-
roprotection as assessed after 14 days on the basis of 
the brain mass deficit (Fig. 1).

The justification for the use of ADX47273 was the 
same as for fenobam (i.e., NMDARs play an instrumen-
tal role in ischemic brain damage, and mGlu5 recep-
tors are functionally coupled to NMDARs and poten-
tiate glutamate-induced Ca2+ signaling). Although 
based on these assumptions the expected result for 
ADX47273 was exacerbation of damage, previously 
published results did not demonstrate an increase 
of ischemic brain injury by activation of mGluR5 in 
different experimental models. On the contrary, Bao  
et al. [2] used an adult rat model of focal brain isch-
emia and reported neuroprotection provided by  
the selective mGluR5 agonist CHPG. Meli et al. [23] 
reported that CHPG failed to exacerbate neuronal 
damage in an in vitro model of rat organotypic hippo-
campal slices challenged with oxygen-glucose depri-
vation (OGD), while the activation of group I mGluRs 
by DHPG was shown to induce tolerance of OGD 
in the same model [31,40]. Consistent with these 
data, in our present study we observed only a non-
significant trend toward an exacerbation of isch-
emia-evoked brain damage induced by ADX47273. 

Our results unexpectedly revealed that fenobam 
20 mg/kg significantly increased damage in the 
ipsilateral hemisphere which was assessed based 
on brain mass deficit 14 days after H-I, and had no 
protective effect on the number of apoptotic cells 
evaluated one day after the insult. Considering the 
mechanisms of this phenomenon, one should take 
into account selectivity. The brain concentration of 
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30 mg/kg fenobam 40 min after oral administration 
in adult rats reaches 600 nM, whereas its IC50 for 
mGluR5 is only 58 nM [25]. Fenobam is also very rap-
idly metabolized in rats in vivo [41]. Therefore, the 
exacerbation of brain injury by i.p. administration of 
fenobam (20 mg/kg) may result from fenobam and/
or its metabolite interactions with as-yet unidenti-
fied receptors other than mGluR5. 

In summary, the present study evaluated the 
effects of negative and positive allosteric modula-
tors of mGluR5, fenobam and ADX47273, respective-
ly, on brain damage evoked by H-I in 7-day-old rats. 
We found no significant effects of such treatment. 
Only a  weak tendency toward a  neuroprotective 
effect of 10 mg/kg fenobam and equally nonsignif-
icant potentiation of brain damage by the mGluR5 
PAM ADX47273 were observed in this animal model. 
Moreover, aggravation of brain damage by fenobam 
at a  dose of 20 mg/kg was noted. Our results are 
inconsistent with the theoretically predicted pattern 
of changes in ischemic brain damage evoked by the 
modulation of mGluR5 activity, based on the hypoth-
esis that mGluR5 and its positive coupling to NMDARs 
may participate in these phenomena. Most likely 
functions of mGluR5 depend on brain development 
and may be inadequate in 7-day-old rat pups. Further 
studies using models of brain ischemia in adult ani-
mals are needed to verify whether the present find-
ings are specific to juvenile animals and result from 
developmental changes in mGluR5 functions.
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A b s t r a c t

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder that involves the upper and lower motor 
neurons and leads to the patient’s death within 5 years after diagnosis. Approximately 2 per 100,000 people world-
wide are affected every year. The only FDA-approved drug available for medical treatment is riluzole. It slows the dis-
ease progression and improves limb function and muscle strength for 3-4 months. Thus, looking for new therapeutic 
agents is a pressing challenge. 
Valproic acid (VPA) is a short-chain fatty acid, widely used for the treatment of seizures and bipolar mood disorder. 
The beneficial effect of VPA has been documented in different neurodegenerative experimental models, including 
amyotrophic lateral sclerosis (ALS). The real mechanisms underlying numerous beneficial effects of VPA are complex, 
but recently it has been postulated that the neuroprotective properties might be related to direct inhibition of histone 
deacetylase (HDAC). 
The aim of this ultrastructural study was to evaluate the beneficial effect of VPA on the spinal cord motor neurons 
(MNs) in a glutamate (GLU)-induced excitotoxic ALS model in vitro. It had been previously documented that chronic 
GLU excitotoxicity resulted in various MN injuries, including necrotic, apoptotic and autophagic modes of cell death. 
The present results demonstrated the neuroprotective properties of VPA associated with inhibition of apoptotic and 
autophagic changes of spinal MNs in a model of neurodegeneration in vitro.
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Introduction

Amyotrophic lateral sclerosis (ALS), known as 
Charcot’s or Lou Gehrig’s disease, is a fatal neurode-
generative disease, one of the heterogeneous group 
referred to as motor neuron diseases (MNDs). It pri-
marily affects upper and lower motoneurons (MNs) 
of the cerebral cortex, brainstem and spinal cord, but 

surrounding glial cells, muscle cells, interneurons, and 
Renshaw inhibitory neurons might also be involved 
[5]. The generalized weakness and progressive mus-
cle atrophy usually lead to death by respiratory mus-
cle failure within five years after the disease onset 
[42]. Most ALS cases occur sporadically, while about 
5-10% of them are inherited and classified as familial 
form of the disease [1]. So far more than 16 causative 
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genes responsible for ALS/MNDs have been identi-
fied. Among them, 10-20% are probably caused by 
mutations in the gene encoding Cu/Zn superoxide 
dismutase-1 (SOD1), one of the main free-radical scav-
enging enzymes that protect cells against oxidative 
stress [2,37]. 

Until now, there is no effective therapeutic inter-
vention for ALS, but different potential therapeutic 
targets are widely discussed [48]. It has been recent-
ly suggested that acetylation and/or deacetylation 
play an important role in the pathogenesis of differ-
ent neurological diseases, including ALS [26]. Thus, 
histone deacetylase (HDAC) inhibitors have proved to 
be promising treatment in the broadly defined neu-
rodegeneration. 

Valproic acid (VPA; 2-n-propylpentanoic acid) is 
widely used as an anticonvulsant and mood stabi-
lizing drug. Although different results suggest that 
this agent may exhibit a neuroprotective effect, the 
mechanism of such protection is not yet clear. VPA 
may exert its beneficial effect on neuronal survival 
and synaptic plasticity by acting directly on neurons 
and indirectly through glial cells [27]. Being a simple 
fatty acid, VPA is a substrate for the fatty acid β-oxi-
dation (FAO) pathway, which takes place primarily 
in mitochondria. Recently, it has been also demon-
strated that VPA effectively inhibits HDAC [15], mak-
ing it valuable for investigations into the therapeutic 
role of chromatin remodeling in various pathological 
states of the central nervous system. 

The purpose of this study was to determine 
whether valproate exhibits efficient neuroprotection 
against neuronal damage caused by glutamate tox-
icity in the organotypic culture of rat’s lumbar spinal 
cord.

Material and methods

The study was performed on organotypic cultures 
of lumbar spinal cord obtained from 8-day-old rat 
pups. The cultures were kept at 36.6°C in a me dium 
consisting of 25% inactivated fetal bovine serum and 
75% DMEM (Dulbecco Modified Eagle’s Medium) 
supplemented with glucose to a final concentration 
of 600 mg% and with antibiotics. The medium was 
changed twice a week. On the 10-14th day in vitro 
(DIV), the well-differentiated cultures were subject-
ed to 1) glutamate (GLU) alone in a concentration of  
100 µM; 2) 100 µM GLU with 10 µM VPA; 3) 10 µM 
VPA alone. The control cultures were grown in stan-
dard conditions.

After 3, 6 and 11 days, the cultures were pro-
cessed for electron microscopic study. They were 
rinsed in a cacodylate buffer (pH 7.2), fixed in a mix-
ture containing 0.8% formaldehyde and 2.5% glutar-
aldehyde for 1 hour, postfixed in 1% osmium tetrox-
ide, dehydrated in alcohols in graded concentrations 
and embedded in Epon 812. Ultrathin sections were 
counterstained with uranyl acetate and lead citrate 
and examined in a JEOL 1200EX electron microscope.

Fig. 1. Profiles of cellular processes and some neuronal cells with features of various degene rative changes, 
including numerous autophagic vacuoles (AV). Six days after 100 µM GLU.



311Folia Neuropathologica 2015; 53/4

Protective effect of valproic acid on cultured motor neurons under glutamate excitotoxic conditions. Ultrastructural study

Results

The spinal cord cultures exposed to GLU exhib-
ited a  range of advanced degenerative changes of 
MNs and destruction of neuronal processes in the 
surrounding neuropil. After 6 days of GLU exposure, 
the signs of various modes of cell death, including 
necrotic, apoptotic and autophagic changes, could 
be seen. Necrotic changes of MNs and their pro-

Fig. 2. Signs of apoptotic changes in motor neu-
ron (MN), exhibiting condensed nuclear chroma-
tin, increased electron density of cytoplasm and 
shrinkage of the whole cell body. Vesicular-auto-
phagic changes (AV) seen in the vicinity of MN. 
Numerous damaged neuronal processes with 
signs of autophagy and destruction of organ-
elles in surrounding neuropil. Eleven days after 
100 µM GLU.

Fig. 3. Motor neuron with cytoplasm containing 
numerous autophagic vacuoles (AV) and dis-
persion of rough endoplasmic reticulum (RER). 
Nucleus (N) with condensed chromatin. Eleven 
days after 100 µM GLU.

Fig. 4. Fragment of motor neuron exhibiting 
dispersed rough endoplasmic reticulum (RER), 
increased number of intracytoplasmic vesicles 
(V), distended perinuclear space (arrows) and 
slightly swollen mitochondria (MT). Eleven days 
after 100 µM GLU. 

Fig. 5. Motor neuron with well-preserved nucleus 
and cytoplasm containing long, regularly arranged 
profiles of rough endoplasmic reticulum (RER),  
Golgi complex (GC), rich ribosomes and swollen 
mitochondria (MT). Three days after 100 µM GLU 
+ 10 µM VPA.

cesses were characterized by extensive swelling 
and total destruction of organelles. The apoptotic 
bodies within large autophagic vacuoles were seen 
(Fig. 1). After 11 days of exposure to GLU, many MNs 
displayed signs of apoptotic changes in the form of 
a  shrinkage of the cell body and condensation of 
nuclear chromatin (Fig. 2). Moreover, numerous auto-
phagic vacuoles in the cytoplasm of MNs and neu-
ronal processes were observed (Figs. 2 and 3). Less 
severe damage of MNs includes disaggregation and 
loss of rough endoplasmic reticulum and the Golgi 
complex, increase of cytoplasmic microvesicles and 
swelling of mitochondria (Fig. 4).
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Fig. 6. Fragment of motor neuron with well- pre-
served nucleus and slight cytoplasmic abnormali-
ties including presence of cytoplasmic vacuoles (V) 
with a few autophagic vacuoles (AV) and swollen 
mitochondria (MT). Three days after 100 µMGLU 
+ 10 µM VPA. 

Fig. 8. Fragment of neuron, containing quite well- 
preserved organelles and nucleus with distinct 
nucleolus and dispersed heterochromatin. Six 
days after 100 µM GLU + 10 µM VPA.

Fig. 7. Fragment of well-preserved motor neu-
ron with normal organelles. Six days after 100 
µM GLU + 10 µM VPA.

Fig. 10. Fragments of quite well-preserved neu-
rons surrounded by neuropil with normal appear-
ing neuronal and glial processes. Eleven days after 
100 µM GLU + 10 µM VPA.

Fig. 9. Fragment of well-preserved motor neu-
ron with large nucleus and cytoplasm containing  
normal organelles, microtubules and neurofila-
ments. Eleven days after 100 µM GLU + 10 µM VPA.

The treatment with VPA effectively prevents GLU- 
induced MN degenerative changes. Numerous well- 
preserved large motor neurons could be identified 
after 3, 6 and 11 days of co-treatment of VPA and GLU. 
After 3 days of VPA + GLU exposure the neurons exhib-
ited perikaryal cytoplasm containing long profiles of 
rough endoplasmic reticulum, a well-developed Gol-
gi complex (Fig. 5), and sometimes slightly swollen 
mitochondria and small autophagic vacuoles (Fig. 6). 
Quite well-preserved MNs, exhibiting a large nucleus 
with dispersed chromatin, distinct nucleolus and cyto-
plasm, containing well-organized rough endoplasmic 
reticulum and Golgi complex, were still recognizable 
after 6 days (Figs. 7 and 8) and 11 days (Figs. 9 and 10) 
of VPA + Glu exposure. Numerous microtubules and 



313Folia Neuropathologica 2015; 53/4

Protective effect of valproic acid on cultured motor neurons under glutamate excitotoxic conditions. Ultrastructural study

neurofilaments in perikaryal cytoplasm were noticed 
(Fig. 9). The neuropil contained unchanged neuronal 
and glial processes (Fig. 10). Some large MNs exhib-
ited only subtle ultrastructural abnormalities, such 
as slightly damaged mitochondria, focal cytoplas-
mic vacuolization and a  few autophagic vacuoles. 
MNs with signs of apoptotic changes or autophagic 
degeneration could be seen only occasionally. Totally 
destroyed cells appeared sporadically. 

Discussion

The mechanism underlying the pathogenesis of 
ALS remains unknown [28]. Genetic, molecular and 
environmental factors are believed to participate in 
the development of this progressive neurodegen-
erative process. Among various pathogenic factors, 
oxidative stress, mitochondrial dysfunction, apopto-
sis, glutamate excitotoxicity and proteasomal dys-
function are considered. However, the real cause of 
the disease, its natural history, classification, mech-
anism of progression and potential therapeutic tar-
gets are still under debate [13,29-31,35,36,41]. 

The cumulative evidence suggests that a muta-
tion in Cu/Zn-superoxide dismutase (SOD1) pro-
tein contributes to the pathogenesis of familial 
ALS [38,44]. Dysfunction of neuronal mitochondria 
has been suggested to play an important role in 
MN degeneration [20]. The oxidative and endo-
plasmic reticulum (ER) stress [16,17] and deregula-
tion of the ER mitochondrial calcium cycle [22] are 
described as the most likely causes of motor neuro-
nal death, but it is believed that a complex mecha-
nism of multiple toxic pathways is implicated in the 
ALS onset and progression [32]. Glutamate-induced 
excitotoxicity is also considered as one of the pos-
sible pathophysiological factors of motor neuron 
death [4,12]. 

Recently, a  decreased histone acetylation level 
has been reported in the degenerating MNs in ALS 
experimental models [18]. Low histone deacetylase 
6 (HDAC6) expression was reported at the onset and 
at the late stages of ALS in a mouse model [6]. Thus, 
it could be suggested that histone deacetylase inhi-
bition may be a promising new therapeutic strategy 
for various neurodegenerative disorders, including 
motor neuron diseases (MNDs) [8,10]. As valproic 
acid (VPA), a short-chain fatty acid, effectively inhib-
its histone deacetylase [14,25] and delays apoptosis 
in degenerating neurons, it may be a  good candi-

date for studies on its therapeutic role in different 
neurodegenerative conditions [3,19]. Its therapeutic 
potential has been documented in various cellular 
and animal models of neurologic, neurodegenera-
tive, and neuropsychiatric disorders [7]. Combined 
treatment with lithium and VPA delays onset of 
clinical symptoms, reduces neurological deficits and 
prolongs survival in the SOD1 mouse model of amy-
otrophic lateral sclerosis [11]. Co-treatment of cer-
ebellar granular cell cultures with lithium and VPA 
induced synergistic neuroprotective effects against 
glutamate excitotoxicity in a time-dependent man-
ner [24].

Histone proteins organize DNA into nucleo-
somes, which are regular repeating structures of 
chromatin. This organization is required for the 
efficient packaging of large amounts of eukaryotic 
genomic DNA [45]. Acetylation and deacetylation 
of histone proteins play an important role in vari-
ous cellular events, including epigenetic regulation 
of transcription. Histone acetyltransferases (HATs) 
catalyze acetylation, whereas histone deacetylases 
(HDACs) enhance deacetylation. Therefore VPA, via 
HDAC inhibition, might potentiate gene expression 
and promote a more transcriptionally active chroma-
tin conformation. Thus, VPA protects neurons from 
excitotoxicity through inhibition of HDAC activity 
and suppression of apoptotic neuronal death asso-
ciated with nuclear accumulation of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) [21]. It 
was also suggested that VPA exerts neuroprotective 
effects through changes in a variety of intracellular 
signaling pathways, including upregulation of Bcl-2 
protein with an antiapoptotic property [40]. Some 
results suggest that chronic treatment with val-
proate produce neuroprotection of cultured neuro-
nal cells from damage caused by endoplasmic retic-
ulum stress-mediated apoptosis [47] and oxidative 
stress [46]. It has been shown that combined treat-
ment with histone deacetylase inhibitor and cata-
lytic oxidant exerts additive neuroprotective effect 
in a transgenic mouse model of ALS [33]. Rouaux et 
al. [40] demonstrated that chronic VPA treatment in 
vivo prevented histone deacetylation in the spinal 
cord of symptomatic ALS mice. It delayed MN death 
and disease onset but did not significantly increase 
the mean lifespan of SOD1 (G86R) transgenic ALS 
mice and did not prevent distal pathology, i.e. neu-
romuscular denervation. However, despite the bene-
ficial effect on MNs, VPA-treated animals died with 
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the neuropathological features typical for ALS. These 
results indicate that beneficial effects of VPA might 
be related to other factors than only a  strict neu-
roprotection. On the other hand, neuroprotection 
of lower MNs is not sufficient for clinical therapy 
of ALS, because it does not prevent neuromuscular 
denervation.

In the mouse ALS model, CREB-binding protein, 
a  transcriptional coactivator with histone acetyl-
transferase activity, was specifically reduced in motor 
neurons of the lumbar spinal cord. Consistently, 
decreased histone acetylation levels were observed 
in degenerating motor neurons [39]. Numerous 
studies have reported the beneficial effects of HDAC 
inhibitors on different aspects of neurodegenera-
tion. Although treatment with VPA was found to 
protect motor neurons against glutamate toxicity 
in an organotypic culture of spinal cord and the ALS 
mouse model [43], another study using the same 
G93A mouse model found that long-term dietary 
VPA administration protected motor neurons but did 
not significantly affect the animal lifespan [9]. Over-
all, these data indicate poor efficiency of HDAC in 
treatment for ALS therapy despite the neuroprotec-
tive efficiency of HDAC. The randomized sequential 
clinical trial evidenced that VPA, at one dosage cor-
responding to the therapeutic dose used in epilep-
sy, did not show a beneficial effect on survival and 
disease progression in patients with ALS [34]. It has 
implications for future trials in neurodegenerative 
diseases with various histone deacetylase inhibitors. 

Our ultrastructural study documented the neuro-
protective efficacy of VPA in an experimental model 
of neurodegeneration related to GLU excitotoxicity 
in vitro. GLU-induced excitotoxicity has been impli-
cated in the pathophysiology of various neurodegen-
erative diseases, including ALS. It was shown that 
valproic acid protected cultured cerebellar granule 
cells against GLU-induced excitotoxicity with con-
comitant transcriptional activation and induction of 
α-synuclein. This presynaptic protein was induced by 
valproic acid through histone deacetylase inhibition 
and participates in neuroprotection [23]. 

Our ultrastructural study evidenced that preven-
tion of neuronal excitotoxic changes in vitro was 
related to inhibition of apoptosis and autophagy.  
The cultures subjected to GLU with VPA treatment 
exhibited well-retained parallel profiles of rough endo-
plasmic reticulum in the majority of motoneurons at  
3 to 11 days after exposure. These results might sup-

port previous data indicating that neuroprotective 
effects of VPA might act via suppressing ER stress-me-
diated apoptosis. It could suggest that this mecha-
nism may cause the VPA-induced therapeutic effects 
in neurodegenerative processes. Additional studies 
are necessary to clarify this issue.
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A b s t r a c t

Elevated extracellular glutamate in the synaptic cleft causes overactivation of glutamate receptors and kills neurons 
by an excitotoxic mechanism. Recent studies have shown that glutamate can also lead to toxic injury of white matter 
oligodendrocytes in myelin sheaths and consequently to axon demyelination. The present study was performed using 
the rodent model of multiple sclerosis known as experimental autoimmune encephalomyelitis (EAE). The aim of the 
study was to test the effects of the glutamatergic receptor antagonists amantadine and memantine (antagonists of 
NMDA receptors), LY 367384 (an antagonist of mGluR1), and MPEP (an mGluR5 antagonist) on the development of 
neurological symptoms in immunized animals, morphological changes in cerebral myelin, and expression of mRNA 
of the principal myelin proteins PLP, MBP, MOG, MAG, and CNPase. Pharmacological inhibition of NMDA receptors 
by amantadine and memantine was found to suppress neurological symptoms in EAE rats, whereas antagonists of 
the group I metabotropic glutamate receptors (mGluRs G I) did not function positively. In the symptomatic phase of 
the disease we observed destruction of myelin sheaths via electron microscopy and decreased levels of mRNA for all 
of the principal myelin proteins. The results reveal that glutamate receptor antagonists have a positive effect on the 
expression of mRNA MBP and glycoproteins MAG and MOG but not on myelin ultrastructure.

Key words: EAE, glutamate receptors antagonists, myelin proteins, excitotoxicity.

Introduction

Glutamate is the primary excitatory amino acid 
neurotransmitter in the mammalian brain. It plays  
an important role in both physiological and patho-
logical mechanisms operating in the central nervous 
system (CNS). Glutamate released from nerve end-

ings participates in signaling processes prior to being 
taken up from the synaptic cleft via a  mechanism 
mediated mainly by glial transporters and to a lesser 
extent neuronal, excitatory amino acid transporters 
(EAATs) [10,27]. The extracellular levels of glutamate 
must be tightly controlled because excessive accu-
mulation of glutamate leads to overstimulation of 
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glutamate receptors (GluRs) and subsequent cell 
damage by an excitotoxic mechanism [6,8,29].

Excitotoxicity is implicated in the pathomecha-
nism of a number of chronic neurodegenerative dis-
eases such as Alzheimer’s disease, Parkinson’s dis-
ease, Huntington’s disease, and amyotrophic lateral 
sclerosis (ALS) [2,7,8,28]. Although the pathology of 
each of these diseases is different, each involves over-
stimulation of GluRs (especially the N-methyl-D-as-
partate receptor [NMDAR] subtype). Such overstimu-
lation ultimately leads to injury of neurons by necrotic 
or apoptotic cell death [13,32]. The pathomechanism 
of excitotoxicity also operates in multiple sclerosis 
(MS), wherein the immune system attacks the CNS. 
MS is characterized by infiltration of immune cells 
from peripheral circulation, loss of oligodendrocytes 
and the appearance of demyelinating areas (plaques) 
in the white matter of the spinal cord and brain. 
These disorders lead to axonal damage and disrupt-
ed neurotransmission [13,17,23]. The etiology of MS 
has not yet been established. Many pathological fac-
tors participate in the pathogenesis of MS, including 
proinflammatory cytokines, reactive oxygen species 
(ROS), matrix metalloproteinases, autoantibodies and 
cell-mediated cytotoxicity [13,19].

Enhancement of glutamate levels in cerebrospi-
nal fluid and changes in the expression of metabo-
tropic (mGluRs) and ionotropic (iGluRs) glutamate 
receptors have been observed in the inflammatory 
demyelination plaques in the brains of MS patients 
[12,13]. Elevation of glutamate in brain was also 
observed in experimental autoimmune encephalo-
myelitis (EAE, the animal model of MS) pathology in 
rats [6]. The hypothesis concerning the involvement 
of excitotoxicity in pathogenesis of MS and EAE has 
been confirmed by the observation that anti-gluta-
matergic agents provide neuroprotection [28]. Our 
previous studies using EAE rats revealed that admin-
istration of amantadine or memantine (iGluR antag-
onists) reduces the severity of symptoms, inflam-
mation and axonal damage in immunized animals 
[33-35]. This is a  strong indication that glutamate, 
operating through its ionotropic receptors, plays 
a key role in the pathology of the disease. If we can 
gain an understanding of how myelin and oligoden-
drocytes are damaged by excitotoxicity, we will be 
able to develop therapeutic strategies to protect 
nerve axons against demyelination.

The myelin sheath is the predominant element 
of the white matter of the CNS, its function being 

to facilitate signal conduction in axons. Myelin is 
a highly specialized structure with a unique molecu-
lar composition and architecture. It is characterized 
by a  high proportion of lipids (70-85%) and a  low 
proportion of proteins (15-30%) [25]. It contains dis-
tinctive proteins such as proteolipid protein (PLP), 
myelin basic protein (MBP), 2′,3′-cyclic nucleotide 
3′-phosphodiesterase (CNPase), myelin-associated 
glycoprotein (MAG) and myelin oligodendrocyte gly-
coprotein (MOG). PLP and MBP constitute the major-
ity of the total myelin proteins (about 70%) [4,25]. 
CNPase is a  specific enzyme localized in the cyto-
plasm of non-compacted myelin. MOG is a  trans-
membrane protein representing one of the main 
autoantigens in MS. MAG is a glycoprotein involved 
in the myelin-related inhibition of axonal regenera-
tion. Each of these myelin-specific proteins plays an 
important role in the formation and maintenance of 
myelin membranes [4,5,31].

The present study was undertaken to investi-
gate whether the glutamate receptor antagonists 
amantadine and memantine (antagonists of NMDA 
receptors), LY 367384 (an antagonist of mGluR1) 
and MPEP (an mGluR5 antagonist) improve the con-
dition of animals subjected to EAE and exert protec-
tive effects on mRNA expression of selected myelin 
proteins (PLP, MBP, MOG, MAG, and CNPase). Ultra-
structural observations of myelin membranes in the 
acute phase of EAE and after treatment with GluR 
antagonists were also made using transmission 
electron microscopy (TEM).

Material and methods

Animal model

The study was carried out in strict accordance 
with the regulations of the Experiments on Animals 
Act (Act of 21 January 2005 on experiments on live 
animals, the Parliament of the Republic of Poland, 
Dz. U. Nr 33, pos. 289). All experiments using animals 
were approved by the Fourth Warsaw Local Ethics 
Committee for Animal Experimentation; permit num-
ber 61/2009. All procedures using animals were per-
formed under sodium pentobarbital anesthesia to 
minimize suffering.

Female Lewis rats weighing approximately 200 g 
were used. To induce EAE, we immunized rats subcu-
taneously in both hind feet with 100 µl of inoculum 
containing guinea pig spinal cord homogenate emul-
sified in Freund’s complete adjuvant (CFA) containing 
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5.5 mg/ml Mycobacterium tuberculosis H37Ra (Difco, 
Detroit, Mi, USA). The control group received inocu-
lum containing CFA without spinal cord homogenate.

After immunization, the rats were provided with 
unrestricted access to food and water and were 
housed under environmentally controlled conditions. 
Body weight and neurological deficits were measured 
daily according to the following scale: 0 = no signs,  
1 = flaccid tail, 2 = impairment of fighting reflex and/
or loss of muscle tone in hind limbs, 3 = complete 
paralysis of hind limbs, 4 = paraplegia, and 5 = mori-
bund state/death [15,26].

Experimental groups and tissue 
processing

All experiments were performed during the acute 
phase of the disease at day 12 post immunization 
(d.p.i.). Six experimental groups of animals were 
defined: group I  (control), group II (EAE), group III 
(EAE + amantadine), group IV (EAE + memantine), 
group V (EAE + LY 367385), and group VI (EAE + 
MPEP). During the experiments the part of rats in 
each experimental group (n = 12) were monitored 
until day 25 after the initial injection inducing EAE 
or after drug administration.

Glutamate receptor antagonists were dissolved 
in PBS and administered via intraperitoneal injection 
to the EAE rats once daily for 7 consecutive days, 
from 5 d.p.i. to 11 d.p.i., according to the previous-
ly described procedure [33-35]. Amantadine (Sig-
ma-Aldrich, Steinheim, Germany) was administered 
at a dose of 100 mg/kg b.w./day, memantine (Sig-
ma-Aldrich, Steinheim, Germany) was administered 
at a dose of 60 mg/kg b.w./day, and LY 367385 (Toc-
ris, Bristol, UK) and MPEP (Tocris, Bristol, UK) were 
both administered at a dose of 10 mg/kg b.w./day.

At 12 d.p.i. (in the acute, symptomatic phase of 
the disease, when the neurological deficits were max-
imal), eight rats were sacrificed in each experimental 
group for real-time PCR analysis. The brains were rap-
idly removed, frozen in liquid nitrogen and stored at 
–70°C for further analysis (extraction of RNA).

Determination of mRNA levels of 
myelin proteins by real time-PCR

Total RNA was extracted from the brain cortex 
of all six groups of rats according to the method of 
Chomczyński [9] using TRI Reagent (Sigma, St. Louis, 
MO, USA). Reverse transcription of 2 µg of total RNA 

was performed in a final volume of 20 µl using ran-
dom primers and avian myeloblastosis virus (AMV) 
reverse transcriptase (Life Technologies, Forest City, 
CA, USA). The RT-PCR conditions were as follows: 
reverse transcription at 42ºC for 45 min and denatur-
ation at 94ºC for 30 s. For quantitative real-time PCR 
analysis, TaqMan technology was applied. Rat myelin 
protein-specific primers for MOG Rn 00575354_m1, 
PLP Rn00456892_m1, MBP Rn01399619_m1, MAG 
Rn02586362, CNPase Rn01399463_m1 and the cor-
responding probes were obtained from Life Technol-
ogies (Forest City, CA, USA). The mRNA expression 
levels of myelin proteins and actin were determined 
using the pre-validated TaqMan assay reagents 
(Applied Biosystems, Forest City, CA, USA). Real-time 
PCR was conducted on an ABI Prism 7500 system 
using 5 µl of RT product, TaqMan PCR Master Mix, 
primers, and a TaqMan probe in a  total volume of 
20 µl. The PCR cycle conditions were as follows: ini-
tial denaturation at 95°C for 10 min, 50 cycles of 
95°C for 15 s, and 60°C for 1 min. Each sample was 
analyzed in triplicate. The relative expression levels 
of the myelin protein mRNAs were calculated using 
a standard curve and normalized to actin.

Electron microscopic studies (TEM)

The analysis of ultrastructural changes in brain 
myelin was performed at 12 d.p.i. using five animals 
from each experimental group (control, EAE, EAE + 
amantadine, EAE + memantine, EAE + LY 368573, 
and EAE + MPEP). The animals were anaesthetized 
and perfused through the heart with fixative solu-
tion (2% paraformaldehyde, 2.5% glutaraldehyde, 
and 0.1 M cacodylate buffer, pH 7.4). After perfu-
sion, small specimens from the forebrain were fixed 
overnight in the same solution and then post-fixed 
in 1.5% OsO4 and 0.8% K4(FeCN)6 for 2 h. Then the 
material, after dehydration in ethanol and propylene 
oxide, was embedded in Spurr resin. Ultrathin sec-
tions were examined using a JEM 1200 Ex electron 
microscope.

Statistical analysis

The results are expressed as means ± SD from 3-8 
experiments as identified in the legends of respec-
tive figures. Statistical significance was assessed 
by one-way ANOVA. Dunnett’s multiple comparison 
test was used to identify the changes deemed to be 
significantly different from the control values.
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Results

The influence of glutamate receptor 
antagonists on the course of EAE

The modulatory effects of glutamate receptor 
antagonists (amantadine, memantine, LY 367385, 
and MPEP) on the course of EAE, changes in body 
mass, duration of the disease, and inductive phase 
of EAE (characteristic parameters of the disease) 
were investigated. All studies were performed during 
the acute phase of EAE at 12 d.p.i., while the neuro-
logical deficits were maximal. We observed a 30% 
loss of body mass in EAE rats compared to the con-
trol animals. In groups treated with amantadine or 
memantine the loss of body mass was lower. We 
observed about a 20% decrease relative to the con-

trol, and about a 10% increase compared to EAE rats 
in body weight (Fig. 1A). Neurological deficits during 
the course of EAE were classified daily according to 
a scale from 1+ to 5+ as described in the Mate rials 
and Methods section. After administration of either 
memantine or amantadine, we observed a reduction 
in duration of neurological deficits (Fig. 1B) and in 
the severity of the disease (lowering of the score) 
(Fig. 1C) compared with EAE rats. Paralysis of the 
tail and hind limbs, reduction of muscle tone and 
physical activity in experimental rats were exclu-
sively observed. The maximal cumulative index 
(maxCI) value reached 4.5+ in EAE rats, whereas in 
the amantadine- and memantine-treated groups it 
was 2.5+ (Fig. 1C). All rats in both of these groups 
exhibited improved physiological conditions relative 

Fig. 1. Scores of the neurological symptoms and characteristic disease parameters observed in the acute 
phase of EAE (at 12 d.p.i.) and after treatment with antagonists of glutamate receptors. Neurological signs 
were monitored in the part of rats in each experimental group (n = 12) until recovery of the control EAE 
group (at 25 d.p.i.). Doses of antagonist were as follows: amantadine 100 mg/kg b.w./day, memantine  
60 mg/kg b.w./day, LY 367385 10 mg/kg b.w./day and MPEP 10 mg/kg b.w./day. The antagonists were 
administered once daily for 7 consecutive days, starting from 5 d.p.i. to 11 d.p.i. The graphs indicate:  
A) body weight of animals; B) duration of the disease; C) maximal cumulative index (score); D) duration 
of inductive phase of the disease. Results were obtained from five to eight animals in each group and 
represent means ± SD. *p < 0.05, **p < 0.01 significantly different vs. control (healthy untreated rats).  
#p < 0.05 significantly different vs. EAE rats not subjected to therapy at 12 d.p.i. (one-way ANOVA followed 
by Dunnett’s multiple comparison post test).
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to the untreated EAE animals. The duration of the 
inductive phase of the disease (Fig. 1D) was length-
ened by 1-2 days, whereas the total disease duration  
(Fig. 1B) was reduced by 2-4 days, relative to the 
untreated EAE rats. We did not observe any neuro-
protective effects of LY 367385 or MPEP with respect 
to body mass, neurological deficits or duration of the 
disease. In these groups, all examined parameters 
were found to be statistically insignificant compared 
with the untreated EAE rats (Fig. 1A-D).

Analysis of the clinical parameters of the disease, 
as well as the effects of GluR antagonist administra-
tion on neurological deficits and the condition of the 
EAE rats during longer experiments (until 25 d.p.i.), 
are described and illustrated in detail in our previous 
papers [33-35].

Influence of drug administration on 
expression of mRNA of myelin proteins 
in EAE rats 

We investigated the mRNA levels of myelin-spe-
cific proteins: PLP and MBP (structural proteins); 
MOG and MAG (myelin glycoproteins); and the 
enzyme CNPase (a  myelin marker). The analysis 
of mRNA was conducted in the forebrains of rats 
obtained from all experimental groups (control, 
EAE, and EAE treated with antagonists of glutamate 
receptors) by real-time PCR. 

In the EAE rats, at the peak of the disease, we 
observed significantly lower levels of PLP and MBP 
mRNA, which reached about 70% and 60% of control 
values, respectively (Fig. 2A-B). In the groups treat-
ed with amantadine or memantine, the PLP mRNA 
level was found to be similar to that observed in the 
untreated EAE rats. Administration of LY 367385 (the 
mGluR1 antagonist) and MPEP (the mGluR5 antag-
onist) resulted in a  further decrease of PLP mRNA,  
to 90% of the control value, and to 50% of the val-
ue observed in the untreated EAE rats (Fig. 2A).  
The level of MBP mRNA was about 40% lower than 
that of the control but about 40% higher than that 
of the EAE rats in all groups treated with GluR antag-
onists (amantadine, memantine, LY 367385, and 
MPEP) (Fig. 2B).

The analysis of expression of MOG and MAG 
mRNAs in EAE animals indicated a 60% and a 70% 
decrease, respectively, relative to the control value 
(Fig. 2C, 2D). In groups treated with amantadine or 
memantine, the mRNA level of MOG was found to 
be similar to that of the untreated EAE rats, but in 

the LY 367385- or MPEP-treated rats the mRNA level 
increased to about 50% of that of the untreated EAE 
animals (Fig. 2C). An increased level of MAG mRNA 
was also observed in all treated groups (Fig. 2D). 
After administration of amantadine or memantine 
the level of MAG mRNA was found to be 20% higher, 
whereas in LY 367385- and MPEP-treated groups the 
MAG mRNA level was found to decrease by about 
50-60% of the MAG mRNA level of the untreated EAE 
rats (Fig. 2D). Our studies also revealed changes in 
the level of CNPase mRNA in all experimental groups 
compared with control animals. We observed a sta-
tistically significant decrease in the CNPase mRNA 
level, which reached 60-70% of the control value. 
Administration of all tested GluR antagonists result-
ed in a decrease in CNPase mRNA expression by 30% 
relative to the level of CNPase mRNA expression in 
untreated EAE rats (Fig. 2E).

Electron microscopic analysis

TEM analysis was performed in forebrain speci-
mens obtained from rat brains during the acute phase 
of EAE at 12 d.p.i. In control rats, the myelin exhib-
ited normal lamellar ultrastructure characterized by 
ordered layers closely adhering to each other (Fig. 3A). 
In large areas of untreated EAE rat brains (Fig. 3B), as 
in brains of rats from all experimental groups treat-
ed with the GluR antagonists amantadine (Fig. 3C), 
memantine (Fig. 3D), LY 367385 (Fig. 3E), and MPEP 
(Fig. 3F), we observed visible changes in the myelin 
membranes. The characteristic compact myelin 
structure was essentially completely destroyed. Mul-
tilayered membranes of myelin sheaths were irreg-
ular and loosely arranged. Administration of GluR 
antagonists did not provide protective effects on the 
ultrastructure of myelin relative to the untreated EAE 
rats (Fig. 3B-F).

Discussion

Recent studies have demonstrated that glutamate 
excitotoxicity is an important mechanism which is 
related to tissue injury in MS lesions [3,6,22,38]. Any 
imbalance in glutamate homeostasis in MS, either by 
increased production, reduced transport or impaired 
metabolism, is likely to affect oligodendrocytes [38] 
and cells producing myelin sheaths that support elec-
trical conduction in the CNS [25].

The present study investigates whether admin-
istration of glutamate receptor antagonists to EAE 
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Fig. 2. Expression of mRNA of myelin proteins in the forebrains of control, EAE rats, and EAE rats after 
treatment with antagonists of glutamatergic receptors: amantadine, memantine, LY 367385, and MPEP) 
in the acute phase of the disease (at 12 d.p.i.). The mRNA levels of A) PLP, B) MBP, C) MOG, D) MAG, and 
E) CNPase were determined by quantitative real time-PCR (see Material and methods) and normalized 
against actin. Graphs indicate the results expressed as arbitrary units from four independent experiments, 
each performed using distinct brain samples. The values represent the means ± SD, *p < 0.05, **p < 0.01, 
significantly different vs. control rats. #p < 0.05, ##p < 0.01, significantly different vs. EAE rats not subjected 
to therapy (one-way ANOVA followed by Dunnett’s multiple comparison post-test).
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rats may exert an effect on the development of 
neurological symptoms during EAE or improve the 
quality of myelin membranes at the biochemical 
level and the ultrastructural level. We tested two 
antagonists of NMDA receptors (amantadine and 
memantine), an antagonist of mGluR1 (LY 367384) 
and an antagonist of mGluR5 (MPEP) during the 
acute phase of EAE.

Reduction in the strength of neurological symp-
toms of EAE was observed only in animals treat-
ed with the NMDAR antagonists. Administration 
of either amantadine or memantine resulted in 
a  reduction of both severity and duration of the 
neurological deficits. The duration of the inductive 
phase of the disease and the length of the disease 
were reduced by 2 and 4 days, respectively, relative 
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to the untreated EAE rats. Rats treated with amanta-
dine and memantine also generally retained better 
physiological conditions relative to the untreated 
EAE animals. Administration of LY 367385 or MPEP 
did not result in any improvement of the neurologi-
cal parameters of EAE animals.

Glutamatergic NMDA receptors play a  vital role 
in maintaining normal synaptic transmission [6,21]. 

Specific prevention of the pathological activation of 
NMDA receptors with drugs such as memantine or 
amantadine reduces undesirable activity and there-
by improves the neurological conditions of EAE rats. 
Amantadine and memantine have been previously 
found to be effective in different models of exci-
totoxic damage in both in vivo and in vitro experi-
ments [1,28,36,37].

Fig. 3. Representative electron micrographs of myelin in forebrain specimens obtained from control and 
EAE rats untreated or treated with antagonists of the glutamatergic receptors amantadine, memantine,  
LY 367385, and MPEP) in the acute phase of EAE (at 12 d.p.i.). A) Control rats, B) EAE rats, C) EAE + aman-
tadine, D) EAE + memantine, E) EAE + LY 367385 and F) EAE + MPEP. Asterisks mark disintegrated lamellar 
structure of myelin membranes.
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It was also of interest to determine wheth-
er administration of GluR antagonists to EAE rats 
would simultaneously improve animals’ condition 
and have a  positive effect on the destroyed brain 
myelin. Myelin is a multilayered stack of thick mem-
branes with alternating electron-dense and elec-
tron-light layers (the major dense line and the intra-
period line, respectively). These layers can be seen 
by electron microscopy [14]. We observed these lay-
ers in electron micrographs of control rat brain tis-
sue (Fig. 3A). This membrane is formed as an exten-
sion of the plasma membrane of oligodendrocytes 
in the CNS and provides the insulation required to 
facilitate rapid signal transmission between neu-
rons [4]. Numerous electron microscopy studies have 
demonstrated degeneration of myelin sheaths in 
MS and EAE models [18,20,22]. Our observations of 
disturbed myelin ultrastructure are consistent with 
observations in these previous studies. In contrast 
to our expectations, none of the applied glutamate 
receptor antagonists were found to exert a protec-
tive effect on the myelin ultrastructure. Characteris-
tics of myelin damage were similar in all of the treat-
ment groups. We also observed focal detachment of 
the myelin lamellae and increased volumes of cyto-
plasm in the regions of mature compacted myelin.

Subsequently we investigated whether the antag-
onists of glutamate receptors (NMDA and mGluRs) 
may exert an effect on biochemical parameters of 
myelin during the acute phase of EAE. We analyz- 
ed the expression of all primary proteins, which 
include proteolipid protein, myelin basic protein, 
2′,3′-cyclic nucleotide-3′-phosphohydrolase, myelin- 
associated glycoprotein, and myelin/oligodendro-
cyte glycoprotein. The results indicate that the 
expression of myelin proteins in all experimental 
groups is altered. The level of mRNA of each of the 
tested proteins was found to be reduced in EAE rats 
compared to the controls. However, treatment with 
the glutamate receptor antagonists was found to 
alter expression levels of the mRNAs. We observed 
an increase in the level of MBP mRNA in all of the 
therapeutic groups. These increases were in the 
range of 30%-50% relative to the untreated EAE 
rats. MBP is a major protein of CNS myelin, consti-
tuting as much as 30% of total protein and playing 
a pivotal role in myelin compaction. It also stabiliz-
es the major dense line to facilitate the adhesion of 
the membrane layers [4,31]. Conversely, we did not 
observe increased levels of PLP mRNA after admin-

istration of glutamate receptor antagonists. PLP is 
another major myelin constituent (about 50% of 
myelin proteins) whose role is to maintain sepa-
ration between the layers of myelin membranes. 
Possibly as a  result of its key role in maintaining 
myelin structure, the improvement was not visible in 
TEM, although the expression of MBP was found to 
increase simultaneously. Furthermore, we analyzed 
expression of 2′,3′-cyclic nucleotide-3′-phosphohy-
drolase (CNPase), an enzyme specifically expressed 
in myelin and located in oligodendrocytes, mainly 
around the nucleus and in the paranodal loops [31]. 
CNPase may have an additional enzymatic func-
tion unrelated to its hydrolase activity, for which no 
physiological substrate has been found. The protein 
exists in two splice variants and constitutes 3-4% of 
total myelin protein. In the case of CNPase mRNA 
level we did not observe protective efficacy of tested 
GluR antagonists. Administration of both NMDARs 
and mGluR antagonists caused a decrease in CNPase 
mRNA expression by about 30% relative to EAE rats. 

Interestingly, mRNA expression levels of the gly-
coproteins MAG and MOG were found to be altered. 
MAG is a large (approximately 100 kDa) protein and 
is quantitatively a  minor constituent, representing 
only 1% of the total myelin protein. This protein is 
located at the inner surface of the myelin sheath 
opposing the axon surface [16]. MOG is a transmem-
brane glycoprotein which constitutes 0.01-0.05% of 
total myelin proteins [4] and is located on the out-
er surface of the membrane of oligodendrocytes. 
This protein is widely used to induce EAE [30]. We 
observed that glutamate receptor antagonists mod-
ify the expression of both of these myelin glycopro-
teins. After treatment with amantadine or meman-
tine, MOG mRNA levels were found to be similar to 
the levels expressed in EAE rats, whereas LY 367385 
and MPEP resulted in increased expression of MOG 
mRNA relative to EAE rats. The levels of MAG mRNA 
were found to increase in all groups of animals 
treated with GluR antagonists. Although oligoden-
drocytes possess both NMDAR and mGluR classes of 
glutamatergic receptors [11,24], exclusively group I 
(mGluR G I) was shown to play an important role in 
regulation of MOG mRNA expression. 

The results of our experiments confirm the 
involvement of glutamate in the pathology of EAE. 
Not all neurological symptoms and biochemical 
changes in the expression of basic myelin proteins 
were abolished, but some of the tested parameters 
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showed statistically significant improvements after 
administration of glutamate receptor antagonists. 
Our previous studies demonstrated that glutamate 
excitotoxicity is one of the pathomechanisms impli-
cated in the acute phase of EAE. Treatment of EAE rats 
with antagonists of both group I mGluRs (LY 367385 
and MPEP) and NMDARs (amantadine and meman-
tine) was found to modulate the expression of mRNA 
and proteins for both types of glutamate receptors, 
to decrease the expression of proinflammatory cyto-
kines, to modulate glutamate transport (uptake and 
release) in nerve endings, and to reduce the levels  
of mRNA of glutamate transporters (EAATs) [34,35]. 
The present study indicates that glutamate excito-
toxicity is a crucial factor involved in the process of 
myelin destruction during EAE. This effect is a sepa-
rate and distinct effect from neuroinflammation.

Conclusions

Antagonists of NMDARs exert a  neuroprotec-
tive effect and inhibit neurological deficits in EAE 
rats. Both amantadine and memantine reduce the 
severity of neurological deficits, maximal score, and 
duration of disease. A  neuroprotective effect was 
not observed after administration of group I mGluR 
antagonists (LY 367385 and MPEP). Neither the gen-
eral condition of EAE rats nor the neurological defi-
cits were improved. 

Ultrastructural studies showed that in EAE rats 
the characteristic multilamellar structure of myelin 
is destroyed. We did not observe protective effects 
on the morphology of myelin membranes after 
administration of GluR antagonists. At the peak 
of the disease we observed a  significant decrease 
in mRNA levels for each of the investigated myelin 
proteins (PLP, MBP, MOG, MAG, and CNPase) in EAE 
rats relative to the controls. The mRNA expression 
was found to be modified in EAE rats treated with 
the GluR antagonists. After treatment with each of 
the GluR antagonists, the expression levels of MBP 
mRNA and MAG mRNA were found to increase sig-
nificantly, whereas the expression levels of CNPase 
mRNA were found to decrease relative to untreat-
ed EAE animals. After amantadine or memantine 
administration PLP mRNA and MAG mRNA expres-
sion levels were unchanged compared with untreat-
ed EAE rats. Administration of mGluR G I  antago-
nists (LY 367385 and MPEP) was found to increase 
the mRNA expression levels of MAG glycoprotein, 
whereas the expression levels of PLP mRNA were 

found to decrease relative to the untreated EAE rats. 
Changes in mRNA expression of myelin proteins 
which are subsequently altered by administration of 
GluR antagonists may indicate participation of glu-
tamate-mediated excitotoxicity in myelin degrada-
tion during the acute phase of EAE.
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A b s t r a c t 

Introduction: This study assessed the collateral sprouting in avulsion of the ventral branches of the C5 and C6 spinal 
nerves treated by coaptation of these nerves to the C7 spinal nerve on the brachial plexus of rabbits.
Material and methods: Thirty-six New Zealand rabbits were randomly divided into four groups: end-to-side coap-
tation (ESN) (n = 12), side-to-side coaptation (SSN) (n = 12), direct neurorrhaphy (end-to-end) (EEN) (n = 6) and no 
coaptation (n = 6). The operations were performed on the left brachial plexus. The contralateral, non-operated right 
brachial plexi were used as the control group. The groups were compared using morphological, electrophysiological 
and behavioral methods. The follow-up duration was 20 weeks.
Results: Significant differences were observed in all parameters when the experimental groups were compared with 
the control group and the no coaptation group. The histology of axonal regeneration after ESN, but not after SSN, was 
comparable to that after EEN. There were no significant differences in the electrophysiological, behavioral assessment 
or G-ratio parameters between the ESN and EEN groups. There were significant differences in the behavioral assess-
ment, G-ratio and the histomorphometric parameters between the SSN and EEN groups, which disagreed with the 
electrophysiological results. Sensory axon collateral sprouting was more rapid than motor axon collateral sprouting.
Conclusions: The electrophysiological, histomorphometric and behavioral results obtained using end-to-side coapta-
tion of ventral branches of the C5 and C6 spinal nerves to the C7 spinal nerve in the brachial plexi of rabbits confirm 
the occurrence of collateral sprouting at this level. After further research is performed to confirm the results of this 
study, end-to-side coaptation might emerge as an alternative method in the treatment of brachial plexus avulsion.
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Introduction

The most commonly injured sites in the brachial 
plexus include the ventral branches of the C5 and 
C6 spinal nerves and the upper trunk [9,41]. Indeed, 
most brachial plexus lesions are observed in the 
supraclavicular area rather than the infraclavicular 
area. Of these supraclavicular injuries, brachial plex-
us avulsions are present in 75% of cases [41].

This type of damage cannot be repaired by clas-
sical methods, such as “end-to-end” suture with the 
use of autogenous nerve grafts. Currently, a neuroti-
zation procedure is performed [9], in which the inter-
costal nerve [16], accessory nerve [2], branches of the 
ipsilateral cervical plexus [11,46], phrenic nerve [26], 
contralateral C7 [14,26] nerve, selective ulnar nerve 
to the musculocutaneous nerve [36] and hypoglossal 
nerve [42] may be used as donor nerves. In such cas-
es, the distal stump of the damaged nerve is sutured 
to the proximal stump of the donor nerve by direct 
neurorrhaphy (end-to-end). Unfortunately, donor 
function is lost when this procedure is performed.

A potential alternative procedure is nerve coap-
tation, in which the distal stump of the transect-
ed nerve is sutured to an undamaged donor nerve 
via end-to-side coaptation. Efficacy of sensory and 
motor collateral sprouting after end-to-side coapta-
tion has been confirmed by retrograde double label-
ing [10,35,37,47,58,59].

Studies have shown that coaptation is more 
effective when motor axons are coapted to other 
motor axons [48], when sensory axons are coapted 
to other sensory axons [33] or when the donor and 
recipient axons are derived from an identical region 
of the spinal cord. The results are difficult to predict 
when mixed nerves are used as donors [29,30,43].

Most previous studies of experimental coapta-
tion have been performed on rats, and these studies 
have involved the use of long branches of the brachi-
al [47] and lumbar plexus of the peripheral nervous 
system [34]. The tibial nerve is most often coapted 
to the peroneal or sural nerve [18], and the ulnar 
nerve is most frequently coapted to the musculocu-
taneous nerve [47].

In the rabbit brachial plexus, the ventral branches 
of the C5 and C6 spinal nerves form the caudal trunk, 
which creates the suprascapular nerve. The exclusive 
innervation of the supraspinatus and infraspinatus 
muscles by the suprascapular nerve and the easy 
access to these muscles and dermatomes in rab-

bits might indicate that these animals are a reliable 
model to use for studying the functions of the C5-C6 
spinal nerves. Such innervations provide us with an 
opportunity to evaluate the recovery of nerve func-
tion after coaptation in high brachial plexus injuries.

Due to recent encouraging results coupled with 
the overall lack of experimental studies examining 
injuries to the ventral branches of the spinal nerves 
and brachial plexus trunks, we aimed to evaluate 
and confirm the treatment efficacies of end-to-side 
and side-to-side coaptation of the ventral branches 
of the C5 and C6 spinal nerves to the C7 spinal nerve 
in brachial plexus avulsion using an experimental 
rabbit model.

Material and methods
Experimental model

The experiments were approved by the Second 
Local Ethics Committee for Animals of the University 
of Life Sciences in Wroclaw. All rabbits (22 weeks old 
with an average weight of 3.6 kg) were treated using 
the same anesthesia protocol. Premedication was 
performed using medetomidine (Cepetor) at a dose 
of 150 µg/kg body weight, butorphanol (Torbugesic) 
at a dose of 0.2 mg/kg body weight and ketamine 
(Bioketan) at a dose of 35 mg/kg body weight. Gen-
eral anesthesia was performed with propofol, which 
was administered continuously at a dose of 0.1 mg/
kg/min. The analgesic effect was supported by fen-
tanyl at a  dose of 2-3 µg/kg. After the procedure, 
buprenorphine (Vetergesic) was used at a  dose of  
20 µg/kg i.m. every 8 h. The animals were admin-
istered meloxicam (Metacam) at 0.2 mg/kg body 
weight for two days after surgery. They were operat-
ed on in the lateral position, and the mean duration 
of surgery was approximately 26 min. 

Adequate care was taken to minimize pain and 
discomfort during and after the operations. The fol-
low-up duration was 20 weeks.

Experimental design

A total of 36 New Zealand rabbits were randomly 
divided into the following four groups: end-to-side 
coaptation (ESN) (n = 12), side-to-side coaptation 
(SSN) (n = 12), direct neurorrhaphy (end-to-end) 
(EEN) (n = 6) and no coaptation (n = 6). The oper-
ations were performed on the left brachial plexus.  
The contralateral, non-operated right brachial plexi of 
the rabbits were used as the control group. The groups 
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were compared using morphological, electrophysio-
logical and behavioral methods. The follow-up dura-
tion was 20 weeks.

Surgical procedure 

The experimental procedures were performed 
on the left brachial plexus using a  lateral approach  
(Fig. 1). All of the collateral branches of the C5, C6/
caudal truncus and C7 spinal nerves were transected. 

The ventral branches of the C5 and C6 nerves 
were avulsed, and then the distal stumps were 
incised. An epineural window was created on the 
cranial side of the C7 spinal nerve for coaptation. 
For side-to-side coaptation, supplemental epineu-
ral windows were created on the caudal sides of 
the C5 and C6 spinal nerves. End-to-side or side-to-
side neurorrhaphy was then performed between the 

distal stumps of these nerves and the windows by 
placing two stitches (Ethilon 10-0) in the C7 spinal 
nerve. To perform direct neurorrhaphy (end-to-end), 
we sutured two stitches (Ethilon 10-0). In the group 
without coaptation, we resected 2 cm of the C5 and 
C6 spinal nerves, and the distal stump was inserted 
into soft tissue. Then, the skin was sutured with 4-0 
sutures. After 20 weeks, the left and right brachial 
plexi were exposed to obtain sample nerves. The ani-
mals were euthanized by pentobarbital intravenous 
injection (Morbital). 

Electrophysiological analysis

The animals were anesthetized by intramuscular 
injections of medetomidine (dose: 0.5 mg/kg), butor-
phanol (0.1 mg/kg) and ketamine (25 mg/kg) for elec-
tromyographic examination.

Fig. 1. Intraoperative image and schematic illustration of the surgical picture in each group. A) Schematic 
illustration showing the macroscopic structure of the rabbit’s right brachial plexus. C5 – ventral branch of 
the C5 spinal nerve, C6 – ventral branch of the C6 spinal nerve, C7 – ventral branch of the C7 spinal nerve,  
C8 – ventral branch of the C8 spinal nerve, Th1 – ventral branch of the Th1 spinal nerve. B) Schematic illustra-
tion of end-to-side coaptation of C5 and C6 to C7. C) Schematic illustration of side-to-side coaptation of C5 
and C6 to C7. D) Surgical photograph. Macroscopic structure of the rabbit’s right brachial plexus. C5, C6, C7, 
C8, Th1 – ventral branches of the spinal nerves: C5-Th1, 1 – connection branches, 2 – cranial trunk, 3 – caudal 
trunk. E) Surgical photograph. End-to-side coaptation of C5 and C6 to C7. Neurorrhaphy by the epineural 
window. F) Surgical photograph. Side-to-side coaptation of C5 and C6 to C7. Neurorrhaphy by the epineural 
window joining the lateral part of C5 and C6 with the medial part of C7. X – position of nerve sample. 
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This examination was performed after 20 weeks 
at an ambient temperature of 22°C using Nicolet 
Viking Quest portable electrodiagnostic equipment, 
version 11.0 (Nicolet Biomedical, Madison, WI, USA). 
A  standard electromyographic concentric needle 
electrode (used as an active and recording electrode) 
and a subdermal monopolar ground electrode were 
used in this study. Electromyography (EMG) was 
performed by intramuscular insertions of the elec-
trodes into the following muscles: the supraspina-
tus (innervated by the suprascapular nerve, C5-C6), 
the infraspinatus (innervated by the suprascapular 
nerve, C5-C6), the subscapularis (innervated by the 
subscapular nerve, C6-C8), and the biceps brachii 
(innervated by the musculocutaneous nerve, C5-C7). 
During EMG, insertional activity was assessed. 
Pathological discharge, if present, was recorded  
and evaluated to determine the type, frequency, 
duration and amplitude according to a  semi-quan-
titative numerical scale modified by Kimura [31]  
(Table I). Higher values indicated a lower degree of 
muscle innervation.

Histomorphometric analysis  
of sampled nerves

The nerve specimens were immersion-fixed in 
2.5% glutaraldehyde for 12 h at 4°C and were then 
washed with cacodylate buffer (Serva, Heidelberg, 
Germany). Next, the specimens were post-fixed for 
1 h in 1% osmium tetroxide (dissolved in cacodylate 
buffer), washed with cacodylate buffer, dehydrated 
in alcohol and embedded in Epon (Chempur, Piekary 
Slaskie, Poland). A  Power Tome XL (RMC Products, 
Tucson, AZ, USA) was used to cut the fixed nerve 
specimens into 0.6-µm-thick sections, which were 
stained with toluidine blue (Serva) and mounted 
using Euparal (Roth, Mannheim, Germany).

The stained nerve cross sections were analyzed 
under a  BX41 light microscope equipped with the 
CellD computer-assisted image analysis program 
(Olympus, Tokyo, Japan). For analysis, photomicro-
graphs at ×630 magnification were obtained manu-
ally without overlap of the microscopic fields. In each 
nerve cross section, the minimal diameters of the 
axons and nerve fibers (axon and adjacent myelin) 
were measured. Only circular-shaped fibers were 
measured, which allowed for calculation of the myelin 
sheath thicknesses of the nerve fibers using the fol-
lowing formula: myelin sheath thickness = nerve fiber 
diameter – axon diameter. The degree of myelination 
was evaluated using the G-ratio (the ratio of the min-
imal diameters of the axon and fiber) [45]. Addition-
ally, the myelin sheath and myelinated fiber densities 
were determined. At least 200 nerve fibers were ana-
lyzed per animal. The materials used for histological 
examination were collected at identical heights of  
2 cm per anastomosis in the experimental groups and 
4 cm from the spinal canal in the control group.

Skin pinch test

The skin pinch test was performed to determine 
the return of sensory capacity by examining nocicep-
tion [33]. The skin of the animals was gently pinched 
with forceps (in 3-mm intervals) until the first signs 
of discomfort were noticed, including lifting of the 
limbs, turning of the head or trembling of the skin. 
The healthy limb and the limb with nerve coaptation 
were examined to record a normal reaction to stim-
ulation. We focused on the dermatomes innervated 
by nerves derived from C5, C6, and C7. This test was 
performed at 1 day after surgery and at 4, 8, 12, 16, 
and 20 weeks after surgery. For this study, we used 
the following 4-point grading scale: 0 – no response; 
1 – mild response, the animal presents a very weak 
reaction; 2 – moderate response, the animal shows 
a reaction in response to stimuli; and 3 – the animal 
exhibits a significant response to stimuli.

Nerve pinch test

To assess the statuses of nociceptive axons, the 
nerve pinch test was performed [33,37]. This test 
was conducted before euthanasia, when the ani-
mals were lightly anesthetized. The EEN, ESN, and 
SSN sites were carefully dissected from nearby tis-
sue. A  series of pinches were then delivered to the 
recipient caudal trunk/suprascapular nerve with fine-

Table I. A  modified semi-quantitative numerical 
scale for the electromyographic evaluation of the 
degree of muscle denervation

0 No pathological potentials

1 Very rare denervation potentials

2 Sporadic pathological activity, recorded in two or more 
places

3 Frequent pathological activity, recorded regardless  
of the position of the needle electrode

4 Abundant pathological activity, recorded regardless 
of the position of the needle electrode
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tipped forceps, proceeding in millimeter increments 
in the distal-to-proximal direction. The area of the 
suprascapular nerve stump at which a  pinch first 
elicited the animal’s reflexive withdrawal response 
(a positive pinch test) was recorded, and its distance 
from the site of the end-to-side or side-to-side coap-
tation was measured. The pinching of the recipient 
caudal trunk/suprascapular nerve stump was always 
stopped at least 15 mm distal from the site of coap-
tation, thus preserving the remainder of the caudal 
trunk/suprascapular nerve for use as a histopatho-
logical sample.

Modified grooming test 

A  test for assessing the muscle power of rat 
forelimbs [34], conducted to ascertain whether 
and when a  reconnected nerve became functional, 
was adopted for use in rabbits. The test consisted 
of spraying water over the animal’s face to provoke 
grooming movements of the forepaws toward the 
head. During normal grooming, the animals raise 
both forelimbs, lick them and reach behind the ears. 
The grooming response was graded from 0 to 5 as 
follows: 0 – no response; 1 – flexion at the elbow, not 
reaching the snout; 2 – flexion reaching the snout;  
3 – flexion reaching below the eyes; 4 – flexion 
reaching the eyes; and 5 – flexion reaching the ears 
and beyond. The animals were tested at 4, 8, 12, 16, 
and 20 weeks following surgery.

Statistical analysis

The data were analyzed using Prism statistical 
software, version 5.0 (GraphPad, La Jolla, CA, USA). 
Student’s t-test for independent samples was per-
formed to compare the significance of the chang-
es between the groups. The Mann-Whitney U test 
was used for non-parametric values. The distribu-
tion of the data was tested by the Shapiro-Wilk 
test. Dissimilarities between the groups were 
examined using the non-parametric Kruskal-Wal-
lis test with Dunn’s post hoc analysis. Differences 
were considered significant at a p < 0.05 for Stu-
dent’s t-test and at p < 0.01 for the Mann-Whitney 
U test.

Results
Electromyographic analysis 

Electromyographic examination revealed the pres-
ence of denervation potentials in the ESN, SSN, and 

EEN groups (A – experimental groups) and in the no 
coaptation group (B) and did not reveal any patholog-
ical myoelectric activity in the control group (C).

Most of the changes in the ESN group were found 
in the infraspinatus muscle, with a  mean value of 
2.08 ± 0.64, followed by the supraspinatus (1.54 ± 
0.78), biceps (1.54 ± 0.78) and subscapularis muscles 
(1.38 ± 0.77). The results were dominated by changes 
in grades 1 and 2 denervation, as graded using the 
Kimura scale. 

The predominantly affected muscles in SSN neu-
rorrhaphy were the biceps brachii (1.86 ± 0.77) and 
infraspinatus (1.86 ± 0.66) muscles, followed by the 
subscapularis (1.71 ± 0.83) and supraspinatus (1.57 
± 0.65) muscles. In most cases, the predominant 
changes were grades 1 and 2. 

In the EEN group, pathological changes were dis-
covered in the supraspinatus (1.67 ± 1.53), biceps 
brachii (1.0 ± 1.0), infraspinatus (1.67 ± 1.53) and 
subscapularis muscles (1.67 ± 0.58). 

In the B group (no coaptation), the supraspinatus 
(3.33 ± 0.58), biceps brachii (3.33 ± 0.58), and infra-
spinatus (3.33 ± 0.58) muscles demonstrated the 
highest degrees of denervation. Minor changes were 
also found in the subscapularis muscles (median val-
ue of 1.33 ± 1.15). 

The statistical analysis results for each group are 
presented in Table II.

Histomorphometric analysis 

The numbers of myelinated axons were markedly 
reduced in the EEN, ESN and SSN groups compared 
with that in the C group; however, the numbers of 
myelinated axons were increased in the EEN, ESN 
and SSN groups compared with that in the B group. 
The largest axon diameters and myelin sheaths were 
observed in group C, followed by the EEN, SSN, and 
ESN groups. The ESN group had a  higher G-ratio 
compared with the SSN group (Table III). The study 
groups showed statistically significant differences 
(MW < 0.001, p < 0.01) in the following additional 
parameters: axon diameter, fiber diameter, myelin 
sheath thickness and the G-ratio, with the exception 
of the G-ratio in the EEN group compared with that 
in the ESN group (MW = 0.014, p < 0.01), the G-ratio 
in the ESN group compared with that in the C group 
(MW = 0.2368, p < 0.01), and the G-ratio in the EEN 
group compared with that in the C group (MW = 
0.016, p < 0.01).
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In all of the groups, the axons within the nerves 
were grouped into fascicles surrounded by perineural 
connective tissue (Fig. 2). The small- and large-diam-
eter myelinated axons were evenly distributed in the 
nerves in the EEN and C groups. Smaller and closely 
packed myelinated axons were found in both the ESN 
and SSN groups. The distribution of myelinated axons 
in the ESN group was more similar to that in the EEN 
group than to that in the SSN group (Fig. 3). The 
differences in myelin sheath thickness were great-
er between the SSN and EEN groups than between 
the ESN and EEN groups. The frequency distribution 
of myelin sheath diameter revealed the presence of 
larger numbers of very small axons in both the EEN 
and ESN groups compared with the C group (Fig. 4). 

Regression analysis revealed that the extent of 
axon remyelination was more advanced after EEN 
than after ESN or SSN. The myelin was thicker, and 
there was less individual scatter around the regres-
sion line, resulting in a decreased correlation coeffi-
cient and a decreased slope of the regression line of 
best fit (Fig. 5). Regression analysis showed a decrease 
in the myelin thickness of large-diameter fiber axons. 
This decrease was reflected by a slight decrease in the 
slope of the regression line of best fit (Fig. 6). 

Skin pinch test

The spatial pattern of sensitivity recovery was 
identical in all of the groups; however, the recovery 

Table II. Electromyographic comparison among all the groups and the results of the reinnervation of the 
muscles. C group – control group, EEN – direct neurorrhaphy (end-to-end) group, ESN – end-to-side coapta-
tion group, SSN – side-to-side coaptation group, B group – no coaptation

Supraspinatus muscle 
(C5-C6)

Infraspinatus muscle 
(C5-C6)

Subscapularis muscle 
(C6-C8)

Biceps brachii muscle 
(C5-C7)

ESN vs. EEN* 0.831241 0.451858 0.563226 0.318075

ESN vs. B* 0.002236 0.167138 0.924903 0.002236

ESN vs. C** p < 0.001 p < 0.001 p < 0.001 p < 0.001

ESN vs. SSN* 0.905222 0.390024 0.29391 0.29479

SSN vs. EEN* 0.857655 0.723947 0.926405 0.11482

SSN vs. B* 0.000578 0.070006 0.504925 0.007256

SSN vs. C** p < 0.001 p < 0.001 p < 0.001 p < 0.001

EEN vs. B* 0.151835 0.348641 0.677869 0.024896

EEN vs. C** 0.085 0.085 0.009 0.085

B vs. C** p < 0.001 p < 0.001 p < 0.085 p < 0.001

*Student’s t-test
**Mann-Whitney U test

Table III. Values of the following parameters in the experimental groups: nerve area (mm2), nerve diameter 
(mm), number of axons, myelin fiber density (fiber/mm2), minimal diameter of myelin fibers (µm), minimal 
axon diameter (µm), myelin area (µm2), G-ratio axon/fiber diameter – axon diameter fiber. C group – control 
group, EEN – direct neurorrhaphy (end-to-end) group, ESN – end-to-side coaptation group, SSN – side-to-
side coaptation group, B group – no coaptation

ESN SSN EEN B C

Number of axons/myelin fiber density 
(fiber/mm2)

170.14 ± 3.71 130.32 ± 4.6 209.96 ± 3.6 23.85 ± 1.6 362.14 ± 2.83

Myelin sheath (µm) 1.325 ± 0.58 1.552 ± 0.72 1.993 ± 0.50 1.390 ± 0.49 2.267 ± 0.53

G-ratio axon/fiber diameter 0.6589 ± 0.08 0.6318 ± 0.09 0.6399 ± 0.008 0.552 ± 0.10 0.6559 ± 0.08

Axon diameter (µm) 5.531 ± 3.10 5.761 ± 3.501 7.630 ± 3.173 3.591 ± 1.56 9.049 ± 2.86

Fiber diameter (µm) 8.180 ± 4.033 8.864 ± 4.613 11.62 ± 3.65 6.371 ± 2.12 13.58 ± 3.19
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Fig. 2. Microscopic image of the sampled nerves 
(magnification x 630). Toluidine blue staining.  
A) C group (control group). B) Direct neurorrha-
phy (end-to-end) (EEN) group. C) End-to-side 
coaptation (ESN) group. D) Side-to-side coapta-
tion (SSN) group. E) B group (no coaptation).

time and end results were different. Significant dif-
ferences in these parameters were found between 
the ESN and control groups (t < 0.01, p < 0.05), 
whereas no significant difference was observed 
between the ESN and EEN groups (t = 0.20, p > 0.05). 
In addition, significant differences in these parame-
ters were observed between the SSN group and both 
the EEN (t = 0.01, p < 0.05) and C groups (t < 0.01, 

p < 0.05) (Table IV). Sensation returned much faster 
in the group in which innervation of C6-C7, rather 
than of C5-C6, was performed. The greatest changes 
occurred at 12 weeks. 

Nerve pinch test 

The nerve pinch test of the caudal trunk/supras-
capular muscle showed positive results in all of the 
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Fig. 3. Frequency distribution of the axon (µm). 
A) C group (control group). B) Direct neurorrha-
phy (end-to-end) (EEN) group. C) End-to-side 
coaptation (ESN) group. D) Side-to-side coapta-
tion (SSN) group. E) B group (no coaptation).

rabbits in group C, in all except for 1 rabbit in the EEN 
group, in all except for 1 rabbit in the ESN group, and 
in 4 rabbits in the SSN group, and negative results 
were obtained in all of the animals in the B group. 
There were no significant differences between the 
ESN and C groups (t = 0.08, p < 0.05) or between 
the ESN and EEN groups (t = 0.62, p < 0.05); howev-
er, the results after ESN were more similar to those 
after EEN. 

Grooming test

The movement of the forepaw toward the head after 
water spraying was analyzed, and the results indicated 
that there were no significant differences between the 
ESN and EEN groups (t = 0.12, p < 0.05) in contrast with 
the significant differences observed between the ESN 
and C groups (t < 0.01, p < 0.05). Statistical analysis also 
revealed significant differences between the SSN and 



335Folia Neuropathologica 2015; 53/4

End-to-side nerve coaptation in C5-C6 avulsion

400

300

200

100

0

800

600

400

200

0

150

100

50

0

100

80

60

40

20

0

500

400

300

200

100

0

 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Myelin sheath (µm)

 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Myelin sheath (µm)

 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Myelin sheath (µm)

 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Myelin sheath (µm)

 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Myelin sheath (µm)

N
um

be
r

N
um

be
r

N
um

be
r

N
um

be
r

N
um

be
r

A

C

E

B

D

Fig. 4. Frequency distribution of the myelin 
sheath (µm). A) C group (control group).  
B) Direct neurorrhaphy (end-to-end) (EEN) group. 
C) End-to-side coaptation (ESN) group. D) Side- 
to-side coaptation (SSN) group. E) B group (no 
coaptation).

C groups (t < 0.01, p < 0.05) and between the SSN and 
EEN groups (t = 0.04, p < 0.05). The EEN group showed 
more rapid and better functional recovery compared 
with the ESN and SSN groups (Table IV).

Discussion

Recent studies of coaptation have shown very 
interesting results regarding synergistic motor nerve 

fiber transfer between different nerves [48], end-to-
side neurorrhaphy by autonomic nerves and somatic 
nerves [19], and reverse end-to-side nerve transfer 
[28]. Additionally, a new type of cortical neuroplasti-
city after nerve repair of brachial plexus lesions has 
been described [6].

Although many coaptation studies have been 
performed, none have examined coaptation of the 
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Fig. 5. Regression analysis of the relationship 
between the axon diameter (µm) and the myelin 
sheath (µm). R – regression coefficient. A) C group 
(control group). B) Direct neurorrhaphy (end-
to-end) (EEN) group. C) End-to-side coaptation 
(ESN) group. D) Side-to-side coaptation (SSN) 
group. E) B group (no coaptation).

r = 0.1329

r = 0.7360

r = 0.4039

r = 0.3976

r = 0.6800

ventral branches of the spinal nerves or the trunks 
at the brachial plexus level. This lack of research 
might have resulted from differing views regard-
ing the proximal or distal coaptation procedure 
or exploitation of the intraplexus or extraplexus 
nerves. This topic is controversial, and it has been 
difficult to find a research model that enables reli-
able nerve assessment after a  coaptation proce-

dure. Additionally, the examination results have not 
been encouraging in cases in which the peripher-
al nerves correspond to different segments of the 
spinal cord or in which mixed nerves are used as 
donors. 

We selected a central coaptation model for use 
in our study, similar to Bentolia [7]. Our results indi-
cated that a  better outcome could be attained by 
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coapting grafts distal to the lateral or posterior cord 
to achieve more distal coaptation near the distal 
objective (i.e., the musculocutaneous nerve). On the 
other hand, Alnot [3] and Terzis [55] have reported 
that the use of nerve grafts is more successful when 
coapting nerve grafts distal to the peripheral nerve 
rather than distal to the proximal plexus elements 
(i.e., the cords). At this point most of the nerve fibers 

would not be lost in fortuitous reinnervation, which 
would result in achievement of the desired goal. 

When a donor is used, many authors [2,42] have 
preferred to apply intraplexus motor donors for neu-
rotization when they are available because doing so 
yields better results. In our study, we applied intra-
plexus motor donors because we agree that intra-
plexus donors have a greater number of axons than 

25

20

15

10

5

0

25

20

15

10

5

0

30

20

10

0

50

40

30

20

10

0

20

15

10

5

0

 0 1 2 3 4 5

          Myelin sheath (µm)

 0 1 2 3 4 5

          Myelin sheath (µm)

 0 1 2 3 4 5

          Myelin sheath (µm)

 0 2 4 6 8

          Myelin sheath (µm)

 0 2 4 6 8

          Myelin sheath (µm)

Fi
be

r 
(µ

m
)

Fi
be

r 
(µ

m
)

Fi
be

r 
(µ

m
)

Fi
be

r 
(µ

m
)

Fi
be

r 
(µ

m
)

A

C D

E

B

Fig. 6. Regression analysis of the relationship 
between the fiber diameter (µm) and the myelin 
sheath (µm). R – regression coefficient. A) C group  
(control group). B) Direct neurorrhaphy (end-
to-end) (EEN) group. C) End-to-side coaptation 
(ESN) group. D) Side-to-side coaptation (SSN) 
group. E) B group (no coaptation).
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extraplexus donors; thus, the likelihood of success-
ful neurotization is greater. The use of extraplexus 
nerves was reserved for specific uses for particular 
targets (e.g., the shoulder and elbow). 

The indications for the C7 spinal nerve, which is 
characterized as a  mixed nerve, are controversial, 
and the surgical results might be difficult to predict 
[29,30,43]. However, new coaptation strategies have 
been developed [6,19,28,48]. 

Interestingly, coaptation involving extension of 
the probable epineurium or perineurial opening has 
been performed by many authors. Regarding the 
surgical technique, we elected to open the epineuri-
um of the donor to expose it to the coapted recipient 
nerve, as previously described by Viterbo [58] and 
Lundborg [37]. Although terminolateral nerve regen-
eration could occur without any surface lesions on 
the donor nerve [27], experimental research has 
shown that regeneration is superior when a window 
is opened in the donor nerve [23,37]. It is widely 
accepted that resection of a  small part of the epi-
neurium improves the efficacy of end-to-side coap-
tation. Other research has demonstrated that resec-
tion of the deeper connective layers of the nerve (the 
perineurium) further increases the efficacy of termi-
nolateral reconstruction [25,35,61].

We found statistically significant differences in all 
parameters except for the G-ratio in a comparison of 

the ESN group with the control group. These similar 
G-ratios might indicate the possibility of regenera-
tion of myelinated fibers; however, the much smaller 
amount of these fibers did not allow for conduction 
to occur, as observed in the control group. This failure 
might have been the result of scar tissue compres-
sion, leading to smaller axons. On the other hand, 
nerve regeneration was observed in the ESN group, 
confirming the significant differences compared with 
the no coaptation group. The ESN and EEN groups 
did not significantly differ in the EMG examination 
results (t = 0.39, p < 0.05), with respect to the G-ratio 
(MW = 0.014, p < 0.01), the grooming test results (t = 
0.12, p < 0.05), the nerve pinch test results (t = 0.62, 
p < 0.05) or the skin pinch test results (t = 0.20, p < 
0.05). These findings indicate that similar functional 
results were obtained for both methods; however, 
these findings were not found to be correlated with 
the histomorphometric measurements.

The electrophysiological data for end-to-side 
coaptation indicated that the axons in the coapted 
nerves displayed different characteristics from those 
of intact nerves; however, they were able to induce 
good functional reinnervation. This phenomenon 
was most likely caused by the relatively large num-
bers of thicker axons and thin myelin sheaths.

The SSN group showed statistically significant 
differences in all parameters compared with both 

Table IV. Assessment of the return of sensation (skin pinch test) to the dermatomes and results of 
the grooming test. EEN – direct neurorrhaphy (end-to-end) group, ESN – end-to-side coaptation group,  
SSN – side-to-side coaptation group. C5, C6, C7 – ventral branches of spinal nerves C5, C6, C7

4 weeks 8 weeks 12 weeks 16 weeks 20 weeks 24 weeks

Dermatomes
C5-C6

EEN 0.5 ± 0.5 0.8 ± 0.4 2.1 ± 0.4 2.5 ± 0.5 2.5 ± 0.5 2.7 ± 0.5

ESN 0.2 ± 0.4 0.2 ± 0.4 0.8 ± 0.4 1.4 ± 0.5 2.1 ± 0.4 2.3 ± 0.5

SSN 0.1 ± 0.2 0.1 ± 0.2 0.6 ± 0.5 1.3 ± 0.5 1.7 ± 0.4 1.9 ± 0.5

Dermatomes
C6-C7

EEN 1.7 ± 0.5 2.5 ± 0.5 2.8 ± 0.4 3 3 3

ESN 1.5 ± 0.5 1.9 ± 0.3 2.1 ± 0.4 2.5 ± 0.5 2.8 ± 0.4 3

SSN 1.4 ± 0.5 1.6 ± 0.5 1.9 ± 0.3 2.1 ± 0.4 2.2 ± 0.4 2.2 ± 0.4

Dermatomes
C7-C8-Th1

EEN 2.3 ± 0.5 2.7 ± 0.5 3 3 3 3

ESN 1.4 ± 0.5 1.9 ± 0.3 3 3 3 3

SSN 0.7 ± 0.4 1.1 ± 0.3 3 3 3 3

Grooming test EEN 2.3 ± 0.5 3.3 ± 0.5 3.7 ± 0.5 3.9 ± 0.4 4.1 ± 0.4 4.3 ± 0.5

ESN 1.4 ± 0.5 1.9 ± 0.3 2.6 ± 0.5 3.2 ± 0.4 3.6 ± 0.5 3.9 ± 0.5

SSN 0.7 ± 0.4 1.1 ± 0.3 1.8 ± 0.4 2.4 ± 0.4 3.0 ± 0.3 3.7 ± 0.4
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the control and no coaptation groups. These results 
were interpreted as much worse outcomes com-
pared with those observed in the C group; however, 
they indicated the possibility of nerve regeneration. 
In addition, the lack of statistically significant differ-
ences (t = 0.85, p < 0.05) in the EMG examination 
results and the statistically significant differences 
in the G-ratio and histomorphometric measure-
ments in the SSN group compared with the EEN 
group showed that the SSN method was less effec-
tive than the EEN method. The lower G-ratio and 
the decreased number of myelinated fibers in the 
SSN group might indicate a very small possibility of 
regeneration by collateral sprouting. 

In our study, we used the end-to-side and side-
to-side methods. The anatomical conditions (short 
spinal nerves and wide perimeters) in some cases 
(after confirmation of the efficiency of the method 
in consecutive experimental examinations) necessi-
tated side-to-side coaptation. 

In addition, encouraging results on the applica-
tion of side-to-side coaptation as a complementary 
technique have been presented by Arm [4] and Shea 
[50], who observed reduced muscle atrophy with 
a side-to-side nerve bridge combined with tradition-
al end-to-end neurorrhaphy.

The lack of significant findings for the subscapu-
laris muscle could be explained by the fact that this 
muscle was also innervated by the ventral branches 
of the C7 and C8 spinal nerves, which induced partial 
function. In the biceps brachii muscle, the significant 
differences in the maintenance of lower amplitudes 
could be explained by the fact that the connected 
branches between C5/C6 and C7 were cut and the 
biceps muscle was deprived of stimulation from the 
ventral branches of the C5 and C6 spinal nerves.

The number of myelinated axons in the ESN 
group was 47% of that in the control group. This find-
ing is similar to that of Fogotti, who reported that the 
mean number of nerve fibers was significantly high-
er in a  control group compared with an ESN group 
[21]. This finding is also comparable to those of other 
studies describing end-to-side coaptation. For exam-
ple, approximately 50-65% of the original axons have 
been reported to be retained in the recipient nerve by 
coaptation between the peroneal and tibial nerves 
[34,47,62]. The results of this study showed that the 
number of myelinated axons present in recipient 
nerves in the ESN group was 81% of that in the EEN 
group.

Similar results have been reported by Gao, who 
performed a  clinical trial, finding that end-to-side 
coaptation resulted in a  significant decrease in 
myelinated axons by 53% compared with a control 
group [22].

As previously reported [15,45], the G-ratio in the 
central nerves of rats is near 0.7, and it is more than 
0.6 in the peripheral nerves. For rabbits, this ratio 
is 0.59-0.63 at the root level, 0.62-0.65 at the trunk 
level, and 0.63 in the suprascapular nerve [44]. Com-
parison of these results with those obtained using 
healthy limbs appears to be sufficient to assess 
conduction ability. The G-ratio indicates the possi-
bility of conduction; however, the presence of few-
er myelinated axons was responsible for the weak-
er final results. More rapid and better functional 
recovery occurred in the EEN group because EEN is 
involved in the regeneration of axotomized nerves, 
whereas ESN is involved in the collateral sprouting 
of intact nerves [1,34]. 

In the case of end-to-side coaptation, regen-
erated axons appear from the Ranvier nodes of 
the donor nerve most proximal to the coaptation 
site, and it is guided into the epineurium of the 
donor nerve [27, 61]. Before axonal development, 
Schwann cells are organized into columns at the 
coaptation site [52]. Then, these cells invade the 
epineurial layer of the recipient nerve [38]. This is 
the most important stage in the phenomenon of 
collateral sprouting [38]. Axons appear from Ran-
vier nodes of the donor nerve proximal to the site 
of coaptation [53]. Schwann cells stimulate axonal 
regeneration from both the distal nerve stump and 
the nodes of Ranvier of the donor nerve [54, 56]. 
This mechanism is indirectly controlled by neuro-
tropic factors [61]. After these factors are released 
from Schwann cells by diffusion, they penetrate 
through the epineurium into the perineurium. In 
this way, directed collateral sprouting from the 
region closest to the injury site occurs at the Ranvi-
er nodes of the donor nerve [61].

Axotomy results in injury to the motor neurons 
and quickly triggers axonal regeneration; however, 
in the case of ESN, humoral factors released by dam-
aged or degenerating recipient nerves are likely to 
play roles in the sprouting of intact donor axons [8].

A  linear relationship exists between myelin 
sheath thickness and axon diameters in nerves at 
maturity; however, this relationship deviates from 
the norm in regenerated nerves, depending on the 
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axonal myelination pattern [15]. The slope of the 
regression line for regenerated nerves has been 
demonstrated to be lower than normal because of 
the myelin-axonal disproportion that persists for 
a  period of time after intervention of regenerated 
axons that have failed to reinnervate a target [15].

The axon diameter and myelin thickness of the 
suprascapular nerve after repair and the regression 
analysis results suggested that the axons were not 
maximally myelinated. The slightly better parame-
ters observed with EEN and ESN might have result-
ed from faster regeneration and more advanced 
myelination of axons; however, long-term studies 
are needed to determine whether these factors 
result in a better outcome.

The histological results differed from the behav-
ioral results [48]. Morphological and functional 
examinations revealed that a  limited number of 
motor axons were capable of producing adequate 
functional reinnervation of muscles.

The presented results indicate that sensory rein-
nervation is more effective than motor reinnerva-
tion. It has been suggested that it is easier to accom-
plish sensory reinnervation compared with motor 
reinnervation after end-to-side nerve repair [35,54]. 
It is possible that the earlier completion of sensory 
reinnervation compared with motor reinnervation 
observed in our study occurred because sensory 
axons are more prone to sprouting into end-to-side 
coapted nerves [10,54] and they sprout at a  faster 
rate compared with motor axons [29].

Although consecutive analyses have emphasized 
the efficacy of coaptation in practice, the underlying 
mechanism remains to be elucidated. This mech-
anism is the outcome of the coaptation technique 
and complex molecular processes. 

The most important molecule involved in this 
process is neurotrophin-3 (NT-3) [53], which acts 
through its receptor Trk C, followed by growth-asso-
ciated protein-43 (GAP-43), a marker of growth cone 
formation, brain-derived neurotrophic factor (BDNF) 
and Trk B (BDNF receptor) [60]. Another important 
factor affecting collateral sprouting is nerve growth 
factor (NGF) [5,51]. NGF is produced in end organs 
following nerve injury. It is taken up by axon termi-
nals and transported retrogradely to the nerve cell 
body, stimulating a  secondary response. NGF and 
ciliary neurotrophic factor (CNTF) facilitate axonal 
regeneration after end-to-side neurorrhaphy [39]. 
The regulation of matrix metalloproteinase (MMP) 

expression and activity [20] as well as neurotrophic 
factors (TIMPs and IGF) [12,40] might also have very 
important roles in this process. Recent experimen-
tal studies have shown that physical and chemical 
agents stimulate nerve regeneration after end-to-
side coaptation, including phototherapy, FK506, and 
acetyl-L-carnitine [13,24,32,57].

Our results demonstrate the effectiveness of ESN; 
however, they should be confirmed by retrograde 
labeling. The main limitation lies in the translation 
of laboratory results to the clinical setting, which 
represents a  critical step in biomedical research. 
Unfortunately, promising basic science and preclini-
cal results sometimes fail to meet expectations when 
they are applied clinically [17,23]. 

We believe that our results could aid in the devel-
opment of a  differential approach to nerve injury, 
depending on the nerve trunks involved, the loca-
tion of the injury, and the methods of repair and 
reconstruction. We hope that the described method 
of coaptation, in addition to the neurotropic factors 
that have been identified, might be used to develop 
an alternative treatment to surgery of the brachial 
plexus.

Conclusions

The electrophysiological, histomorphometric and 
behavioral results obtained using end-to-side coap-
tation of ventral branches of the C5 and C6 spinal 
nerves to the C7 spinal nerve in the brachial plexi of 
rabbits confirm the occurrence of collateral sprout-
ing at this level. After further research is performed 
to confirm the results of this study, end-to-side 
coaptation might emerge as an alternative method 
in the treatment of brachial plexus avulsion.
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A b s t r a c t

Osteopontin (OPN) is a key cytokine involved in T-cell activation in multiple sclerosis (MS). We investigated whether 
polymorphism of the osteopontin gene affects MS occurrence and clinical course in a Polish population.
Disability in 100 MS patients was evaluated using the Expanded Disability Status Scale (EDSS). Genotype and allele 
frequencies at exons 6 and 7 were examined by PCR. Using appropriate statistical tests, the distribution of variables 
was tested and means ± SD compared.
Genotype distribution and allele frequency differences between patients and control individuals were not statistically 
significant. No association of OPN with susceptibility to MS was found in the Polish population. The EDSS score was 
higher in 8090 T/T + 9250 C/C patients than in 8090 C/C + 9250 C/C MS patients (p = 0.0120), and the disability 
in 8090 C/C + 9250 C/T MS patients was higher than in 8090 C/C + 9250 C/C MS patients (p = 0.0137). Logistic 
regression analysis revealed age to be an independent factor influencing disability.
The polymorphisms of the OPN gene in positions 8090 T/T + 9250 C/C, 8090 C/C + 9250 C/T, and 8090 C/T + 9250 C/T 
were linked with higher levels of disability in MS patients. 

Key words: gene, multiple sclerosis, osteopontin, polymorphism.

Introduction

Osteopontin (OPN) is one of the key cytokines 
involved in T-cell activation in multiple sclerosis (MS). 
The OPN gene is therefore recognized as an early 
T-cell activation gene, which underlies immunologi-
cal events involved in the aetiopathogenesis of MS 
[15]. In an earlier study, we found OPN to be a use-

ful marker to differentiate between malignant and 
benign ovarian tumours [10]. In patients with optic 
neuritis, cerebrospinal fluid (CSF) OPN levels have 
been shown to be correlated with CSF chitinase-3-
like protein 1, myelin basic protein, and neurofila-
ment, light polypeptide [9]. OPN also enhances the 
production of interleukin 12 and interferon gamma, 
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and reduces interleukin 10 [8]. Moreover, OPN is 
expressed in MS plaques in the central nervous sys-
tem [3].

During the course of MS, autoimmune inflam-
matory processes and associated neurodegenera-
tion develop. The most frequent course of MS is the 
relapsing-remitting form, but what defines the clin-
ical severity and duration of intervals between the 
relapses remains unclear. Cerebrospinal fluid OPN 
concentration is reported to increase during relapse 
and normalize during remission in MS patients [16]. 
In a Japanese population, plasma OPN level was 
used as a marker of disease activity in MS and neu-
romyelitis optica [14]. However, circulating OPN did 
not act as a marker of MS activity in participants of 
the Comprehensive Longitudinal Investigation of MS 
(CLIMB) study [7]. The important question is wheth-
er the above-mentioned discrepancies are associ-
ated with genetic factors (such as polymorphisms 
of cytokine genes, including OPN), environmental 
factors, or both. Genome screening tests for MS 

support its multifactorial aetiology, including both 
various genetic and environmental factors and inter-
actions thereof [5,13].

The polymorphisms of OPN demonstrate variable 
differences among patients, as well as among var-
ious populations, necessitating further studies on 
this complex issue. We investigated the association, 
if any, of single-nucleotide polymorphisms (SNPs) of 
the OPN gene with MS course and severity in a Pol-
ish population.

Material and methods

We recruited 102 MS patients (25 men and 77 
women; mean age, 39.0 ± 10.0 years) of Cauca-
sian origin and Polish ethnicity. MS diagnosis was 
based on the revised McDonald criteria [12]. Two MS 
patients presenting with the optic-spinal form were 
excluded from the study, making the final number of 
MS participants 100. The EDSS index was established 
according to the Kurtzke Functional Systems Scores.  
A control group comprising 50 healthy blood donors, 
matched for age (mean 30 ± 6.0 years) and ethnicity, 
was also recruited.

All the study participants provided their informed 
consent. Blood samples were obtained for DNA 
extraction from peripheral blood cells, and genotype 
and allele frequencies in exons 6 and 7 were exam-
ined using specific primers in a standard PCR as pre-
sented in the paper of Niino et al. [11].

The distribution of variables (sex, age, and gen-
otype categories) was tested with the D’Agosti-
no-Pearson test. Mean ± SD values were compared 
by the χ2 test. Statistical analysis was performed by 
one-way ANOVA, Mann-Whitney test, and logistic 
regression. Differences were considered statistically 
significant at p < 0.05.

The study was approved by the Poznan University 
of Medical Sciences Committee on Human Research.

Results

Genotype distribution and allele frequencies dif-
fered between patients and control individuals, but 
the differences were not statistically significant. 
Compared to the control group, MS patients have  
a higher frequency of the 8090 C/T (exon 6) + 9250 
C/C (exon 7) OPN genotype (p = 0.0732; Table I). The 
heterozygous C/T genotype at position 8090 was 
detected in 21.6% of patients and in 10% of control 
individuals. Our results showed no indication of the 

Table I. Frequency of OPN genotypes in multiple 
sclerosis (MS) patients compared to controls

Position Control group
n = 50 (%)

MS patients
n = 102 (%)

8090 Genotype

C/C 18 (36) 28 (27)

C/T 5 (10) 22 (22)

T/T 27 (54) 52 (51)

Allele

C 41 (41) 79 (39)

T 59 (59) 125 (61)

9250 Genotype

C/C 29 (58) 55 (54)

C/T 18 (36) 39 (38)

T/T 3 (6) 8 (8)

Allele

C 76 (76) 149 (73)

T 24 (24) 55 (26)

8090 C/C 9250 C/C 4 (8) 5 (4.90)

8090 C/T 9250 C/C 1 (2) 7 (6.86)

8090 T/T 9250 C/C 24 (48) 43 (42.15)

8090 C/C 9250 C/T 12 (24) 16 (15.68)

8090 C/T 9250 C/T 4 (8) 14 (13.72)

8090 T/T 9250 C/T 2 (4) 9 (8.82)

8090 C/C 9250 T/T 2 (4) 7 (6.86)

8090 C/T 9250 T/T 0 (0) 1 (0.98)

8090 T/T 9250 T/T 1 (2) 0 (0)
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role of OPN in susceptibility to MS in the Polish indi-
viduals analysed.

However, we identified 8090 T/T + 9250 C/C, 
8090 C/C + 9250 C/T, and 8090 C/T + 9250 C/T OPN 
genotypes as being associated with a higher dis-
ability in MS patients compared to other genotypes 
(Table II).

No differences for age between genotype catego-
ries were found. However, patients with EDSS scores 
exceeding 2 points were significantly older (41, 
34-48 years; median, interquartile range) than sub-
jects with minor disability (< 2 points) (34, 28-42.75 
years) (p = 0.0162). Logistic regression analysis of 
the effect of variables on EDSS scoring in the model, 
including sex, age, and genotype categories, revealed 
age to be an independent factor influencing disabil-
ity (p = 0.0140).

Discussion

The role of OPN in inflammatory diseases, includ-
ing MS, has been demonstrated in several studies. 
The polymorphisms of the OPN gene have been estab-
lished to be associated with MS in Japanese patients 
[11]. However, these findings could not be replicated 
in Caucasian MS patients; for instance, the 795 CT 
polymorphism in the OPN gene was not found to be 
associated with MS in a Spanish population [8]. In 
our study on a Polish Caucasian population, the het-
erozygous C/T genotype at positions 8090 and 9250 

tended to have a higher frequency in MS patients 
compared to the control group. Similar findings were 
obtained for genotype frequencies of C/C and TT and 
allele frequencies of C and CT. Thus, haplotype struc-
ture might differ across populations. It is not easy 
to link the differences between Asian and European 
OPN polymorphisms with differences in prevalence 
rates in the corresponding geographical regions. MS 
incidence in Japan and other Asian countries is lower 
than in Europe and North America. Therefore, deter-
mining an association of polymorphisms of OPN with 
susceptibility to MS is not that simple.

Several studies provide conflicting results on 
the impact of OPN gene variations on MS severity. 
Caillier et al. found that patients carrying at least 
one wild-type 1284 A/4 allele were less likely to 
have a mild disease course [2]. Hensiek et al. found 
no effect of SNPs located in exons 6 and 7 of OPN 
on the clinical severity of MS [6], while Comi et al. 
reported the role of OPN variation on MS develop-
ment and progression; however, they did not discuss 
its effect on disease severity [4].

An interesting point was presented in experimen-
tal allergic encephalomyelitis by Begum-Haque et al. 
[1]. The authors found that glatiramer acetate biased 
dendritic cells towards an anti-inflammatory pheno-
type by modulating OPN, IL-7 and RORγt responses 
and by increasing IL-10 production. The issue should 
also be studied in MS patients.

Table II. Disability measure in studied subgroups of multiple sclerosis (MS) patients

Studied group EDSS score (median; interquartile range) p

Total, n = 102 3.0; 2.00-4.00 N/A

Females, n = 77/males, n = 25 3.00; 2.00-4.25/3.25; 2.00-4.00 0.8743

8090 C/C + 9250 C/C, n = 4 1.75; 1.50-2.00 As below

8090 C/T + 9250 C/C, n = 7 2.00; 1.50-2.50 As below

8090 T/T + 9250 C/C, n = 43 3.00; 2.00-4.00 0.0120 vs. 8090 C/C + 9250 C/C
and

0.0482 vs. 8090 C/T + 9250 C/C

8090 C/C + 9250 C/T, n = 16 3.75; 2.50-4.50 0.0137 vs. 8090 C/C + 9250 C/C
and

0.0482 vs. 8090 C/T + 9250 C/C

8090 C/T + 9250 C/T, n = 14 3.25; 2.50-5.00 0.0553 vs. 8090 C/C + 9250 C/C

8090 T/T + 9250 C/T, n = 9 2.50; 1.38-4.25 N.S.

8090 C/C + 9250 T/T, n = 6 4.00; 3.00-5.50 N.S.

8090 C/T + 9250 T/T, n =1 2.0 N/A

N.S. – not significant, N/A – not applicable – insufficient data
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To conclude, in our study, we identified 8090 T/T 
+ 9250 C/C, 8090 C/C + 9250 C/T, and 8090 C/T + 
9250 C/T OPN to be associated with higher levels 
of disability in MS patients compared to other gen-
otypes. Although we could not establish an associa-
tion of OPN polymorphisms with MS susceptibility in 
a population of Polish patients, our results provide  
a line of evidence on the impact of OPN variations 
on the course of MS. Overall, the differential effects 
of various combinations of variants in genotypes 
may contribute to explaining the differences in MS 
susceptibility between ethnic groups and disability 
in individual patients. Thus, further research in other 
populations is needed as well as evaluation of dis-
ease severity related to OPN gene polymorphism in 
single subjects.
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A b s t r a c t

Angiogenesis plays a key role in the progression of malignant tumors. In recent years, anti-angiogenic drugs have 
been shown to be effective against tumors. However, some tumors are able to adopt escape mechanisms, suggesting 
that the vascular network in these tumors may be formed or may function in a different way. Medulloblastomas are 
tumors characterized by poor prognosis and low patient survival rates. These tumors rarely metastasize, but the 
reason why they almost always recur locally is not known. Central to mediating neoplastic changes is the interaction 
between cell surface receptors and their cognate ligands, which through intracellular signaling induce alternations 
in gene expression. In this context, the aim of our present study was to examine in medulloblastoma the distribution 
of Toll-like receptor 2 (TLR2) and receptor for advanced glycosylation end-product (RAGE), and mast cells associated 
with the tumor neovascularization process. Immunohistochemical study with a battery of specific antibodies was 
used. The results show that in the tumor necrotic area, TLR2 participates in all steps of vascular network formation, 
but in regions where the tumor was not affected by necrosis, the capillary network was TLR2 immunonegative.  
The TLR2 vascular network of the necrotic area was not associated with RAGE and mast cells. However, in the region 
of the medulloblastoma not affected by necrosis, the RAGE receptor was present in the endothelium of all capillaries, 
and mast cells were numerous only in the perivascular space of large brain and meningeal vessels at the border of 
the tumor. In conclusion, our results show that the receptor of innate immunity TLR2 plays an important role in rec-
ognition of ligands delivered by dying necrotic medulloblastoma cells and participates in tumor neovascularization. 
Moreover, the results show that the RAGE receptor and mast cells operate in different medulloblastoma regions and 
influence different parts of the tumor vascular network.

Key words: medulloblastoma, receptor for advanced glycosylation end-product (RAGE), mast cells, tumor angiogenesis, 
Toll-like receptor 2 (TLR2).

Introduction 

The development of the vascular network plays 
an essential role in physiology and pathology. Three 

mechanisms – vasculogenesis, angiogenesis and 
arteriogenesis – participate in this process. Vascu
logenesis occurs by angioblast differentiation into 
endothelial cells to form blood vessels. Angiogene
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sis is the process in which new blood vessels are 
formed from preexisting ones, and arteriogenesis 
refers to the enlargement of the arterial network 
to sustain higher metabolic demands of the tissue 
[19]. In oncology, tumor vascularity is correlated with 
tumor growth, invasion and initiation of metastasis 
[2] and is thought to occur mainly by angiogenesis 
[10], although the role of postnatal vasculogenesis 
by recruitment of bone marrowderived endothelial 
progenitor cells (EPCs) into the tumor vasculature 
has also been discussed [9,27]. Formation of a new 
capillary network involves many steps of a cascade in 
which one event triggers the next through the action 
of specific mediators. These mediators belong to dif
ferent sets of factors participating in tumor angiogen
esis. One of the sets includes numerous proinflam
matory mediators such as growth factors, cytokines, 
proteoglycans and lipid mediators, but all of them are 
delivered from any cell injured by hypoxia, ischemia, 
free radicals or infection agents. The other, recent
ly studied, set of angiogenic mediators comprises 
those that are fragments of destroyed host necrotic 
cells. Such mediators were recognized as the dam
ageassociated molecular pattern (DAMP) molecules 
that have been implicated in several inflammatory 
diseases and activate target cells through the dif
ferential engagement of multiple surface receptors 
including innate immune receptors such as Tolllike 
receptor 2 (TLR2), or receptor for advanced glycation 
endproducts (RAGE). In addition, mast cells, which 
are abundant surrounding solid tumors, are a source 
of numerous compounds that are often suspected 
of participation in tumor angiogenesis. Recently, 
we observed that TLR2 is a very sensitive marker of 
a newly formed tumor capillary network in medullo
blastoma [28]. 

Medulloblastoma is the most common primary 
solid brain tumor occurring in children, with a strong 
male preponderance. Histologically, the tumor is 
composed of sheets or lobules of small cells with 
prominent nuclei and little cytoplasm. Vascular prolif
eration may be present but is not a constant feature 
of this lesion, but as in other tumors neovasculariza
tion is an important mechanism underlying medullo
blastoma progression. Increased tumor angiogene
sis is normally associated with poor prognosis of the 
disease, and the development of therapeutic agents 
that can reduce or inhibit angiogenesis or destroy 
the neovasculature of tumors has recently received 
considerable interest [31]. One possible advantage 

of these drugs, compared with conventional chemo
therapy, is their potential for reduced susceptibility 
to acquired drug resistance. This is a major clinical 
problem observed in patients undergoing chemo
therapy and results from the intrinsic genetic insta
bility and heterogeneity of tumor cells [29]. Endothe
lial cells, on the other hand, on which antivascular 
and antiangiogenic drugs act, are genetically more 
stable and more homogeneous and are thus pre
sumed to be not so susceptible to acquired drug 
resistance. Our growing understanding of the mole
cular mechanisms underlying angiogenesis, includ
ing the role of several growth factors that regulate 
the process, has enabled the development of a large 
number of drug candidates against vascularspecific 
targets that can inhibit angiogenesis.

 Since there are numerous unanswered questions 
concerning the process of angiogenesis which occurs 
in the pathological microenvironment of cancer, the 
aim of our present study was to examine in medul
loblastoma of the human brain the distribution of 
TLR2 and RAGE receptors and mast cells associated 
with the tumor neovascularization. 

Material and methods

The study was approved by the local ethical com
mittee and performed on human brains that were 
obtained following autopsy. Patients died at differ
ent ages of life (from 15, 17, to 37 years of age), one 
to two years after ineffective therapy. Brains with 
medulloblastoma were diagnosed according to the 
WHO classification [26] in the Institute of Medical 
Research Centre, Polish Academy of Sciences, War
saw, Poland. Paraffin blocks were drawn from the file, 
cut into serial sections (5 μm thick) and stained with 
H&E for routine histological examination or used for 
immunohistochemical study.

Immunohistochemistry

Immunohistochemistry was performed using 
specific primary antibodies and an alkaline phos
phataseavidinbiotin conjugate purchased from 
Santa Cruz Laboratory (USA) or an avidinbiotinper
oxidase complex system purchased from Vector Lab
oratories (USA) and used according to the manufac
turer’s recommendations. 

Briefly, sections were dewaxed and hydrated 
through descending alcohols to water. For nonen
zymatic antigen retrieval, some sections were heat
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ed in 0.01 M sodium citrate buffer (pH 6.0) to 95°C 
and allowed to cool for 20 min at room temperature 
and washed with PBS. Then, they were incubated in 
methanol/3% H2O2 solution for 20 min to quench 
endogenous peroxidase. After being washed again 
in PBS and blocked with solution containing PBS/5% 
appropriate normal serum (of goat, rabbit or mouse) 
for 2 h at room temperature, sections were incubat
ed overnight at 4°C in solutions of primary antibod
ies listed in Table I.

Immunoreactions were visualized using biotinylat
ed secondary antibodies and ABComplex/HRP or an 
alkaline phosphataseavidinbiotin conjugate. Then, 
sections were lightly counterstained with Mayer’s 
hematoxylin. 

For negative controls, primary antibodies were 
replaced with an appropriate isotypic normal mouse, 
rabbit or goat immunoglobulin fraction at a matched 
protein concentration. These were included for the 
examination of each specimen and consistently pro
duced negative results.

Results

Distribution of the TLR2 capillary network, mast 
cells and RAGE in different regions of medulloblasto
ma is presented in Table II. 

In medulloblastoma of all our patients, neovas
cularization/angiogenesis (V/A) was observed in 
areas of tumor cell necrosis. We observed the suc
cessive steps of this process. Cells participating in 
each such step were immunopositive to TLR2. At the 
beginning, TLR2 immunopositive cells were scat
tered throughout the tumor necrotic debris (Fig. 1A).  
In the next step, they formed tubular structures  
(Fig. 1B) which penetrated to the postnecrotic areas 
already cleared of dead cells (Fig. 1C). Finally, numer
ous TLR2immunopositive capillaries formed a very 
dense vascular network which closely conforms to 

the postnecrotic space of the tumor (Fig. 2). In the 
capillary wall of this network RAGE receptors were 
not found. In addition, mast cells were not detected 
in these necrotic or postnecrotic areas of the tumor.

In noninjured regions of the medulloblastoma, 
the vascular network was immunonegative to TLR2, 
but RAGE protein was precisely localized in the wall 
of all capillaries and in proliferating endothelium of 
some of these vessels (Fig. 3AB). 

Mast cells were distributed at the border of the 
medulloblastoma and were localized at the perivas
cular space of large brain vessels (Fig. 4A). Those 
mast cells that were detected within the solid tumor 
regions belonged to the host meninges that were 
incorporated into the tumor mass (Fig. 4B).

Discussion 

Reciprocity of inflammation and neovascular
ization is emerging as an important mechanism 
underlying numerous processes from tissue healing/
remodeling to cancer [3,17]. 

In recent years, antiangiogenic therapies have 
been developed and tested for their effectiveness 
against tumors. Among such drugs are inhibitors 
against vascular endothelial growth factor and its 
receptors, as well as inhibitors targeting the plate

Table II. Distribution of Tolllike receptor 2 (TLR2) 
capillary network, mast cells and receptor for 
advanced glycosylation endproduct (RAGE)

                                             
                      

Medulloblastoma regions

Post-necrotic areas Solid tumor areas

TLR2 capillary Dense network nd

RAGE nd Capillary  
endothelium

Mast cells nd Perivascular area

nd – not detected

Table I. Antibodies used in the study

Antibody Type Antigen Source Dilution

Origin Domain

TLR 2 Polyclonal Human N-terminus Santa Cruz 1 : 50

TLR 4 Polyclonal Human C-terminus Santa Cruz 1 : 50

MC tryptase Polyclonal Human Not quoted Chemicon, 1 : 100

RAGE Polyclonal Human C-terminus Santa Cruz 1 : 50

RAGE Polyclonal Human N-terminus Santa Cruz 1 : 50
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A B

C Fig. 1. Steps of capillary network formation by 
Tolllike receptor 2 (TLR2) immunopositive cells 
in necrotic area of medulloblastoma. A) TLR2 
immunopositive cells scattered throughout the 
tumor necrotic debris; magn. ×200. B) TLR2 
immunopositive tubular structures; magn. ×200. 
C) TLR2 immunopositive capillaries infiltrating 
postnecrotic areas; magn. ×100.

Fig. 2. Tolllike receptor 2 (TLR2) immunopositive 
vascular network closely conforms to postnecrot
ic area of the tumor; magn. ×100.

letderived growth factor family, integrins or histone 
deacetylase. While many antiangiogenic drugs have 
been shown to be effective with limited toxicity, some 
tumors are able to adopt escape mechanisms [24], 

suggesting that the vascular network in some tumors 
could be formed in a different way than normal cap
illaries. The results of our present study confirm this 
hypothesis. In regions of medulloblastoma cell necro
sis, we observed that TLR2 participates in all steps 
of vascular network formation, but in regions where 
the tumor was not affected by necrosis, the capil
lary network was TLR2 immunonegative. We believe 
that all those TLR2 immunonegative capillaries were 
developed during normal host embryogenesis and 
the space supplied by this capillary network was colo
nized by medulloblastoma cells. Thus, only in necrotic 
areas of the medulloblastoma were pathogens deliv
ered from dying undifferentiated tumor cells recog
nized by TLR2 and activated TLR2 signaling promoted 
the angiogenic responses in the tumor. 

Tolllike receptors (TLRs) are a  family of pattern 
recognition receptors that have emerged as key 
mediators of innate immunity. These receptors rec
ognize a  broad range of protein and lipid ligands 
[21,33], including a  number of host origin ligands 
[1,18,22,36,37,41], and initiate host defense inflam
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mation. TLRmediated inflammation is an import
ant pathogenic link between innate immunity and 
a diverse panel of clinical disorders including cancer. 
In addition, expression of TLR2 and TLR4 was found 
on the endothelium; therefore both receptors, in some 
circumstances, may be implicated in angiogenesis [8]. 

Altogether our results indicate that TLR2 is a sen
sor of pathogens of necrotic tumor cells, which pro
vides a  key link connecting innate immunity and 
cancer angiogenesis.

Tumorigenesis is a  multistep process involving 
the alternation of a number of key cellular properties 
including uncontrolled proliferation, evasion of cell 
death (apoptosis), vascularization (angiogenesis) 
and subsequent invasion and migration of tumor 
cells into the surrounding tissues [10]. Understand

ing the molecular processes underlying these cellu
lar phenotypic changes is critical in order to develop 
novel therapies. Central to mediating these changes 
is the interaction between cell surface receptors and 
their cognate ligands, which through intracellular 
signaling induce alternations in gene expression. In 
this context, recent studies have identified that the 
receptor for advanced glycation endproducts (RAGE) 
and its ligands may play an important role in cancer 
[7,25,38,39]. RAGE is a multiligand receptor that has 
been implicated in the pathogenesis of numerous 
diseases [20,38,42]. RAGEligand interaction triggers 
activation of a diverse array of signaling pathways 
that lead to processes integrally linked to the tum
origenic sequelae including cellular migration, inva
sion, proliferation and survival [25,29]. Furthermore, 

A B

Fig. 3. Receptor for advanced glycosylation endproduct (RAGE) immunopositive capillaries in noninjured 
tumor regions. A) RAGE in capillaries (section not counterstained); magn. ×100. B) RAGE in proliferating 
endothelium of tumor blood vessels; magn. ×200.

A B

Fig. 4. Tryptase immunopositive mast cells in perivascular space of brain large blood vessels (sections not 
counterstained). A) At the border of medulloblastoma; magn. ×200. B) In blood vessels of meninges; magn. 
×200.
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studies have indicated that RAGE and its ligands are 
expressed in human tumors, and often the extent 
of tumor invasiveness and metastatic potential was 
correlated with the degree of RAGE/ligand upregu
lation [1116,23,30,35,40].

Brain compartments are effectively isolated from 
the plasma proteins and various ligands by the blood
brain barrier (BBB), localized on the endothelium of 
the brain capillaries. However, at this barrier, there 
are specialized receptors including RAGE that may 
shuttle all such proteins in efflux and influx direc
tions [4,5]. The results of our present study suggest 
that RAGE does not participate in the bloodbrain 
function of the capillary network formed in postne
crotic regions of the medulloblastoma and ligands 
of this receptor cannot affect the healing process of 
the tumor. However, in all other regions of the tumor, 
RAGE is present on capillary endothelium, and thus 
the bloodbrain barrier functions differently than in 
postnecrotic areas. In addition, mast cells, known 
as a source of earlyresponse cytokines decisive in 
initiating the immune and host defense reaction to 
pathogens, were not found in the vicinity of capillar
ies in any regions of the tumor. Despite many reports 
concerning the association of mast cells (MC) with 
a  variety of tumors, the functional significance of 
these cells in tumor biology remains obscure. The pre
sence of mast cells has been interpreted as an immu
nological antitumor response or as a  more direct 
interaction with tumor cells, especially an interaction 
which facilitates tumor growth [32]. The results of our 
study suggest that mast cells have little if any influ
ence on development of angiogenesis in postnecrotic 
regions of the medulloblastoma. 

Mast cells are a  heterogeneous cell population 
categorized as either mucosal type or connective 
tissue type, based on their tissue locations, stain
ing patterns, content of proteases and reactivity. 
In humans, mature mast cells in the brain contain 
tryptase as a  protease and are known as the MC 
tryptase phenotype (MCT) [34]. Mast cells provide 
different multifunctional cytokines and potent 
mediators can mediate a  variety of antimicrobi
al functions and possess certain unique features 
that make MC function particularly crucial for 
host defense [6]. Mast cells are always located at 
the hostenvironment interface, and they belong 
to the first line of cells that encounter pathogens. 
In our study, we found many of these cells at the 
border of the tumor and in meninges that covered 

the tumor. All MC were located at the perivascular 
space of large blood vessels. Therefore we conclude 
that MC were not directly involved in the function of 
the bloodbrain barrier or in the process of angio
genesis of medulloblastoma postnecrotic areas. 
However, MC are longlived cells with the capacity 
to respond repeatedly to the same stimulus, and we 
suspect that in our patients they had a potent influ
ence on the function of the vascular network at the 
peripheral regions of the tumor. 

Medulloblastomas are characterized by poor pro
gnosis and low patient survival rates. In particular, 
strong induction of angiogenesis marks the transi
tion from a lowergrade medulloblastoma to a more 
aggressive and lethal form of the tumor. Although 
these tumors rarely metastasize, they almost always 
recur locally. Data from our study suggest that this 
may be linked with angiogenesis and the healing 
process in medulloblastoma necrotic areas.

Despite advanced clinical approaches with sur
gery, radiotherapy and chemotherapy, inhibition of 
angiogenesis might represent a key strategy in the 
treatment of this neoplasm. 

Nevertheless, the success with existing com
pounds in the managements of brain tumors is lim
ited, and further study is required. We present new 
data focused on tumor angiogenesis. They show 
that capillary network formation and function of the 
bloodbrain barrier differ depending on the medullo
blastoma region and that receptors of innate immu
nity play an essential role in these processes.
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A b s t r a c t

Introduction: Sporadic inclusion body myositis (sIBM) is one of the most common myopathies in patients above  
50 years of age. Its progressive course finally leads to immobilisation, and no effective therapy exists. Its pathoge-
nesis includes both degenerative and inflammatory processes, however, its direct causes remain unknown. Therefore, 
a possible genetic background of the disease must also be considered.
Material and methods: Here we report on twelve patients: eight with sporadic inclusion body myositis and four with 
other myopathies with rimmed vacuoles in muscle biopsy. All patients were evaluated clinically, morphologically, 
radiologically, and genetically. 
Results: All patients with sIBM presented both shoulder and pelvic girdle muscle involvement. In addition, distal upper 
and lower limb muscle weakness was noted. Patients with other muscle disorders showed effects mainly in proximal 
muscles and marked calf muscle hypertrophy. In sIBM cases computed tomography of lower limb muscles revealed 
atrophy that was most pronounced within the quadriceps femoris and gracilis muscles in the thighs and within the 
medial head of the gastrocnemius muscle and the tibialis anterior muscle in the lower legs. On light microscopy 
mononuclear cell invasion of muscle fibres was present in six patients with sIBM. On electron microscopy myofibrillar 
disorganisation and mitochondrial abnormalities were noted in all sIBM patients, whereas cytoplasmic tubulofilamen-
tous inclusions were seen in three patients and both cytoplasmic and nuclear inclusions in one of them. According to 
the criteria by Rose et al. (2011) six patients were classified as “clinico-pathologically defined IBM”, one as “clinically 
defined IBM”, and one as “probable IBM”. Pathological deposits of TDP-43 were found in muscles in all sIBM as well 
as in control cases. Additionally, accumulation of other proteins thought to be associated with sIBM, like β-amyloid, 
α-synuclein, and tau protein, was present in the most of examined biopsies. All twelve patients were screened for the 
presence of causative mutations in TARDBP, VCP, HNRNPA1, and HNRNPA2B1 genes. Additionally, analysis of C9ORF72 
hexanucleotide repeat expansion was performed. No causative mutations were found in any of the patients.
Conclusions: Our study provides the first – to our knowledge – comprehensive clinical, pathological, and genetic 
workup of a group of Polish patients.
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Introduction 

Sporadic inclusion body myositis (sIBM) is an 
un treatable muscle disorder with weakness begin-
ning after 50 years of age. It is more common in 
men than in women. Its pathogenesis remains 
undiscovered and the coexistence of inflammatory, 
degenerative, genetic, and environmental factors 
has been proposed. A possible genetic background 
is also considered. Its progressive course usual-
ly leads to immobilisation and severe dysphagia 
[3]. Both proximal and distal muscle weakness is 
observed, and the quadriceps, foot extensors, and 
deep finger flexors are most severely weakened. 
Creatine kinase (CK) activity may be slightly ele-
vated. Electromyography studies (EMG) show myo-
genic or mixed myogenic and neurogenic pattern. 
Since clinical features of sIBM are not clearly delin-
eated, morphological assessment of muscle biopsy 
is extremely important. Light microscopy examina-
tion reveals eosinophilic inclusions, necrotic fibres, 
and sometimes inflammatory infiltrates. Rimmed 
vacuoles are considered a hallmark of the disease. 
Additionally, immunohistochemistry shows deposits 
of various proteins such as β-amyloid, TDP-43 (TAR 
DNA-binding protein 43), tau protein, and α-synu-
clein [3,19]. Electron microscopy (EM) examination 
reveals the presence of tubulofilamentous inclusions 
– both cytoplasmic and nuclear, degeneration of myo-
fibrils, accumulation of abnormal mitochondria, and 
cytoplasmic bodies. 

Inclusion body myositis diagnostic criteria were 
first proposed by Griggs et al. in 1995 [11]. In 2007 
Needham and Mastaglia included additional muscle 
biopsy features, such as expression of MHC-I  [13]. 
Later criteria were repeatedly modified, and the lat-
est version comes from 2011 [14]. It is worth mention-
ing that among the major changes were the increase 
in the age of onset (to 45 years) and the introduction 
of three categories of IBM, namely “clinico-patho-
logically defined IBM”, “clinically defined IBM”, and 
“probable IBM”. The authors emphasised that, due 
to sampling error or the early stage of the disease, 
not all pathological changes might be present in 
muscle biopsy [15]. Therefore, the diagnosis should 
be made according to both clinical and morphologi-
cal features.

Over the last decades numerous pathogenic 
genes potentially involved in sporadic inclusion body 
myositis have been suggested. However, phenotype- 

genotype correlations are still poorly understood.  
Up to now all attempts to successfully treat inclu-
sion body myositis failed. Neither corticosteroids 
and other immunosuppressive drugs nor intrave-
nous immunoglobulins and plasma exchange were 
shown to improve clinical symptoms and prognosis. 

Our study provides the first – to our knowledge 
– comprehensive clinical, pathological, and genetic 
workup of a group of eight sIBM Polish patients.

Material and methods
Patients

Clinical data of eight male patients aged 49 to 
67 years with the diagnosis of sporadic IBM, hospi-
talised between 2002 and 2013 in the Department 
of Neurology of the Medical University of Warsaw 
were evaluated retrospectively. The course of the 
disease, distribution of muscle weakness, serum 
creatine kinase activity, and results of electrophys-
iological studies were evaluated. Additionally, four 
male patients aged 18 to 59 years with other pri-
mary muscle disorders were included in the study. 
The basis for including those patients was the pres-
ence of rimmed vacuoles in muscle biopsy. Among 
them there were three patients with clinically typi-
cal limb-girdle muscular dystrophy (LGMD) and one 
patient with genetically confirmed proximal myo-
tonic myopathy (myotonic dystrophy type 2 – DM2). 
The “radiological control group” consisted of six men 
aged 58 to 65 years, with no signs and symptoms of 
neuromuscular disease. The study was approved by 
the Bioethical Committee at the Medical University 
of Warsaw. 

Computed tomography studies

All computed tomography (CT) studies were per-
formed using a  64-row scanner (Aquilion, Toshiba) 
without administration of contrast medium. The pro-
ximal one third of the thighs and lower legs were 
scanned. A  low-dose protocol with automatic tube 
current modulation was used to minimise the radia-
tion dose received by the patients.

Images in the axial (10 mm reconstructed slices) 
and coronal plane (5 mm reconstructed slices) were 
reviewed by an experienced musculoskeletal radiol-
ogist on the soft tissue (to grade muscles’ atrophy) 
and bone window (to exclude bone pathology that 
may lead to muscle atrophy). Muscle atrophy was 
assessed on a  five-point scale based on the scale 
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originally developed by Goutallier et al. for grad-
ing muscular fatty degeneration in the rotator cuff 
(Table I) [10]. The control group consisted of six 
age-matched healthy volunteers (male, aged 58 to  
65 years). The exclusion criteria for healthy volun-
teers included history of chronic lower back pain and 
significant trauma of the lower extremities.

Muscle biopsy 

The open muscle biopsies were performed under 
local anaesthesia. The samples were obtained from 
the quadriceps in all eight patients with sIBM and in 
three patients with other myopathies. A biopsy from 
biceps brachii muscle was carried out in one patient. 
The muscle specimens were processed for further 
analyses using routine methods [6].

Light microscopy

All 12 muscle biopsies were assessed on light 
microscopy (LM). Biopsied tissue was frozen in iso-
pentane cooled in liquid nitrogen, cut on a cryomi-
crotome with a slice thickness of 8 µm and stained 
for a battery of routine histological and histochem-
ical methods as well as for immunohistochemistry.

Electron microscopy

Ultrastructural examination was done in all pa-
tients. Samples for electron microscopy (EM) were 
fixed in glutaraldehyde and post-fixed in osmium 
tetroxide before embedding in Spurr embedding 
medium. Ultrathin sections of the selected areas 
were stained with uranyl acetate and counter-
stained with lead citrate. The samples were viewed 
with a JEM 1200 EX2 electron microscope. 

Immunohistochemical studies

In six patients with inclusion body myositis the 
immunostaining for the β-amyloid (NCL-B-Amyloid 
antibody, Novocastra), TDP-43 (TARDBP monoclonal 
antibody, Abnova), tau protein (NCL-Tau-2 antibody, 
Novocastra), and α-synuclein (Anti-Synuclein anti-
body, Chemicon) was performed using guidelines 
provided by each company. Additionally, the same 
procedures were applied in three of four patients 
with other myopathies. In two patients with sIBM 
and in one patient with LGMD the immunohisto-
chemistry evaluation was not done according to the 
remote time of muscle biopsy. 

Genetic analyses

All 12 patients were screened for the presence 
of known sIBM-causative mutations. Genomic DNA 
was isolated from peripheral blood leukocytes using 
standard methods. Intronic primers were used to 
amplify protein-coding exons of TARDBP and VCP, 
and exons coding for the prion-like domain of 
HNRNPA1 and HNRNPA2B1. Amplicons were puri-
fied with Exonuclease I/FastAP (Fermentas) and 
sequenced on an ABI PRISM 3130 Genetic Analyser 
(Applied Biosystems) using a BigDye Terminator v1.1 
Cycle Sequencing Kit (Applied Biosystems). Primers 
for VCP and HNRNPA1, and HNRNPA2B1 were pre-
pared as described by Hirano et al. 2015, and Seelen 
et al. 2014, respectively [12,16]. For TARDBP gene 
primers were designed using Primer 3 programme 
(Untergasser et al., 2012) [17]. Analysis of C9ORF72 
hexanucleotide repeat was performed in two stag-
es: fragment lengths analysis and the repeat-primed 
PCR reaction previously described (DeJesus-Hernan-
dez et al., 2011) [4].

Results
Clinical characteristics

Sporadic inclusion body myositis was diagnosed 
in eight male patients (number 1-8) with negative 
family history. Clinical characteristics are sum-
marised in Table II. The age of onset varied from  
46 to 65 years and the age of diagnosis from 49 to 
67 years. The most often affected were the shoulder 
girdle (SG) and pelvic girdle (PG) muscles; howev-
er, in all patients distal upper limb (dUL) and dis-
tal lower limb (dLL) muscles involvement was also 

Table I. Scale used for the grading of muscle 
atrophy in computed tomography (CT) (adapted 
from Goutallier et al., 1994) [10]

Atrophy grade CT findings

0 No atrophy

1 Minimal atrophy, muscle contains some 
streaks of fat

2 Marked fatty degeneration with still more 
muscle than fat

3 Advanced fatty degeneration with more fat 
than muscle

4 Complete atrophy, muscle fibres replaced 
by fat, only tendinous components pre-
served
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present. No calf muscle hypertrophy was observed. 
The course of the disease was progressive; never-
theless, all of the patients were mobile and only two 
of them used a walking stick. There were no report-
ed difficulties in swallowing. Serum creatine kinase 
(CK) activity was moderately elevated, maximally 
up to seven times above the upper range (laborato-
ry norm up to 34 U/l). Electromyography disclosed 
a myogenic pattern from biceps brachii and vastus 
lateralis muscles in two patients, a neurogenic pat-
tern from biceps brachii, vastus lateralis, interosse-
ous I, and tibialis anterior muscles in one patient, 
and a myogenic pattern in the tibialis anterior mus-
cle and neurogenic pattern in vastus lateralis mus-
cle in one patient. In four cases electromyography 
was normal. Nerve conduction studies showed no 
abnormalities. 

Additionally, four male patients (number 9-12) 
with other primary muscle disorders and with 
rimmed vacuoles on light microscopy examination 
were included. Three patients had clinically typical 
LGMD phenotype, without genetic confirmation of 
the subtype of LGMD. One patient had genetically 
confirmed proximal myotonic myopathy (myotonic 
dystrophy type 2 – DM2) (Table II). The age of onset 
ranged from 12 to 49 years and the age of diagno-
sis from 18 to 59 years in that group. The weakness 

of shoulder and pelvic girdle muscles was more 
pronounced than in sIBM patients. Calf muscles 
hypertrophy was present in all four patients. Serum 
creatine kinase activity was markedly elevated, max-
imally up to fifteen times above the upper range 
(laboratory norm up to 34 U/l). Nerve conduction 
studies showed motor axonal neuropathy signs only 
in the patient with DM2. Electromyography from 
biceps brachii or vastus lateralis muscles present-
ed a myogenic pattern in all patients with LGMD. In 
a patient with DM2 neurogenic pattern from biceps 
brachii and pseudomyotonic discharges in proximal 
muscles in the upper limb and in distal muscles in 
the lower limb were present.

Computed tomography studies

In the group of sIBM patients CT revealed a differ-
ent degree of muscle atrophy in all but two patients. 
Muscle atrophy was symmetric and showed a slight 
predilection to the distal parts of muscle bellies in 
all but one patient. In the thighs, the atrophy was 
most pronounced within the quadriceps femoris and 
gracilis muscles, while in the lower legs it was within 
the medial head of the gastrocnemius muscle and 
within the tibialis anterior muscle (Fig. 1A-B). A sum-
mary of the degree of muscle atrophy results for the 
eight sIBM patients is presented in Fig. 2.

Table II. Patients’ clinical characteristics 

Patient Diagnosis Age of onset/ 
Age of diagnosis

Affected muscles CK (U/l) NCS EMG

1 sIBM/c-p-def. 59/63 SG, PG, dUL 55 n M+N

2 sIBM/ c-p-def. 46/49 SG, PG, dLL 107 n N

3 sIBM/ c-p-def. 65/67 SG, PG, dUL 89 n n

4 sIBM/ c-p-def. 54/56 SG, PG, dUL, dLL 237 n M

5 sIBM/c-def. 49/60 SG, PG, dLL 55 n n

6 sIBM/prob. 58/61 dLL 19 n n

7 sIBM/ c-p-def. 54/60 SG, PG, dUL, dLL 110 n n

8 sIBM/ c-p-def. 55/55 SG, PG, dUL, dLL 49 n M

9 LGMD 36/38 SG, PG 96 n M

10 LGMD 12/18 SG, PG 248 n M

11 LGMD 30/42 SG, PG 527 n M

12 DM2 49/59 SG, PG, dUL 222 A-m N

sIBM – inclusion body myositis, c-p-def. – clinico-pathologically defined IBM, c-def. – clinically defined IBM, prob. – probable IBM, LGMD – limb-girdle muscu-
lar dystrophy, DM2 – myotonic dystrophy 2, SG – shoulder girdle muscles, PG – pelvic girdle muscles, dUL – distal muscles of upper limb, dLL – distal muscles  
of lower limb, CK – creatine kinase, NCS – nerve conduction studies, EMG – electromyography studies, n – normal, A-m – axonal motor neuropathy, M – myo-
genic, N – neurogenic, M+N – myogenic and neurogenic
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In the control group, minimal muscle atrophy lim-
ited to the medial heads of the gastrocnemius muscle 
(grade 1 on the right, grade 2 on the left) was found 
in one 63-year-old man with no signs and symptoms 
of neuromuscular disease. All remaining participants 
of the control group had no muscle atrophy. 

Muscle biopsies assessment

The results of light microscopic and ultrastruc-
tural evaluation are summarised in Table III and IV, 
respectively. The assessment of muscle samples on 
light microscopy revealed variation in fibre size in 

all 12 patients. There were many atrophic or hyper-
trophic fibres, fibres with internal nuclei, and muscle 
fibre splitting. Infiltration of mononuclear cells was 
observed in six patients with sIBM. “Rimmed vacu-
oles” considered characteristic for sIBM were noted 
in all 12 samples (Fig. 3A-D). Electron microscopy 
studies were performed in all patients (Fig. 4A-D). 
Myofibrillar disorganisation and mitochondrial 
abnormalities were observed in all biopsies. Lipo-
fuscin accumulation was seen in all samples except 
for one patient with LGMD. Tubulofilamentous cyto-
plasmic inclusions composed of 15-18-nm tubulofil-

A

B

Fig. 1. Computed tomography images in a patient with “clinico-pathologically defined” sIBM: A) atrophy of 
quadriceps femoris muscle (grade 3 on the right, grade 2 on the left), B) atrophy of the medial head of the 
gastrocnemius muscle and within the tibialis anterior muscle (grade 4 on both sides).
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aments were noted in two patients with sIBM. Both 
nuclear and cytoplasmic tubulofilamentous inclu-
sions were observed in one sIBM and were present 
in one LGMD 18-year-old patient with biopsy and 
with other clinical and morphological findings sup-
porting LGMD diagnosis.

Different patterns of accumulation of patholo-
gical proteins were observed in the examined biop-
sies. Immunohistochemical stains presented strong 
accumulation of TDP-43 in the subsarcolemmal and 

intracytoplasmic regions, in the atrophied fibres, in 
rimmed vacuoles, and in the blood vessels in half 
of the examined sIBM cases and in the patient with 
DM2 (Fig. 5A). β-amyloid aggregates, located in the 
subsarcolemmal and intracytoplasmic regions and in 
the atrophied fibres, were observed in all performed 
biopsies, being most prominent in the patient with 
DM2 (Fig. 5B). Tau protein accumulation, mostly 
located in the subsarcolemmal region, was present in  
six sIBM and in two control patients (Fig. 5C). Also  
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Fig. 2. Summarised muscle atrophy degree results.

Table III. Light microscopy results 

Patient Varied fibre 
size or shape

Necrosis or 
necrosis with 
phagocytosis

Mononuclear 
cell invasion

Rimmed 
vacuoles

Inclusions Lobulated 
fibres

Other

1 + + + + + + Connective tissue 
hypertrophy

2 + + + + + – –

3 + + + + + – –

4 + + + + + – –

5 + – – + – – Ring fibres

6 + – – + + – –

7 + + + + + – –

8 + + + + + – –

9 + + + + + + –

10 + – + + – + –

11 + + + + + – –

12 + – – + + – Internal nuclei

+ presence of abnormality, – absence of abnormality 

Examined muscles
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Table IV. Electron microscopy results 

Patient Cytoplasmic 
inclusions

Nuclear 
inclusions

Myofibril 
abnormalities

Mitochondrial 
abnormalities

Cytoplasmic 
bodies

Lipofuscin 
accumulation

Myelin  
structures

1 + – + + – + +

2 – – + + + + –

3 – – + + – + –

4 + + + + + + +

5 – – + + – + –

6 – – + + – + –

7 + – + + – + +

8 – – + + + + +

9 – – + + – – –

10 + + + + + + +

11 – – + + – + –

12 – – + + – + –

+ presence of abnormality, – absence of abnormality 

A

C

B

D

Fig. 3. Haematoxylin-eosin staining from sIBM patients: A) cytoplasmic inclusions (arrow), B) rimmed vacuo-
les, C) mononuclear cells invasion, D) necrosis with phagocytosis. Bar 25 µm.
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α-synuclein aggregates, located in the subsarcolemmal 
and intracytoplasmic regions mostly in the atrophied 
fibres, were noted in all examined cases (Fig. 5D). 
The results of immunohistochemical studies are list-
ed in Table V.

Based on such comprehensive evaluation, ac-
cording to Rose et al.’s criteria, six patients (numbers 
1-4, 7, and 8) were classified as “clinico-pathologi-
cally defined IBM”, one patient (number 5) as “clin-
ically defined IBM”, and one patient (number 6) as 
“probable IBM” [14]. 

Genetic analyses

No causative mutations were found in the pro-
tein-coding sequences of TARDBP, VCP, HNRNPA1, 
HNRNPA2B1, and C9ORF72 genes in any of the exam-
ined patients with sIBM and other myopathies. Two 
novel and probably not pathogenic intronic inser-
tions and known exonic and intronic polymorphisms 

were identified in VCP and HNRNPA2B1 genes (see 
Table VI).

Discussion

The pathogenic mechanisms of sIBM are still 
unknown. It is believed that both environmental 
and genetic factors can contribute to the disease 
process. Clinical diagnosis of sIBM presents many 
problems and in most cases requires additional mor-
phological, radiological, and genetic assessment. No 
single procedure is unreservedly precise, and only 
occasionally can the disease be confirmed by spe-
cific mutation. The primary diagnostic criteria for 
sporadic IBM were first proposed by Griggs et al. in 
1995 and they emphasised the role of skeletal mus-
cle biopsy [11]. Inclusion criteria covered duration of 
the disease above six months, age of onset above 30 
years, both proximal and distal muscle weakness of 
upper and lower limbs, and negative family history. 

A

C

B

D

Fig. 4. Electron microscopy results from sIBM patients: A) nuclear inclusions, B) cytoplasmic inclusions,  
C) mitochondrial abnormalities, D) cytoplasmic body. Bar 1 µm for A), B), and D); bar 500 nm for C). 
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Table V. Immunohistochemistry results 

Patient TDP-43 β-amyloid tau protein α-synuclein

1 ++; SS, AF, IC +; SS, AF +; SS, AF +; SS, AF, IC

2 ND ND ND ND

3 +; SS, AF, V +; SS, AF +; SS, AF +; SS, AF

4 ND ND ND ND

5 ++; SS, IC ++; SS +++; SS ND

6 ++; SS +; SS ++; SS +; SS

7 +; SS, AF, V ++; SS, AF, IC +; AF +; SS, AF

8 ++; AF, RV, V +; SS +; SS, AF +; SS, AF, IC

9 +; SS +; SS ND ND

10 ND ND ND ND

11 +; SS, AF, V +; AF, IC +; SS +; SS, AF

12 ++; SS, V +++; SS, AF, IC +++; SS, AF, IC, V +; SS, AF

+ slight accumulation, ++ strong accumulation, +++ excessive accumulation
SS – subsarcolemmal, AF – atrophied fibres, IC – intracytoplasmic, V – blood vessels, RV – rimmed vacuoles
ND – not done

A

C

B

D

Fig. 5. Immunohistochemical results from sIBM patients: A) TDP-43 aggregates, B) β-amyloid aggregates,  
C) tau protein aggregates, D) α-synuclein aggregates. Bar 25 µm.
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Laboratory abnormalities included serum creatine 
kinase activity not more than 12-times normal, typ-
ical muscle biopsy changes, and diversified pattern 
of electromyography. “Definite” inclusion body myo-
sitis was recognised when muscle biopsy presented 
mononuclear cell invasion of non-necrotic muscle 
fibres, vacuolated muscle fibres and intracellular 
amyloid deposits, or 15-18 nm tubulofilaments. In 
such cases no additional clinical and laboratory cri-
teria were necessary. “Possible” inclusion body myo-
sitis was considered when muscle biopsy presented 
only inflammatory features and the patient exhibit-
ed all of the clinical and laboratory symptoms men-
tioned above. Later Needham and Mastaglia applied 
different morphological criteria [13]; however, they 
emphasised that the lack of particular changes in 
muscle biopsy cannot exclude IBM. They introduced 
the term “probable” inclusion body myositis to char-
acterise patients with incomplete biopsy criteria, and 
the term “possible” IBM to distinguish patients with 
atypical muscle involvement and non-specific mus-
cle biopsy findings. Finally, Rose in cooperation with 
the European Neuromuscular Centre (ENMC) devel-
oped the so-called “IBM Research Diagnostic Criteria 
2011”, published as a workshop report in 2013 [14]. 
The symptoms had to last for at least 12 months, 
the age of onset was increased to 45 years, and 
serum creatine kinase activity had to be no great-
er than 15-times above the upper limit of normal. 
The knee extension and finger flexion weakness had 
to be more pronounced than hip flexion weakness 
and shoulder abduction weakness, respectively. If 

these features were accompanied by all pathological 
changes (which covered endomysial inflammatory 
infiltrates, rimmed vacuoles, β-amyloid or TDP-43 
accumulation, or inclusions composed of 15-18 nm 
tubulofilaments in EM), then “clinico-pathological-
ly defined IBM” could be recognised. When not all 
pathological changes were present, the diagnosis 
was classified as “clinically defined IBM”. And when 
not all clinical features were expressed, “probable 
IBM” was diagnosed. Although patients included in 
our study were hospitalised between 2002 and 2013 
in the Department of Neurology, their clinical and 
morphological data were re-evaluated according to 
Rose et al.’s criteria developed in 2011. Application 
of those criteria in our study allowed us to recognise 
“clinico-pathologically defined IBM” in six cases, 
“clinically defined IBM” in one case, and “probable 
IBM” in one. 

According to the literature, the muscle assess-
ment on light microscopy should be focused on 
vacuolar degeneration and atrophy of muscle fibres 
with mononuclear cell infiltrations. The so-called 
“rimmed vacuoles” are considered the hallmark 
for sIBM; nevertheless, they are seen in many oth-
er muscle disorders, for example in inclusion body 
myopathy with Paget’s disease and frontotemporal 
dementia (IBMPFD), in oculopharyngeal muscular 
dystrophy, or in myofibrillar myopathies [1]. Addi-
tionally, tubulofilamentous inclusions in the cyto-
plasm or in the nuclei can be found on electron 
microscopy in a variety of neuromuscular diseases 
[7,8]. Numerous studies have showed deposits of 

Table VI. Genetic analyses results

Gene dbSNPs Localization Most severe potential consequence MAF

TARDBP rs968545 Intron Unknown 0.125 (T)

rs4133584 Intron Unknown 0.458 (C)

VCP rs10972300 Intron Unknown 0.208 (A)

rs514492 Intron Splice region variant 0.167 (G)

g.16046_16047insTTGTGTACTGT* Intron Unknown 0.292 (INS)

rs2258240 Intron Unknown 0.500 (G)

rs562381 Exon Non-coding transcript exon variant 0.333 (T)

rs684562 Intron Splice region variant 0.125 (A)

HNRNPA1 rs7967622 Intron Unknown 0.500 (T)

HNRNPA2B1 g.12606_12607insGAAGATAA* Intron Unknown 0.042(INS)

MAF – minor allele frequency
*Novel variant, VCP NCBI Reference Sequence: NG_007887.1, HNRNPA2B1 NCBI Reference Sequence: NG_029680.1
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different proteins in sIBM and none was disease 
specific [19]. The presence of TDP-43 aggregates 
in sIBM was highlighted in several articles [5]. In 
healthy subjects TDP-43 is present mostly in the 
nucleus, whereas in sIBM cases it is seen as non-nu-
clear sarcoplasmic deposits [15]. However, the pre-
cise role of TDP-43 accumulation is still unknown; 
it may cause neuronal dysfunction and disturb 
transcriptional regulation and RNA processing. We 
detected no TARDBP mutation associated with IBM, 
which is consistent with Qian Gang et al.’s study 
(Qian Gang et al., 2014) [9]. We did not detect 
pathogenic hexanucleotide expansion in C9ORF72, 
which is the most common cause of amyotrophic 
lateral sclerosis (ALS) and frontotemporal dementia 
(FTD) with TDP-43 inclusions (Weihl et al., 2015) 
[18]. Other possible genes associated with the dis-
ease may be HNRNPA1 and HNRNPA2B1 [16]. 

Mutations in prion-like domain of the RNA bind-
ing genes heterogeneous nuclear ribonucleoproteins 
A1 and A2B1 were shown to cause multi-system pro-
teinopathy (MSP), which may be clinically presented 
as IBM, FTD, ALS, or Paget’s disease (Seelen et al., 
2014) [16]. However, our results, as well as the anal-
ysis of 31 patients from the Dutch population have 
shown no causative mutation in clinically defined 
IBM [16]. Our study also reveals no mutation in VCP, 
known to be causative for IBM.  

The presented study describes eight patients 
with sporadic inclusion body myositis and four with 
other primary muscle disorders. This is the first, to 
our knowledge, such comprehensive workup of Pol-
ish patients with sIBM. Clinical findings were similar 
to those described in the literature and correlated 
with criteria proposed by Rose et al. [14]. The muscle 
involvement highlighted on computed tomography 
studies was comparable to that known from previ-
ous reports [2]. 

Morphological and immunohistochemical asses-
sments proved that none of the changes are disease 
specific. The presence of TDP-43 and other protein 
aggregates were seen in all examined sIBM patients 
as well as in patients with other myopathies. It 
seems that, regardless of the primary cause, muscle 
fibre degeneration may be connected with the for-
mation of various protein aggregates [14]. 

Conclusions 

Our analysis of eight sIBM patients and four 
patients with other myopathies did not indicate the 

role of TDP-43 in sIBM pathogenesis. Muscle biop-
sy, although in some cases not conclusive for sIBM 
diagnosis, remains important for excluding other 
possible diagnoses of neuromuscular disorders.  
The analysis of known genes involved in sIBM patho-
genesis did not confirm the genetic background in 
the examined group of eight Polish patients. 
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A b s t r a c t

Amyotrophic lateral sclerosis (ALS) is a fatal incurable neurodegenerative disease whose etiology is unknown and 
pathogenesis is still not fully understood. A great majority of its cases are sporadic. Clinical ALS signs are caused by 
damage and dying-out of the lower and upper motor neurons. This study was aimed at identifying possible sporadic 
ALS-associated aberrations in the spinal cord expression of the transcription nuclear factor κ light-chain-enhancer of 
activated B cells (NF-κB). NF-κB is widely distributed among various cell types, including those specific for the cen-
tral nervous system (CNS), and is involved in the control of many physiological and pathological processes, includ-
ing, inter alia, inflammatory response, proliferation, angiogenesis, and cell survival and death. It is constitutively 
expressed and its inactive form resides in the cytoplasm. After activation, it enters the cell nucleus and promotes the 
transcription of target genes. NF-κB is a dimer and its most common form is a heterodimer made of subunits p50 
and p65. In this study, we estimated and compared by immunohistochemical means the contents of these subunits 
in spinal cord motoneurons in a few archival cases of sporadic ALS of varying disease duration and the respective 
age-matched control cases with no CNS pathology. The major goal of the study was to seek possible changes in 
the expression of these proteins in the course of the disease. The control cases showed a strong expression of both 
p50 and p65 in spinal cord motoneurons, with both cytoplasmic and nuclear localization. In contrast, the ALS cases 
studies revealed a considerably lower and varying intensity of specific immunohistochemical staining for the two 
subunits, which suggested an increased deficit of their expression linked to longer disease duration. Moreover, there 
was an apparent shift toward mostly cytoplasmic localization of the two subunits. These preliminary data suggest 
that the changes in the expression of theses NF-κB subunits may be involved in pathogenesis of sporadic ALS.

Key words: amyotrophic lateral sclerosis, motoneuron, neurodegeneration, NF-κB, spinal cord.

Introduction

Nuclear factor κ light-chain-enhancer of activated 
B cells (nuclear factor κB – NF-κB) is a protein com-

plex functioning as a transcription factor. It has been 
discovered in 1986 in mouse lymphocytes B as a con-
stitutively expressed complex that binds to the pro-
moter of the gene encoding the light chain κ of immu-
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noglobulins and is indispensable for the expression 
of the gene [41]. Inactive NF-κB resides in the cyto-
plasm, but enters the cell nucleus upon activation, 
binds to the so-called κB elements located in the pro-
moter region of target genes and activates expres-
sion of the genes [27]. Extensive studies on NF-κB 
have revealed that it is widely distributed in various 
cell types in both the vertebrates and invertebrates 
and takes part in many cellular processes. Its action 
is closely connected to multiple intracellular signaling 
pathways ending in the synthesis of proteins linked 
to: 1) responses to a variety of stimuli, including, but 
not limited to, ischemia, free radical stress, cytokine 
and UV actions, and some antigens [5,11,12,36,45], 
2) oncogenesis, regulation of inflammatory process-
es and responses to infections [21,22], and 3) pro-
cesses related to learning and memory as well as 
synaptic plasticity [2]. Studies performed during the 
last decade have extended the list of NF-κB commit-
ments with the processes linked to angiogenesis and 
cell proliferation, survival and death (including roles 
in both the prevention and promotion of apoptosis) 
[32,43]; most recently, NF-κB was also credited with 
a  role in the pathogenesis of a growing number of 
neurodegenerative diseases [6].

NF-κB acts as a homo- or heterodimer of mem-
bers of the Rel family that includes five proteins: 
p65 (RelA), RelB, c-Rel, p50 and p52 that are divided 
between two sub-families. One of the latter compris-
es p65, RelB and c-Rel, which all possess a transcrip-
tion activation domain and due to this characteristic 
are able of activating NF-κB target genes. The other 
sub-family comprises p50 and p52 that originate 
from their respective precursors p100 and p105 and 
are devoid of this domain. All the Rel proteins pos-
sess the evolutionary highly conserved Rel homolo-
gy domain. This domain is responsible for subunit 
dimerization and binding to DNA, which allows acti-
vation of the target genes [15], and encompasses 
a nuclear localization sequence that enables the Rel 
proteins entering the cell nucleus [32]. In the inactive 
state, the nuclear localization sequences are blocked 
by the Rel homology domain-bound inhibitory pro-
teins of the IκB family. Activation of NF-κB relies on 
phosphorylation of the respective IκB inhibitor that 
is next subject to ubiquitination and proteosomal 
degradation. The inhibitor-free dimeric NF-κB trans-
locates then to the nucleus [15].

In mammalian cells, the most common isoform 
of NF-κB is the p50-p65 heterodimer [32]. In the cen - 

tral nervous system (CNS), this isoform has been 
iden tified in the Schwann cells [7], astrocytes [44], 
microglia [35] and neurons [14,17,18,26,29,40]. The p65 
subunit is considered the most important NF-κB 
subunit in the nervous system [26,27]. NF-κB plays 
an important role in multiple physiological process-
es in the nervous system both during the ontogeny 
and after reaching maturity. It is well-known that this 
factor is responsible both for the control of apoptosis 
[31,40] and the promotion of the survival of nervous 
system cells [23]. This duality in NF-κB action is the 
consequence of a  wide spectrum of the targets of 
this transcription factor, which includes both some 
pro-apoptotic (e.g., Bax) and anti-apoptotic genes  
(e.g., bcl-2). An NF-κB target is also the Survival Motor 
Neuron (SMN) gene that plays an essential role in 
motoneuron function and survival.

Amyotrophic lateral sclerosis (ALS) is a  fatal in-
curable neurodegenerative disease with relative-
ly fast clinical course. Its etiology is unknown and 
pathogenesis is far from fully elucidated. Its prog-
ress and the fatal outcome rely on the damage and 
dying-out of the neurons of the spinal cord anterior 
horns, motor nuclei of the cranial nerves within the 
brain stem as well as motoneurons in the cerebral 
cortex, that is, of the lower and the upper motor neu-
ron [20,34]. About 90% of all ALS cases are sporadic 
(sALS). The remaining cases represent the so-called 
familial ALS (fALS), a  minor subset of which are 
linked to identifiable heritable genetic damage. Our 
earlier investigation has revealed a probable role of 
aberration(s) in the expression of the SMN complex 
proteins, in sALS pathogenesis. This is because we 
found a  major decrease in gemin 2 level correlat-
ing with sALS duration [37]. The present study was 
aimed at identifying possible aberrations in the 
expression of the key transcription factor NF-κB sub-
units p50 and p65 in the spinal cord motoneurons of 
sALS patients with differing duration of the disease.

Material and methods

The study material included archival paraffin 
blocks with spinal cord samples harvested from the 
cervical enlargements (C4-C8 level) of four patients 
from 52 to 74 years of age, who died 1-8 years 
after the clinical onset of sALS. Before death, all the 
patients revealed lower motor neuron damage with 
tetraparesis and bulbar syndrome. The controls com-
prised spinal cords from two age-matched patients 
who died from CNS-unrelated causes and with no 
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record of neurological problems. Basic clinical char-
acteristics of the cases and estimation of motoneu-
ron loss in the spinal cord anterior horns in the stud-
ied samples are shown in Table I.

All experiments involving the human material 
were in agreement with the respective ethical prin-
ciples as stipulated in the Helsinki Declaration and 
with the current law of Poland regarding the use of 
human organs and tissues in research. The study 
protocol has been filed with the Bioethics Commit-
tee of the Medical University of Warsaw. The Com-
mittee has raised no objection, and – because of the 
archival nature of the involved human tissue-con-
taining material, full anonymization of the samples 
and the retrospective retroactive character of the 
study – has waived the need for consent from the 
next of kin of the donors (Permit No. AKBE/20/14).

The paraffin blocks with the formalin-fixed spinal 
cord samples were cut tranversely into 8 µm-thick 
sections, deparaffinized and rehydrated by routine 
procedures and then subjected to hematoxylin-eo-
sin or cresyl violet staining or immunohistochemical 
labelings for p50 or p65 subunit of NF-κB. Immuno-
histochemistry was performed by the avidin-bio-
tin-peroxidase method. Briefly, the rehydrated spinal 
cord slices were microwaved (3 × 10 min, in 10 mM 
citrate buffer pH 6.0) for antigen retrieval, and then 
were stained with primary antibodies (Santa Cruz 
Biotechnology, Dallas, TX, USA) against p50 (cat. 
no. sc-114; dilution 1 : 250) or p65 (cat. no. sc-109; 
dil. 1 : 250). Next, the samples were incubated with 
biotinylated goat F(ab)2 fragment of anti-rabbit  
IgG (Beckman Coulter, cat. no. PN IM0830; dil.  
1 : 1500), and consequently with streptavidin-horse-
radish peroxidase solution. The final immune com-
plexes were developed with diaminobenzidine as 
the chromogen and assessed in a  light microscope 

(Nikon, Japan) equipped with a model CCD camera 
(Nikon) and a computerized image analyzer system. 
Specifity of the reaction was tested using a negative 
control procedure (with primary antibodies omitted); 
the test showed no immunostaining. The intensities 
of specific p50 and p65 immunoreactivities were as-
sessed in the respective slices (4-6 slices per case), 
in all visible spinal cord motoneurons, employing an 
8-bit scale (256 levels of gray). The gray scale levels 
for p50 immunoreactivity from all the analyzed slic-
es from a given case were next averaged and used 
as one observation for statistical analysis; the same 
was done for the respective p65 immunoreactivity 
data. The sALS cases analyzed were divided between 
two groups: the group with short (1-year, n = 2) and 
the group with long (2- or 8-year, n = 2) course of 
the disease; the two control cases with no ALS com-
prised the control group. The quantitative immunos-
taing data were subject to a one-way ANOVA with 
group as the between-subject factor followed by the 
Tukey test.

Cell morphology in the studied samples was 
assessed in a separate series of the spinal cord sam-
ples that were subject to routine hematoxylin-eosin 
(H&E) and cresyl violet stainings, air-dried, covers-
lipped using Permount™ and then examined in the 
aforementioned computerized Nikon light microsco-
py system.

Results

Spinal cord sections from controls showed no 
symptoms of degeneration, and the motoneurons 
were of normal morphology (Fig. 1). The sections 
from sALS cases, both those with short (1 year) 
and longer (2 and 8 years) disease history, on the 
contrary, revealed obvious aberrations in the mor-

Table I. Clinical characteristics of the sporadic amyotrophic lateral sclerosis (sALS) cases and controls and 
estimation of motoneuron loss in the spinal cord anterior horns

Group Case No. Gender Age 
(years)

Cause of death sALS duration
(years)

Post-mortem 
time (h)

Motoneuron 
loss

Controls 1 F 60 Digestive system hemorrhage – 41 –

2 F 67 Heart infarction – 14 –

sALS 1 M 52 sALS 1 30 Mild

2 F 59 sALS 1 22 Mild

3 F 73 sALS 2 12 Moderate

4 M 74 sALS 8 15 Extensive
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phology of the surviving motoneurons: changes in 
both the shape and size (shrinkage), hiperchroma-
tosis, and (typical of damaged neurons) tigrolysis of 
intensity that showed a great variability with regard 
both to individual case and cell (Fig. 2). The two sALS 
cases with 1-year history of the disease showed the 
presence of few tigrolysis-affected motoneurons; 
the numbers of these cells were considerably higher 
in the sALS cases with longer disease duration. Inter-
estingly, the spinal cord sections from the former 
showed also the presence of few motoneurons with 
enlarged Nissl bodies, which might be related to 
a transient reinervation that occurs during the initial 
stage of the disease and may represent a compen-
sation for degeneration of the other motoneurons  
(Fig. 2). Compared to the controls, the sections from 
sALS cases showed also clearly lower total moto-

neuron numbers, but no signs of apoptosis. This 
difference was rather small for the cases with short 
disease history, but was much higher in those with 
longer disease duration (see Fig. 1 and Table I).

For both p50 and p65, immunohistochemistry  
revealed a  moderate cytoplasmic staining in non- 
neuronal cells, and an intense staining of the cyto-
plasm and even more intense staining of the nuclei 
of motoneurons in the controls; the apparent immu-
noreactivity was higher for p50 (Figs. 3 and 4).  
The motoneurons in spinal cord sections from sALS 
cases showed lower immunoreactivity levels for 
both p50 (Fig. 3) and p65 (Fig. 4). The sections from 
sALS cases compared to those from controls con-
tained also considerably lower numbers of motoneu-
rons with p50- or p65-positive nuclei. This difference 
was particularly evident in the two sALS cases with 

Control 1 Case 1: sALS, 1 year duration

Fig. 1. H&E staining of spinal cord anterior horn sections from a control and sporadic amyotrophic lateral 
sclerosis (sALS) cases. The control section shows the presence of many motoneurons of normal morphology 
(left top panel). The sections from sALS cases reveal much lower motoneuron numbers.

Case 3: sALS, 2 years duration Case 4: sALS, 8 years duration
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Control 1 Case 1: sALS, 1 year duration Case 4: sALS, 8 years duration

Fig. 2. Cresyl violet staining of spinal cord anterior horn sections from a control and selected sporadic amyo-
trophic lateral sclerosis (sALS) cases. The microphotograph of a section from a control (far left) shows a moto-
neuron of normal morphology, including typical-looking Nissl granules. The two middle microphotographs of 
a section from an sALS case with 1-year history show an enlargement (right) and decay (left) of Nissl bodies. 
The microphotograph of a section from an sALS case with 8-year history reveals extensive tigrolysis.

longer disease history. In the two cases with 1-year 
sALS duration there were a  few motoneurons with 
p50- or p65-positive nucleus in each section ana-
lyzed. The remaining motoneurons showed p50 or 
p65 positivity only in the cytoplasm. The other two 
sALS cases (with longer disease history) revealed 
even lower numbers of motoneurons. Notably, the 
surviving motoneurons showed but a  weak cyto-
plasmic staining, and only a minor fraction of these 
(a few in the case with 2-year, and only one in the 
case with 8-year ALS history, in all the studied sec-
tions combined) showed the presence of p50 or p65 
in the nucleus. 

Interestingly, the non-neuronal cells present 
in the spinal cord anterior horns sections showed 
heavy immunolabeling for both p50 and p65 in all 
sALS cases studied (Figs. 3 and 4). Many of these 
cells revealed nuclear localization of the NF-κB sub-
units.

Statistical analysis revealed significantly lower 
intensities of both the p50 and p65 immunoreactiv-
ities in the sALS cases with either 1-year or longer 
disease duration compared to the controls, while 
there was no statistically significant difference in this 
respect between the two sALS subsets (Table II). There 
was a  high positive linear correlation between the 
p50 and p65 staining intensities as assessed across 
all the cases (sALS and controls combined) included 
in this study (n = 6; Pearson’s correlation coefficient:  
R = 0.97, p = 0.0014). This correlation was in line with 
the presumed co-expression of the two NF-κB sub-

units in the same cells and their presumed heterodi-
merization.

Discussion

A large body of evidence indicates that NF-κB-me-
diated signaling plays an important role in neuron 
survival in many pathological entities, for review see 
[19,32]. The decrease in NF-κB expression and the 
shift toward its prevailing cytoplasmic localization 
associated with increased duration of the disease 
in our material of sALS strongly suggests a  failing 
function of this transcription-regulating factor. This 
result may put in doubt the presumed importance 
of NF-κB for the processes that promote either the 
death or the survival of the analyzed cells. However, 
the absence of this factor in the nuclear compart-
ment may indirectly contribute to the deficient neu-
roprotection, e.g. due to a diminished NF-κB-depen-
dent expression of the anti-apoptotic Bcl-2 gene [27]. 
The link between motoneuron death and function 
of anti- (e.g., Bcl-2) and proapoptotic proteins (e.g., 
Bax) is supported by a steadily growing number of 
studies [1,10,25,33,39,42]. 

Another important target gene of NF-κB is SMN 
that plays an essential role in both motoneuron 
survival and function. However, our earlier studies 
have revealed similar SMN immunoreactivity in sALS 
autopsy cases greatly differing in disease duration. 
The only exception was a  single case with 8-year 
history of ALS with prominent symptoms of neuro-
degeneration in the few surviving motoneurons and 
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Control 1 Control 2

Case 1: sALS, 1 year duration

Case 3: sALS, 2 years duration

Case 2: sALS, 1 year duration

Case 4: sALS, 8 years duration

Fig. 3. NF-κB p50 subunit immunoreactivity in the anterior horn of spinal cords from controls and sporadic 
amyotrophic lateral sclerosis (sALS) cases. The sections from controls (top panel) show the presence of 
heavily stained motoneurons (long arrows) with both cytoplasmic and nuclear p50 staining. The sections 
from sALS cases (middle and bottom panels) reveal little or no p50 staining, particularly of cell nuclei; white 
arrowheads point to glial cells.
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Control 1 Control 2

Fig. 4. NF-κB p65 subunit immunoreactivity in the anterior horn of spinal cords from control and sporadic 
amyotrophic lateral sclerosis (sALS) cases. The sections from controls (top panel) show the presence of 
intensively stained motoneurons (long arrows) with both cytoplasmic and nuclear p65 staining. The sections 
from sALS cases (middle and bottom panels) demonstrate little or no p65 labeling intensity, particularly of 
cell nuclei; white arrowheads point to glial cells.

Case 1: sALS, 1 year duration Case 2: sALS, 1 year duration

Case 3: sALS, 2 years duration Case 4: sALS, 8 years duration
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clearly lowered SMN level; the latter was obviously 
related to the poor condition of the cells [37].

The continuing SMN expression at the absence 
of NF-κB in the nucleus suggests that the expres-
sion under these conditions is controlled by differ-
ent transcription factor(s); it has been shown that 
SMN is a target gene also for Elk-1 [9] and CREB [24]. 
However, the functionality of the SMN protein com-
plex-dependent motoneuron survival pathway is in 
serious doubt. This is because of the evidence indi-
cating a deficient production in sALS of gemin 2 that 
is a  key subunit responsible for SMN binding with 
the other subunits of the SMN protein complex [37].

The actual role of NF-κB in the ALS-related neuro-
degeneration is presently under intense scrutiny, but 
the existing data are equivocal. Studies in transgenic 
mice overexpressing a mutated form of human SOD-
1 have shown that blocking apoptosis by pharmaco-
logical induction of NF-κB in motoneurons prolongs 
survival of the cells [38]. Surprisingly, a  neuropro-
tective effect on spinal cord motoneurons was also 
achieved in a mouse ALS model with NF-κB inhibi-
tion [46]. The results of the present study suggest 
that the progress of ALS may linked to a dysfunction 
in the mechanisms governing NF-κB activation.

The sALS cases studied revealed heavy cytoplas-
mic and nuclear staining for both the p50 and p65 
subunits of NF-κB in non-neuronal cells. This high 
immunoreactivity could be related to the increased 
production of pro- and anti-inflammatory cytokines in 
glial cells, which has been suggested in previous stud-
ies [3,4,13,28]. It is also believed that NF-κB activation 
in non-neuronal cells (micro- and astroglia), which is 
a  common finding in various CNS pathologies, may 
promote dying-out of neurons. This could be due to 
detrimental action of excessive amounts of pro-in-
flammatory cytokines, excitotoxins and free radicals 
produced and released by the glial cells [6,16,27].

Table II. A comparison of total (cytoplasmic + nuclear) NF-κB subunit immunoreactivities between spinal cord 
anterior horns’ motoneurons from controls and sporadic amyotrophic lateral sclerosis (sALS) cases of varying 
disease duration

Group NF-κB subunit immunoreactivity (8-bit gray scale levels)

p50 p65

Controls (n = 2) 178.2 ± 0.5 142.0 ± 5.5

1-year sALS history (n = 2) 142.9 ± 2.9* 108.7 ± 5.8*

Over 1-year sALS history (n = 2) 129.4 ± 8.6* 94.7 ± 2.8*

Results are shown as the mean ± S.E.M.; *p < 0.05 versus the respective control value

Some studies in a  rat model of traumatic CNS 
injury have shown that blockade of the NF-κB-me-
diated signaling pathway in astrocytes can exert 
a  neuroprotective effect [30]. However, an attempt 
to use the same strategy for motoneuron protection 
in a mouse model of ALS has failed. It appeared that 
the pathomechanism of the neuronal damage in this 
model was much more complex and the inhibition of 
but one out of a number of pathways contributing to 
motoneuron damage was insufficient for an effective 
neuroprotection [8].

Conclusions

The role of NF-κB in sALS remains far from elucidat-
ed. The apparent decline in its immunoreactivity in spi-
nal cord motoneurons with increasing duration of the 
disease may result either from a diminished expres-
sion or from an increased turnover of the respective 
NF-κB subunits, or both. The major shift toward pre-
vailing cytoplasmic localization of NF-κB suggests that 
there is also a considerable disruption of the machin-
ery governing the activation of this transcription factor 
in the motoneurons. Both these phenomena may con-
tribute to the pathogenesis of the neurodegeneration 
process in sALS, but this issue needs further studies. 

An impared NF-κB function in spinal cord moto-
neurons is most likely but one of multiple factors 
involved in ALS pathogenesis. The effect of pertur-
bations affecting the function of this transcription 
factor in the motoneurons may also be related to 
its performance in the other cell types in the spi-
nal cord. An important role in this regard may be 
played by enhanced NF-κB expression/activity in 
glial cells, which may result in a boosted production 
and release of factors with a potential detrimental 
action, e.g., of pro-inflammatory cytokines, excito-
toxins and free radicals. 
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A b s t r a c t

Introduction: Our previous studies showed only slight improvement in central fatigue, measured indirectly by psy-
chomotor performance, after branched chain amino acids (BCAA) supplementation during various efforts in healthy 
men. It is hypothesised that hyperammonaemia resulting from amino acids metabolism may attenuate their benefi-
cial effect on psychomotor performance; therefore, the L-ornithine L-aspartate (OA) as an ammonia decreasing agent 
was used. The aim of this study was to investigate the effectiveness of oral BCAA + OA supplementation to reduce 
plasma ammonia concentration and enhance psychomotor performance during exhaustive exercise in healthy men.
Material and methods: Eleven endurance-trained men (mean age 32.6 ± 1.9 years) performed two sessions (separat-
ed by one week) of submaximal cycloergometer exercise for 90 minutes at 60% of maximal oxygen uptake followed 
by graded exercise until exhaustion with randomised, double-blind supplementation with a total of 16 g BCAA and 
12 g OA (BCAA + OA trial) or flavoured water (placebo trial). Before exercise, during both efforts and after 20 minutes 
of recovery multiple choice reaction time (MCRT), perceived exertion, heart rate and oxygen uptake were measured 
and venous blood samples were taken for plasma leucine, valine, isoleucine, ornithine, aspartate, free tryptophan 
(fTRP), ammonia, lactate and glucose determination.
Results: After ingestion, during both efforts and after 20 minutes of recovery the plasma concentrations of all supple-
mented amino acids were significantly increased, while the fTRP/BCAA ratio decreased in the BCAA + OA trial more 
than in the placebo trial. At the end of graded exercise plasma fTRP was lower and MCRT shorter in BCAA + OA than 
in the placebo trial (p < 0.05). At the end of prolonged exercise the plasma ammonia concentration was higher in 
BCAA + OA than in placebo trial (p < 0.05). Decreases in plasma ammonia during recovery were significantly higher 
in BCAA + OA than in the placebo trial. Plasma ammonia positively correlated with the total plasma BCAA and MCRT 
only in the BCAA + OA trial. The fTRP/BCAA ratio positively correlated with MCRT only in the placebo trial.
Conclusions: Supplementation with BCAA and OA is a useful way to improve MCRT during high-intensity exercise 
and accelerate the elimination of ammonia at the recovery stage after exercise in healthy young men.
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Introduction 

Exercise fatigue usually involves both peripher-
al muscle and central fatigue. Peripheral fatigue is 
relatively well understood, while the knowledge of 
mechanisms underlying central fatigue is still limit-
ed. Stress central fatigue may arise from changes in 
various neurotransmitters in the brain secondary to 
the changes that occur in the body, especially in the 
working muscles and in the mind. There are several 
theories concerning central fatigue, including mod-
ulation of glutamatergic and GABA-ergic synaptic 
signal transmission, as well as increased serotonin, 
which works as a neurotransmitter in the brain [3,26]. 
Since administration of selective serotonin reuptake 
inhibitors in humans has shown increased fatigue 
and perceived exertion [41,49] it seems likely that 
central fatigue may result from enhanced synthesis 
and release of serotonin from some neurons in the 
brain [14,26,50]. Serotonin is synthesised from L-tryp-
tophan by a metabolic pathway consisting inter alia 
of tryptophan hydroxylase, the rate-limiting enzyme 
of serotonin synthesis [27,32,37]. Tryptophan circu-
lates in blood in both albumin-bound and free forms. 
The free form crosses the blood-brain barrier and is 
converted into serotonin. Increased plasma free tryp-
tophan (fTRP) enhances the rate of entry of trypto-
phan into the brain. Free tryptophan, the branched-
chain amino acids (BCAA), as well as other amino 
acids share a common transporter across the blood-
brain barrier [17,28,38]. Similarly, tryptophan and free 
fatty acids (FFA) compete for the same binding sites 
to albumin [24]. 

Thus, the reduction in BCAA and elevation in FFA 
may lead to an increase of tryptophan uptake into 
the brain. Some studies in human subjects [19] and 
in animals [13,37] have shown that exercise-induced 
increases in fTRP/BCAA ratio, due to higher BCAA oxi-
dation in skeletal muscles and FFA mobilisation from 
adipose tissue, are associated with an increased 
rate of serotonin synthesis in brain neurons [12,49].  
The rate of serotonin synthesis can be lowered by 
raising the blood BCAA concentration, which reduces 
tryptophan uptake into the brain. Studies in human 
subjects have shown that ingestion of BCAA reduc-
es the perceived exertion and mental fatigue during 
standardised cycle ergometer exercise and sustained 
heavy exercise (a  competitive 30-km cross-country 
race), as well as improves cognitive performance 
after exercise in human subjects [12,15,16,29,39,49]. 
However, the BCAA supplementation did not affect 

physical fatigue and was ineffective in preventing 
muscle power loss and perceived muscle pain dur-
ing strenuous exercise such as in a marathon race 
[5,49]. Our previous studies in soccer players [39,54] 
showed a slight improvement in psychomotor per-
formance after BCAA supplementation during both 
graded exercise until exhaustion and treadmill run-
ning simulating a football game. 

Several studies demonstrated that both ingested 
BCAA and prolonged exercise itself can enhance the 
circulating level and the cerebral uptake of ammonia 
[4,25,40]. Strüder et al. [49] demonstrated that the 
increase in plasma ammonia during strenuous activ-
ity is significantly higher in subjects supplemented 
with BCAA than in the group supplemented with 
tyrosine or placebo. Elevated ammonia concentra-
tion is a result of both increased catabolism of amino 
acids and purine nucleotide deamination within the 
working muscles [34,43]. Since ammonia is crossing 
the blood-brain barrier [6], its high circulating level 
can cause detrimental effects on neurotransmitter 
metabolism (glutamate, GABA), neurotransmission 
as well as cerebral metabolism, which in turn may 
lead to central fatigue [3,4,9]. The enhanced cere-
bral ammonia uptake was observed during both 
prolonged and maximal exercise [4,9]. Thus, it was 
concluded that hyperammonaemia may cause cen-
tral fatigue. Since in most experimental studies 
[7,35,42,44,48] the greatest effect on ammonia reduc-
tion was achieved with L-ornithine L-aspartate (OA), 
it seems likely that oral intake of BCAA together with 
OA may reduce ammonia accumulation and cerebral 
absorption, thereby delaying fatigue. 

The present study was designed to investigate 
the effectiveness of a BCAA + OA containing drink to 
reduce plasma ammonia concentration and enhance 
the psychomotor performance (assessed by mea-
surement of multiple-choice reaction time) during 
high-intensity exercise in healthy young men. It has 
been reported that the multiple-choice reaction time 
closely reflects the flow rate of neurophysiological, 
cognitive, and information processes that are creat-
ed by the action of stimulus on the subject’s sensory 
system [10,30].

Material and methods 

Eleven healthy, endurance-trained male volun-
teers (mean age 32.6 ± 1.9 years, height 180 ± 2.0 cm,  
weight 73.6 ± 1.6 kg, BMI 22.3 ± 0.3 kg × m–2 (range 
20.60-24.19 kg × m–2), peak oxygen uptake 59 ± 1 ml × 
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kg–1 × min–1 (range 56-73 ml × kg–1 × min–1) and mean 
arterial blood pressure 79 ± 3 mmHg; the values are 
means ± SEM) participated in this study. They were 
asked to refrain from strenuous activity and caffeine 
or alcohol consumption three days prior to the study. 
All subjects gave their informed consent to partici-
pate in the study. The investigation conforms to the 
principles outlined in the Declaration of Helsinki and 
was approved by the Local Ethics Committee (permis-
sion No. KB/48/2009). All procedures were carried out 
under similar environmental conditions (23-24°C and 
50-60% humidity) between 8:00 and 12:00 AM. The 
subjects visited the laboratory three times with one-
week intervals between the tests. 

On the first occasion, the subjects were sub-
mitted to an incremental, graded exercise test per-
formed on a  bicycle ergometer (EM 840, Siemens, 
Germany) until volitional exhaustion, to determine 
their maximal oxygen uptake (VO2 max). The work-
loads were increased by 50 Watts (W) every 3 min-
utes starting with 50 W. Oxygen uptake, carbon 
dioxide production and heart rate (HR) were continu-
ously recorded using a Vmax 29 (Sensormedics, USA) 
analyser. Before exercise and during the last two 
minutes of each workload a multiple-choice reaction 
time (MCRT) test was conducted in order to famil-
iarise the subjects with the procedure chosen for 
evaluation of psychomotor performance [10,30,39]. 
The subjects were asked to react to visual and audio 
stimuli by pressing as fast as possible the corre-
sponding buttons on the handlebars of the bicycle 
ergometer. Three coloured lights and sound were 
emitted in various time intervals by a psychomotor 
performance measurement device (CRR-APR-2/05, 
Unipar, Poland) with the signaller placed two metres 
in front of the subject at eye level. There were 15 
stimuli for which the reaction time was recorded in 
milliseconds (red light for right hand and sound for 
left hand), while other 15 stimuli (green and orange 
light) were supposed to be ignored. 

On the second and third occasion, according to the 
same protocol, the subjects were submitted to submax-
imal exercise performed on a bicycle ergometer lasting 
90 minutes at 60% HRmax followed by graded exercise 
performed until volitional exhaustion as during the first 
visit. Before exercise each subject performed an MCRT 
test. Afterwards, a catheter was inserted into the ante-
cubital vein in one arm for sampling of the plasma con-
centrations of amino acids (va line, leucine, isoleucine, 
tryptophan, ornithine, as partic acid), ammonia, lactate, 

and glucose. The blood samples were collected into 
the tubes containing EDTA as an anticoagulant. Then, 
the subjects were randomised in a double-blind cross-
over manner to receive amino acids with ornithine 
aspartate (BCAA + OA trial, n = 11) or flavoured water 
as placebo (placebo trial, n = 11). The supplements 
were given in a cross-over fashion, i.e. six of the sub-
jects started with BCAA and OA and the other five 
started with placebo, in the second experiment, after 
one week, the order was changed. Before exercise the 
subjects ingested 500 ml of either a flavoured solution 
containing 10 g of BCAA (leucine, valine, isoleucine;  
2 : 1 : 1, Olimp Labs) with 6 g of OA (Hepa-Merz 3000, 
Merz Pharmaceuticals GmbH, Germany) or flavoured 
water. Both drinks contained artificial sweetener, fruit 
flavour – orange syrup mixed with citric acid – and 
were indistinguishable in taste.

After a 30-minute rest period in a sitting position, 
baseline blood sample was taken and the subjects 
were submitted to prolonged submaximal exercise 
for 90 minutes at 60% of HRmax. 

In the 30th minute of exercise the second por-
tion of 500 ml solution containing 6 g of BCAA and 
6 g of OA or placebo was administered. After three 
minutes of rest, upon completion of the prolonged 
exercise, the subjects started graded exercise until 
volitional exhaustion, as they did at the first visit. 
Blood samples for determinations of the plasma 
amino acids, ammonia, glucose and lactate concen-
trations were taken in the 45th minute and at the end 
of prolonged exercise as well as at the end of each 
workload of graded exercise until exhaustion and 
after 20 minutes of recovery. Before exercise, in the 
45th minute and at the end of prolonged exercise, 
as well as during last two minutes of each workload 
of graded exercise until exhaustion MCRT was mea-
sured. Additionally, at the end of each workload of 
graded exercise the rate of perceived exertion with 
a 20-point Borg scale was recorded.

Amino acids were assayed in deproteinised blood 
samples using HPLC with fluorescence detection 
after derivatisation in a timed reaction with o-phtha-
laldehyde plus mercaptoethanol, as described by Kil-
patrick [36]. Derivatised samples were injected onto 
a 150 × 4.6-mm 5-µ Hypersil Gold BDS C18 column 
with a  mobile phase of 50-mM phosphate buffer 
containing 10% v/v methanol, pH 6.2 (solvent A), and 
methanol (solvent B). Blood ammonia and lactate 
concentrations were analysed using a  photometer 
Dr Lange LP420 (Konisburg, Germany) and cuvette 
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tests AM1054 (Randox, UK) and LKM140 (Hach Lange, 
Germany), respectively. Blood glucose concentration 
was measured using a  glucometer (Optium Xido, 
UK). The fTRP/BCAA ratio was calculated by dividing 
the concentration of free tryptophan by the sum-
marised concentrations of valine, leucine, and isole-
ucine (expressed in the same units). 

Statistical analysis

The data are expressed as means with standard 
errors of the mean (SEM). Distribution of results was 
analysed by Shapiro-Wilk’s test and paired t test or 
Wilcoxon test was used to compare results, accord-
ingly. Changes over time were examined with two-
way ANOVA for repeated measures, and p < 0.05 
was accepted as the level of significance. In addition, 
correlation coefficients were calculated between 
variables using linear regression analysis. For calcu-
lations, Statistica (2001) version 6 (Statsoft Inc., Tulsa, 
OK, USA) was used.

Results

The aerobic capacities of the young men were 
within the upper normal range for men of their res-

pective ages. There were no significant differences in 
HR, oxygen uptake and rating of perceived exertion, 
as well as in blood lactate or glucose between BCAA 
+ OA and placebo trials at all stages of the study. 
Supplementation with BCAA + OA caused significant 
increases in the pre-exercise resting plasma concen-
trations of valine, leucine, isoleucine and ornithine. 
The concentration of these amino acids in the plas-
ma remained significantly elevated during both types 
of exercise (prolonged – of moderate intensity and 
graded – until exhaustion) as well as after 20 minutes  
of the recovery period (Table I and II). Plasma aspar-
tic acid concentration was significantly higher at  
the end of prolonged moderate-intensity exercise and 
after 20 minutes of recovery period only in the BCAA 
+ OA trial (Table II). At the end of graded exercise 
until exhaustion plasma tryptophan was significantly  
lower in the BCAA + OA than in the placebo trial  
(19.2 ± 2.7 µM vs. 29.1 ± 2.0 µM, p < 0.05). The ratio 
of fTRP/BCAA was significantly lower in the BCAA + 
OA than in the placebo trial at all stages of the study 
(Table II). At the end of prolonged submaximal exer-
cise the plasma ammonia concentration was signifi-
cantly higher in the BCAA + OA than in the placebo trial  
(Fig. 1). Plasma ammonia decrease after graded exer-

Table I. Plasma valine, leucine, and isoleucine concentrations (branched chain amino acids – BCAA) at rest 
and during prolonged exercise followed by graded exercise until exhaustion with or without BCAA and 
ornithine aspartate (OA) supplementation

Placebo (n = 11) BCAA + OA (n = 11)

Valine (µM) Leucine (µM) Isoleucine (µM) Valine (µM) Leucine (µM) Isoleucine (µM)

Pre 138 ± 19 67 ± 5 36 ± 3 141 ± 26 82 ± 15 46 ± 9

Post 140 ± 10 70 ± 5 39 ± 3 335 ± 42*** 164 ± 19*** 129 ± 16***

45’ 136 ± 22 62 ± 9 37 ± 7 328 ± 53** 133 ± 24* 111 ± 21**

90’ 122 ± 29 56 ± 11 33 ± 8 409 ± 52*** 159 ± 25** 133 ± 22**

50 W 127 ± 20 58 ± 7 33 ± 5 385 ± 51** 147 ± 24** 115 ± 21**

100W 124 ± 23 55 ± 8 31 ± 5 342 ± 46** 108 ± 16** 87 ± 14**

150W 124 ± 20 56 ± 6 30 ± 6 373 ± 48*** 123 ± 18** 99 ± 15**

200W 133 ± 33 55 ± 8 32 ± 6 409 ± 45** 131 ± 15** 105 ± 14***

250W 128 ± 25 57 ± 6 33 ± 5 365 ± 45*** 113 ± 16** 91 ± 15***

300W 125 ± 20 57 ± 5 33 ± 4 439 ± 48** 110 ± 16* 82 ± 14**

350W 121 ± 11 58 ± 4 32 ± 3 324 ± 46** 112 ± 18** 78 ± 12**

Rec 117 ± 19 52 ± 6 29 ± 3 337 ± 52** 119 ± 25* 81 ± 16**

Pre – rest, Post – 30 minutes after ingestion of BCAA and OA (BCAA + OA) or placebo, 45’ and 90’ – minutes during prolonged submaximal exercise, 50-350 Watts 
– workloads of graded exercise until exhaustion, Rec – at the 20th min of the recovery period, BCAA + OA – amino acids with ornithine aspartate trial. Values 
are means ± SEM. * – denote significant differences between trials: *p < 0.05, **p < 0.01, ***p < 0.001
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Table II. Plasma ornithine and aspartic acid concentrations and the ratio of free tryptophan to branched 
chain amino acids (fTRP/BCAA) at rest and during prolonged exercise followed by graded exercise until 
exhaustion with or without BCAA and ornithine aspartate (OA) supplementation

Placebo (n = 11) BCAA + OA (n = 11)

Ornithine (µM) Aspartic acid (µM) fTRP/BCAA Ornithine (µM) Aspartic acid (µM) fTRP/BCAA

Pre 48 ± 6 3.3 ± 0.7 0.137 ± 0.012 47 ± 7 4.0 ± 0.8 0.134 ± 0.013

Post 49 ± 6 2.8 ± 0.5 0.137 ± 0.013 107 ± 14*** 3.4 ± 0.6 0.056 ± 0.006***

45’ 45 ± 6 2.5 ± 0.5 0.149 ± 0.015 119 ± 22** 3.1 ± 0.5 0.053 ± 0.010***

90’ 41 ± 5 2.5 ± 0.4 0.155 ± 0.017 187 ± 31*** 4.5 ± 0.8* 0.047 ± 0.010***

50 W 41 ± 5 3.1 ± 0.5 0.139 ± 0.014 155 ± 27*** 4.4 ± 0.9 0.047 ± 0.011**

100 W 40 ± 5 2.9 ± 0.4 0.151 ± 0.016 124 ± 18*** 3.5 ± 0.7 0.056 ± 0.140**

150 W 40 ± 5 2.7 ± 0.5 0.148 ± 0.009 134 ± 18*** 3.7 ± 0.7 0.055 ± 0.019**

200 W 39 ± 6 2.9 ± 0.5 0.151 ± 0.015 147 ± 20*** 4.0 ± 0.8 0.051 ± 0.012**

250 W 41 ± 6 2.6 ± 0.4 0.148 ± 0.016 122 ± 18*** 3.7 ± 0.7 0.058 ± 0.017**

300 W 44 ± 6 3.0 ± 0.7 0.139 ± 0.011 112 ± 21** 3.5 ± 0.7 0.052 ± 0.011**

350 W 42 ± 5 2.9 ± 0.6 0.144 ± 0.014 102 ± 15** 4.0 ± 0.6 0.049 ± 0.014**

Rec 42 ± 7 2.1 ± 0.5 0.136 ± 0.012 98 ± 21* 3.7 ± 0.6*** 0.058 ± 0.015**

Pre – rest, Post – 30 minutes after ingestion of BCAA and OA (BCAA+ OA) or placebo, 45’ and 90’ – minutes during prolonged submaximal exercise, 50-350 Watts 
– workloads of graded exercise until exhaustion, Rec – at the 20th min of the recovery period, BCAA+OA – amino acids with ornithine aspartate trial. Values are 
means ±SEM. *– denote significant differences between trials: *p < 0.05, **p < 0.01, ***p < 0.001

cise until exhaustion was significantly higher in the 
BCAA + OA than in the placebo trial (Δ 99.5 ± 16.6 µM 
vs. Δ 51.4 ± 11.5 µM, p < 0.05; Fig. 2). After 20 minutes 

of the recovery period the plasma ammonia concen-
tration did not differ significantly from the resting 
values only in the BCAA + OA trial (Fig. 1). At work-

 Placebo (n = 11)         BCAA + OA (n = 11)
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Fig. 1. Plasma ammonia concentration at rest (Pre) 30 minutes after ingestion of branched chain amino acids 
(BCAA) and ornithine aspartate (OA) (BCAA + OA) or placebo (Post), during both prolonged submaximal exer-
cise (45’ and 90’) and graded exercise until exhaustion (50-350 Watts workloads) and at the 20th min of the 
recovery period (Rec). Values are means ± SE. * – denotes significant differences between trials: *p < 0.05; 
x – denotes significant differences from the resting values: xp < 0.05.



382 Folia Neuropathologica 2015; 53/4

Tomasz Mikulski, Jan Dabrowski, Wojciech Hilgier, Andrzej Ziemba, Krzysztof Krzeminski

loads of 100 W, 150 W and at the end of graded 
exercise until exhaustion MCRT was significantly 
shorter in the BCAA + OA than in the placebo trial 
(272 ± 8 ms vs. 286 ± 8 ms, p < 0.05; 271 ± 9 ms vs. 
287 ± 8 ms, p < 0.05; and 281 ± 7 ms vs. 310 ± 8 ms, 
p < 0.01, respectively; Fig. 3). Plasma ammonia con-
centration correlated positively with the total plas-
ma BCAA in both trials, and with MCRT only in the 

BCAA + OA trial (r = 0.40, p < 0.05; r = 0.20, p < 0.05; 
r = 0.35; p < 0.05, respectively). The fTRP/BCAA ratio 
correlated positively with MCRT only in the placebo 
trial (r = 0.38, p < 0.05; Fig. 4).

Discussion

The new finding of this study is that, despite 
similar levels of ammonia in both trials, shorter mul-
tiple-choice reaction time at the end of strenuous, 
exhaustive exercise and faster return of ammonia 
concentration to the pre-exercise resting values 
were observed in the BCAA + OA trial. Furthermore, 
significant positive correlations were found between 
plasma ammonia and the total plasma BCAA concen-
tration in both trials and between plasma ammonia 
and MCRT in the BCAA + OA trial. Similar correlation 
was found between the fTRP/BCAA ratio and MCRT 
only in the placebo trial. The study showed also that 
BCAA + OA supplementation, although effective in 
increasing blood concentrations of BCAA and OA, did 
not influence aerobic performance or the rating of 
perceived exertion.   

Several studies showed that ammonia is tightly 
regulated in response to exercise, being affected by 
factors such as exercise duration and intensity and 
energy substrates availability [4,9,40]. During high- 
intensity or exhaustive exercise ammonia is mainly 
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Fig. 2. Restitution of plasma ammonia concentra-
tion after graded exercise in placebo and amino 
acids-supplemented (branched chain amino acids 
and ornithine aspartate; BCAA + OA) trials. Δ – the 
difference between concentration achieved at the 
end of maximal exercise and after 20 minutes of 
recovery. Values are means ± SE. * – denote signif-
icant differences between trials: *p < 0.05.

Fig. 3. Multiple choice reaction time (MCRT) at rest (Pre) 30 minutes after ingestion of branched chain ami-
no acids (BCAA) and ornithine aspartate (BCAA + OA) or placebo (Post), during both prolonged submaximal 
exercise (45’ and 90’) and graded exercise until exhaustion (50-350 Watts workloads) and at the 20th min 
of the recovery period (Rec). Values are means ± SE. * – denotes significant differences between trials:  
*p < 0.05, **p < 0.01.
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produced by deamination of AMP in the purine nucle-
otide cycle, which takes place in the contracting mus-
cles.  

The relationship between plasma ammonia and 
total plasma BCAA observed in this study may be 
at least partly associated with deamination of the 
branched chain amino acids for additional energy 
provision. Based on previous studies [51,52], it might 
be speculated that increased oxidation of BCAA lim-
ited the tricarboxylic acid cycle activity and fatty acid 
oxidation, and therefore plays an important role in 
fatigue mechanisms during prolonged exercise, lead-
ing to glycogen depletion at intensities above 60% 
VO2max. Nybo et al. [40] demonstrated that high lev-
els of systemic ammonia during prolonged exercise 
enhanced the uptake of ammonia by the brain in 
endurance-trained male subjects. Positive correla-
tions were observed between the arterial ammonia 
concentration and both the cerebral uptake and the 
cerebrospinal fluid ammonia. Weaker correlation 
was found between the cerebrospinal fluid ammonia 
and perceived exertion at the end of prolonged exer-
cise (at 60% of VO2max). The authors suggested that 
exercise-induced hyperammonaemia may induce 
a transient state of acute ammonia toxicity with con-
comitant disturbances in brain neurotransmitters, 
leading to central fatigue. The findings obtained in 
trained rats showed that an enhanced brain ammo-
nia level evoked by exhaustive exercise stimulates 

glutamine synthesis as a result of detoxification and 
subsequently decreases both brain glutamate lev-
els in all brain structures and gamma-aminobutyr-
ic acid (GABA) levels in the striatum. Thus, changes 
in neurotransmitters metabolism and subsequent 
central fatigue depend on the effect of ammonia on 
the excitatory amino acids [31]. Although the weak 
correlation between plasma ammonia concentration 
and MCRT in the BCAA + OA trial observed in the 
present study supports this mechanism, shortened 
MCRT at the end of exhaustive exercise in the BCAA 
+ OA trial indicates that other factors are involved in 
the development of central fatigue. 

An additional finding of the present investiga-
tion is that in the BCAA + OA trial the ratio of fTRP/
BCAA was significantly lower than in placebo trial 
at all stages of the study. Since tryptophan was not 
administered, the changes in fTRP/BCAA ratio result-
ed from the BCAA supplementation [28,32], which 
prevented the described decrease of these ami-
no acids in the latter stages of exercise [15,18,28]. 
However, the present study has not confirmed such 
a decrease that should have been observed in the 
placebo trial. The decrease in the fTRP/BCAA ratio 
would lead to decreased tryptophan transport across 
the blood-brain barrier because BCAA and trypto-
phan compete for entry by the same large neutral 
amino acid transporter [15-17]. This should lead to 
a lower level of 5-hydroxytryptamine responsible for 
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central fatigue [15,23,50]. Thus, the ingestion of BCAA 
could reduce the exercise-induced increase in brain 
tryptophan uptake and delay fatigue. The shorten-
ing of the multiple-choice reaction time at the end of 
exhaustive exercise in the BCAA + OA trial observed 
in the present study supports this “central fatigue” 
hypothesis. 

However, it is unclear why the fTRP/BCAA ratio 
did not correlate with MCRT in the BCAA + OA tri-
al. In this regard, it seems worth mentioning that 
MCRT reflects not only one pathway of the selected 
neurotransmitter or the flow rate of neurophysio-
logical and information processes, but also several 
cognitive modalities (attention, impulse control, pro-
cessing speed, cognitive flexibility) that are created 
by the action of stimulus on the subject’s sensory 
system [10,30]. During heavier but still submaximal 
workloads other involved pathways might dominate, 
for example BCAA also competitively inhibits tyro-
sine uptake into the brain, and thus catecholamine 
synthesis, which reduce physical performance [23].

In the placebo trial reflecting the physiological 
concentrations of amino acids and the balance in 
nitrogen turnover, MCRT correlated with fTRP/BCAA 
ratio and probably was not influenced by ammonia 
(Fig. 4). In the BCAA + OA trial this relationship disap-
peared, and enhanced nitrogen turnover adversely 
affected psychomotor performance, because MCRT 
became slower with increased blood ammonia con-
centration, which was not diminished during exer-
cise by OA. This finding suggests that exogenous 
amino acids can easily exceed autoregulatory capac-
ity, disturb nitrogen homeostasis and contribute to 
the development of central fatigue. Thus, very care-
ful selection of doses of BCAA should be applied in 
order to shift the fTRP/BCAA ratio but not to increase 
the nitrogen turnover beyond the limits resulting in 
significantly enhanced ammonia production.

Administration of OA prevented the expected 
increase in blood ammonia concentration after the 
BCAA supplementation during the graded exhaus-
tive exercise and therefore probably prevented the 
deterioration of multiple choice reaction time usu-
ally occurring in the final stage of the exhaustive 
exercise [20-22,39,54], which reflects improved psy-
chomotor performance (Fig. 3).

During prolonged exercise of constant intensity 
and graded exercise with subsequent workloads 
without any breaks the influence of OA on ammonia 
was limited, possibly due to decreased splanchnic 

(especially liver) blood flow [46]. The supposed site 
of detoxification action of OA in hepatocytes [47] by 
stimulation of urea cycle and glutamine synthesis 
[33] can be systematically effective only when suf-
ficient blood flow through the liver is maintained. 
However, in the BCAA + OA trial after 20 minutes of 
the recovery period a  beneficial effect of reduced 
ammonaemia was observed. It is very likely that 
the supplemented OA was available for ammonia 
metabolism in the liver, but the splanchnic blood 
flow was so limited by exercise that its action could 
not be significant. After cessation of exercise when 
liver blood flow increased [46,53] ammonia degrada-
tion became significantly faster in BCAA + OA than in 
the placebo trial. Improved recovery capacity is very 
important in daily activities or sports with repeated 
efforts with short breaks between them. On the oth-
er hand, application of OA is questionable in high-in-
tensity efforts performed as one bout of exercise 
without any breaks. In current trends for faster mobil-
isation of patients suffering from any diseases care 
should be taken in treatment of patients with hyper-
ammonaemia. Activities of moderate intensity with 
frequent breaks can be considered, whereas intense 
exercise, especially of constant intensity and with-
out breaks is not recommended as it can increase 
ammonia production and impair its breakdown and 
effectiveness of treatment with ammonia-decreas-
ing drugs acting in the liver, e.g. OA. Supplements 
based on proteins and amino acids are currently one 
of the most overused and overdosed, so any recom-
mendations for their use should be calculated very 
carefully. In certain cases the use of OA seems to be 
rational and in agreement with the results of most 
studies [1,7,8,11,42,44]; however, some critical works 
are also present [2,45].

Conclusions

In summary, this study demonstrated that BCAA 
+ OA supplementation, although effective in increas-
ing blood concentrations of BCAA and OA, did not 
influence aerobic performance or rating of perceived 
exertion. The most important finding is that, despite 
similar levels of ammonia in both trials, shorter mul-
tiple-choice reaction time at the end of strenuous 
exhaustive exercise and faster return to the pre-ex-
ercise resting values were observed only in the BCAA 
+ OA trial.

These results suggest that oral supplementation 
with BCAA + OA delays central fatigue during pro-
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longed exhaustive exercise in endurance-trained 
young men, but this requires more detailed studies.
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Holoprosencephaly with agenesia of the prosencephalic ventricle
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A b s t r a c t

Malformations of the forebrain are characterized by abnormalities in size, shape, and arrangement of the cerebral 
hemispheres and ventricles. We present the morphological picture of a brain with failure of the forebrain comple-
mentary to holoprosencephaly coexisting with absence of the anterodorsal part of the prosencephalic ventricles.  
The anomaly can be graded within the holoprosencephalic spectrum due to the main morphological features. How-
ever, such alterations as aplasia of the forebrain ventricles and prominent leptomeningeal gliomesodermal prolifera-
tion are related to atelencephaly. The observations confirm the common pathogenic mechanism of aprosencephaly/
atelencephaly and holoprosencephaly. The malformation corresponds to a wide continuous spectrum with no clear-
cut boundaries of abnormal formation of the prosencephalon.

Key words: holoprosencephaly, aprosencephaly, atelencephaly, aventriculi, aplasia of the prosencephalic ventricle.

Introduction

Prosencephalon is the primordial forebrain ves-
icle at the cephalic part of the neural tube follow-
ing closure of the anterior neuropore. During the 
next developmental steps the cerebral hemispheres 
and diencephalon will be formed. Abnormal ven-
tral induction may result in disorders of formation, 
cleavage and midline development of prosencephal-
ic structures [22,30]. Malformations of the forebrain 
are characterized by abnormalities in size, shape, 
and arrangement of the cerebral hemispheres and 
ventricles. Developmental failure characterized by 
deficient midline division of the forebrain into two 
hemispheres with accompanying midline defects 

results in holoprosencephaly (HPE). The main fea-
tures are characterized by the variable loss of mid-
line structures of the brain and face, as well as fusion 
of the cerebral hemispheres into the holosphere and 
the lateral ventricles into a  single midline mono-
ventricle. The monoventricle spreads anteriorly as 
a  crescent-shaped cavity and divides posteriorly 
into temporal horns [22]. A few cases with partial or 
completely missing ventricular lumina in holoprosen-
cephalic brains have been described [7,12,25]. Diag-
nosis of absence of supratentorial ventricles was 
based on neuroimaging analysis. Cerebral ventricles 
were not identifiable in ultrasound and magnetic 
resonance imaging scans. 
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We had the opportunity to describe the morpho-
logical picture of a brain with failure of the forebrain 
and agenesia of the anterodorsal part of the prosen-
cephalic ventricles.

Case description

The premature female infant was born by cesar-
ean section because of labor in progress at the 32nd 
week of gestation. It was a twin pregnancy; the baby 
was born second. The 21-year-old mother was in her 
first pregnancy. The birth weight of the newborn 
was 840 g (1 percentile), length 38 cm, crown-rump 
length 22 cm, head circumference 19 cm, chest cir-
cumference 20 cm. Apgar score was 1.2 after 1 and  
5 minutes. The child presented craniofacial abnor-
malities: cyclopia, nasal hypoplasia, cleft palate, 
failure of the forehead. The girl died after one hour.  
The first born twin is alive.

Postmortem examination revealed abnormal fea-
tures of the face – small flattened nose, single nostril, 
two palpebral fissures, the right completely sealed, 
right eyeball impalpable. In the lungs severe alveo-
lar emphysema, hyperemia and disseminated coag-
ulation in small capillaries were noted. The internal 
organs did not present malformations. 

Neuropathological examination: Macroscopically 
the formalin-fixed brain weighed 29 g (below 1 per-
centile). The front part of the brain was abnormal in 
size and shape. The telencephalon was small, undi-
vided, disc shaped, situated in front of the cerebel-
lum instead of overlaying it. The interhemispheric 
fissure was absent. The convolutional pattern of 
the holosphere was aberrant, and the cerebral lobes 
were not defined. Cross-sections of this part revealed 
a C-shaped narrow solid mass. The ventricular cavity 
was not visible (Fig. 1). 

The frontal part, in its rear portion, was con-
nected with a  short middle spherical shape struc-
ture comparable to the diencephalon (Fig. 1B). It 
was covered, particularly on its dorsal surface, by 
thick hypervascularized meninges. The picture may 
correspond to a  collapsed dorsal sac cyst. Into this 
dorsal subarachnoid space an infundibulum-shaped 
orifice was opened. At this anatomical structure two 
mammillary bodies were well recognizable. The tel-
encephalon-diencephalon junction was irregular and 
very small. Thin-walled vascular channels mixed with 
disorganized neural tissue closely adhered to the 
diencephalon at this level. At the diencephalic-mes-
encephalic junction cross-section, paired red nuclei 

were observed. The slit narrow third ventricle was 
observed at that level.

In the brainstem hypoplastic corticospinal tracts 
were observed. The cerebellum was relatively normal. 

Microscopic examination was performed on par-
affin-embedded slides stained with hematoxylin- 
eosin, cresyl violet, the Klüver-Barrera method, and 
immunohistochemically with glial fibrillary acidic 
protein (GFAP) and synaptophysin antibodies.

In the middle of the solid frontal mass, clusters of 
glial cells resembling subependymal glia and congest-
ed thin walled blood vessels were seen (Fig. 2). Single 
small ependymal rosettes and some thin channels 
composed of ependymal cells were arranged linearly 
mostly in the rear part (Fig. 3). Adjacent to them the 
germinative zone of small cells with hyperchromatic 
nuclei and scant cytoplasm was observed. Distribu-
tion of these cells was irregular. Neuroblasts were 
loosely dispersed without any specific arrangement 
or formed dense nodules depending on localization. 
White matter was narrow with an intense prolifer-
ation of fibrous astrocytes. A few mature disorient-
ed neurons were misplaced in the white matter.  
The cerebral cortex band occupied the rim of the 
structure and presented a disturbed cortical pattern  
(Fig. 4). Cytoarchitecture of the cortex differed 
between the frontal and rear surface of the telen-
cephalon. Layer I was hypocellular, while in the oth-
er superficial layers neurons were radially arranged 
in clusters. In layer V multiple neuropil islands devoid 
of neurons were observed. The cortex of the rear tel-
encephalic surface was more disorganized. The cor-
tical band was thick with neurons concentrated in 
the deepest layers. In the superficial layers only a few 
small islands of neurons were seen. The cortical archi-
tectonic of inferior-medial gyri resembled dysplastic 
hippocampal and entorhinal cortex. Striatum was 
indiscernible. 

Beneath the telencephalon dorsal diencephalon 
was covered by gliomesenchymal membranes with 
ependymal cells and choroid plexus elements con-
sistent with the appearance of the dorsal sac mem-
brane. Cell-rich mesenchymal and glial tissue with 
angiomatous cavernoma-like structures and multiple 
congested vessels surrounded the ventral dienceph-
alon. The structures of the diencephalon were rudi-
mentary. An indistinct fused mass and indiscernible 
anatomical nuclei were observed. The third ventri-
cle appeared in the lowest midline part of the dien-
cephalon, close to the diencephalon-mesencephalon 
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Fig. 1. Macroscopic view of the malformed brain. A) Dorsal view of the whole brain, collapsed dorsal cyst 
(asterisk). B) Undivided telencephalon and diencephalon, infundibulum-shaped orifice opened to the sub-
arachnoid space (arrow). C) The well-formed cerebellum, development compatible with gestational age.  
D) Continuous across the midline telencephalon with aberrant convolutional pattern; there is no interhemi-
spheric fissure-frontal view. E) Telencephalon, view from the back on the telencephalon-diencephalon junc-
tion. F) Cross-section through telencephalon, C-shaped narrow solid mass without recognizable ventricle.
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Fig. 2. Aligned glial cells resembling subependymal glia and congested thin-walled blood vessels located in 
the middle of the solid frontal mass. Hematoxylin-eosin. A) Magn. ×200; B) magn. ×400.

A B

Fig. 3. Aplastic ventricle replaced by a few ro set-
tes and thin small channels composed of epen- 
dymal cells. Hematoxylin-eosin. A) Magn. ×200;  
B) magn. ×400.

junction. The aqueduct was narrow, and the 4th ven-
tricle was normal. The pons, medulla oblongata and 
cerebellum were properly developed.

Discussion

Severe brain malformations may present a wide 
spectrum of variants. Difficulties in classification 
require detailed analysis of their morphological pic-
ture with regard to normal development of the cen-
tral nervous system. 

During embryological development the prosen-
cephalon is the primitive forebrain vesicle at the 
rostral end of the neural tube following closure of 
the anterior neuropore [18]. The lamina terminalis is 
the membrane that closes the anterior neuropore. 

An intact notochord is important for the induction 
of lamina terminalis. The prosencephalon develops 
around the lamina terminalis [24]. The primordi-
al ventricular system originates also at the time of 
neural tube closure. The wall of the forebrain vesicle 
is composed by the neuroepithelium around the pri-
mordial ventricle. All forebrain structures begin their 
development in the zone around the ventricles. Neu-
ronal migration is the way by which neurons travel 
from their origin to their final position in the brain. 
At 33 gestational days the first wave of neuroblasts 
migrates radially from the periventricular zone to  
the pial surface. The prosencephalon gives rise to  
the telencephalon and diencephalon. The telence-
phalon and diencephalon are formed from the fore-
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brain during the 5th week of development. At that 
developmental stage the telencephalon starts to 
grow to form the cerebral hemispheres, corpus stri-
atum and the lateral ventricles. The rapid growth 
of the telencephalon modifies the size, shape and 

internal arrangement of the forebrain and its cav-
ities. The dorsal and lateral growth of the neopal-
lium forms the parietal and frontal lobes, and the 
posterior and ventral expansions form the occipital 
and temporal lobes. Following dynamic backwards 

Fig. 4. Cytoarchitecture of the cerebral cortex. 
A-B) Frontal surface of the forebrain. Hypocellu-
lar layer I, radially arranged clusters of neurons 
in the superficial layers, neuropil islands in lay-
er V. C) Disorganized cortex at rear surface of 
telencephalon. Thick cortical band with neurons 
concentrated in the deepest layers. In the super-
ficial layers only a few small islands of neurons. 
Cresyl violet. Magn. ×100.
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expansion the hemispheres cover the thalami by 
3rd month, by the 4th the midbrain, and by the 6th 
gestational month the occipital lobes begin to cover 
the cerebellum. In the meantime the hypothalamus, 
thalamus and basal ganglia differentiate and settle 
in their normal anatomical localization. Simultane-
ously the cavities corresponding to the lateral ventri-
cles enlarge backwards and downwards, forming the 
occipital and temporal horns, and the anterior horns 
and bodies become compressed by the expanding 
basal ganglia and callosal body [13,17,22,24].

The morphogenetic steps are controlled and coor-
dinated by signaling pathways such as Sonic hedge-
hog, bone morphogenetic protein, fibroblast growth 
factor, and nodal signaling [21]. Nodal signaling is 
essential for the initial specification of the prechord-
al plate, hedgehog signaling is crucial for the ventral 
forebrain development, retinoid signaling is critical in 
anterior-posterior patterning, fibroblast growth fac-
tor signaling is pivotal in growth of the developing 
forebrain due to cell proliferation and midline for-
mation, and bone morphogenetic protein signaling 
participates in the organization of the medial-later-
al axis of the developing telencephalon and is nec-
essary for formation of the dorsal midline [21,26]. 
Mutations in these pathways have been determined 
in human patients and animal models of holopro-
sencephaly [1,3-5,15,17]. Polygenic mechanisms and 
gene-environmental interactions play a major role in 
the formation of holoprosencephaly [27].

Holoprosencephaly is a developmental failure of 
the forebrain characterized by its faulty midline divi-
sion with concomitant associated midline defects 
[8]. Defect of neural induction at the lamina ter-
minalis and inappropriate patterning of the rostral 
neural tube into the prosencephalon with a signif-
icant role of the prechordal plate play crucial roles 
[18,23].The prosencephalon fails to divide sagittally 
into the cerebral hemispheres, transversely into the 
telencephalon and diencephalon, and horizontally 
into the olfactory tracts and bulbs [3]. An abnor-
mally small prosencephalic protrusion with a single 
ventricle was observed early during embryogene-
sis [26,31]. A  critical period for holoprosencephaly 
occurs prior to neural tube closure, about the gastru-
lation or primitive streak stage, around the sixteenth 
day after fertilization. Perturbation of gene expres-
sion at this stage can disturb later development of 
the forebrain and result in holoprosencephaly-like 
malformations.

The presented case demonstrated character-
istic features of classical holoprosencephaly [14].  
The brain was evidently hypoplastic, with a  very 
small, undivided, disc-shaped telencephalon with-
out an interhemispheric fissure. The cerebral lobes 
could not be defined. The gyral pattern was abnor-
mal. The frontal part was small and did not cover 
the midbrain. 

The middle part of the brain corresponding to 
the diencephalon was covered in its dorsal part by 
meninges forming the dorsal cyst. Into this sub-
arachnoid space the infundibulum of the third ven-
tricle opened. A common feature in holoprosenceph-
aly is the presence of a dorsal sac membrane, which 
represents the unfolded diencephalic roof plate and 
covers the dorsocaudal part of the prosencephal-
ic ventricle [22,29]. Simon [28] suggested that the 
unseparated thalamus in holoprosencephaly blocks 
the way out for cerebrospinal fluid leakage from the 
third ventricle, resulting in expansion of the pos-
terodorsal portion of the ventricle to form the cyst. 
Probst and Sarnat combined the origin of the dorsal 
cyst with the dilated suprapineal recess of the third 
ventricle [22,23]. The roof plate, which forms at the 
dorsal midline of the neural tube, is a well-known 
signaling center in central nervous system (CNS) 
development. Multiple developmental processes in 
the dorsal telencephalon depend on the roof plate. 
The roof plate is essential for normal external corti-
cal mantle formation and dorsal cortical patterning. 
Bone morphogenetic protein signaling plays a role in 
the roof plate patterning functions [2]. Roof plate cell 
loss causes reduction of the Bmp activity gradient 
and failed midline induction. 

On coronal sections through the front part of the 
brain the lack of a ventricular cavity drew attention. 
Instead of a single ventricular lumen there were only 
a  few small ependymal rosettes and thin narrow 
channels lined with ependymal cells. It is difficult 
to comment on whether the prosencephalic part of 
the ventricular system developed primarily or was 
secondarily obliterated. During the normal develop-
ment of the ventricular system there are transient 
fetal ventricular protrusions into olfactory bulbs and 
into centers of the optic nerves. These sacs lined 
with ependyma become obliterated in early gesta-
tion [24].

The fetal ependyma matures in a  precise tem-
poral and spatial pattern in the human CNS [23]. In 
the vicinity of ependymal lined channels dispersed 
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germinative small cells were seen. Disturbance in 
ependymal differentiation connected with the anom-
alous ventricle secondarily interferes with defective 
neuronal migration. Deficient neurogenesis and 
defective migration result in failure of neuroblasts 
to reach the surface and form a proper cortical plate. 
Some neurons lost their migratory way and settled 
in the white matter. White matter in the solid telen-
cephalon was narrow with intensified gliosis, similar 
to that described in cases of classical holoprosen-
cephaly [11,14]. The cerebral cortex band revealed 
cytoarchitecture characteristic for holoprosenceph-
aly [14,16]. The segmentation of superficial neurons 
into irregular clusters and deeply placed glomerular 
islands devoid of nerves were observed in the dorsal 
surface of the telencephalon. The cortex of the ven-
tral surface was severely disorganized.

The diencephalon presented an indistinct fused 
mass. Anatomical nuclei were indiscernible. Thick 
gliomesodermal tissue was attached to the dien-
cephalon. Some variations in the severity of dysfunc-
tions of the fused diencephalon and basal ganglia 
among the alobar HPE cases have been described in 
the literature [8]. Lack of separation of the thalamus 
in holoprosencephaly is thought to result from an 
imbalance of dorsal and ventral patterning signals in 
the embryonic forebrain – the cells that should occu-
py the midline of the prosencephalon never form, 
and the structures that should normally be lateral to 
the midline are fused [28].

The morphological picture of the presented brain 
can be properly graded within the holoprosencephalic 
spectrum. However, some elements matching other 
prosencephalic malformations occurred.

At the telencephalon-diencephalon junction a pro-
liferation of thin-walled vascular channels mixed 
with disorganized neural tissue without recognizable 
structure corresponding to the “area cerebrovasculo-
sa” was observed. The area cerebrovasculosa replac-
es the telencephalon of the anencephalic brain [24]. 

Anomalous ventricles correspond to aprosen-
cephaly/atelencephaly (AP/AT). Aprosencephaly/ate-
len cephaly is defined by the lack of prosencephalic 
derivatives [3,9,10,14]. An early failure of the neu-
ral tube in forming a normal prosencephalon plays 
a role in pathogenesis [30]. The failure occurs after 
neurulation and before the prosencephalon begins 
to grow [10]. In aprosencephaly both prosencephalic 
and diencephalic derivatives fail to develop. In atel-
encephaly the tiny forebrain remnant is composed of 

disorganized grey and white matter and prominent 
leptomeningeal gliomesodermal proliferation with-
out a ventricular cavity. Ependymal lined tubules are 
observed. Complete absence of the cytoarchitecture 
of both the telencephalic and diencephalic struc-
tures is observed [24]. 

Pasquier [20] suggested a  common pathogenic 
mechanism of aprosencephaly/atelencephaly and hol-
oprosencephaly. Their neuropathological and muta-
tional analysis with phenotype and genotype eval-
uation provides strong evidence for a  link between 
AP/AT and holoprosencephaly and the role of the SIX3 
gene in the genesis of AP/AT.

In summary, the presented malformation corres-
ponds to a wide continuous spectrum with no clear-cut 
boundaries of abnormal formation of the prosenceph-
alon. Disturbance in the sequence of inter related and 
interdependent developmental path ways has influ-
enced the abnormal course of forebrain formation. 
Failure in primary induction and improper patterning 
of the rostral neural tube during the early embryogen-
esis resulted in morphological alterations related to 
holoprosencephaly and atelencephaly. Co existence of 
cerebral anomalies characteristic for holoprosenceph-
aly and atelencephaly in the same case confirms the 
suggestion of a  common pathogenic mechanism of 
these malformations.
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Autism spectrum disorders (ASDs) are a heterogeneous 
group of neurodevelopmental brain diseases that are clini-
cally defined by emotional and social deficits, impairments 
in social interaction and stereotyped behaviours such as 
repetitive movements or speech. The recent study suggest-
ed that alterations of ProSAP/Shank proteins located at 
the post-synaptic density and involved in synaptic forma-
tion, development, and function may play a crucial role in 
ASD pathomechanism. Mutations in the family of SHANK 
genes, SHANK1, SHANK2, and SHANK3, are strongly asso-
ciated with ASD. However, the specific role of the various 
Shank proteins in the pathogenesis of ASD is still unclear. 
Prenatal maternal immune activation (MIA) is a  risk fac-
tor for ASD and is commonly used as animal model of this 
disorders. In the present study pregnant dams of Wistar 
rats were injected intraperitoneally (i.p.) at gestational day 
9.5 with 0.1mg/kg lipopolysaccharide (LPS), which mim-
ics infections by gram-negative bacteria. We investigated 
the effect of MIA on the expression and protein level of 
ProSAP/Shank family proteins in male offspring of rats. 
Additionally, protein levels of postsynaptic organizing mol-
ecule PSD-95 associated with Shank, phosphorylated and 
total Akt, and brain-derived neurotrophic factor (BDNF) 
expression were measured in LPS-treated animals versus 
control subjects. Moreover, redox potential and pro-oxida-
tive/pro-inflammatory proteins were analysed along with 
the autism-associated behaviour. 

The data showed MIA-induced down-regulation of 
SHANK1, SHANK2, and SHANK3 in the cerebral cortex, with -
out changes in other brain structures. Therefore, the further 

studies were carried out using only brain cortex. West-
ern blotting revealed significant alteration of pre- and 
post-synaptic proteins level. Moreover, a  statistically sig-
nificant decrease in phosphorylated Akt (pAkt) and pAkt/
Akt ratio in MIA subjects was indicated. In addition, the 
GSH/GSSG ratio used as an indicator of oxidative stress 
was reduced. Furthermore, the gene expression for inter-
leukin-6 (IL-6), cyclooxygenase-2 (COX-2) as well as 12-lipo-
xygenase (LOX-12) were up-regulated. Along with the bio-
chemical investigation behavioural tests were conducted 
to assess social communication, motions and anxiety, play 
behaviours as well as learning and memory. The results 
showed no bedding preference in prenatal LPS exposure 
animals at post-natal day 14 compared to control rats, indi-
cating the impairment of need being in proximity of the 
mother. In conclusion, our findings indicate MIA-induced 
down-regulation of SHANK family and alteration of others 
synaptic proteins, reduced antioxidative capacity as well as 
activation of proinflammatory genes. These changes may 
disturb synaptic structure and function as well as social 
communication behaviour. 
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Depression may appear in a  preclinical period of PD. 
Alterations of serotonin (5-HT) transporter (SERT) and 
BDNF signaling have been suggested to be associated 
with major depression. However their role in PD associated 
depression is unknown.

The aim of the study was to examine if a partial dopa-
minergic lesion modeling pre-clinical phase of PD may 
induce ‘depressive-like’ behaviour of rats. Furthermore, 
a role of SERT and BDNF in this behaviour and antidepres-
sant drug action were evaluated.
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Rats were injected with 6-OHDA into the ventral part 
of the caudate-putamen (CP). Pramipexole [(PRA), a dopa-
mine D3/D2 receptor agonist, the most effective com-
pound in the treatment of depression in PD] or imipramine 
[(IMI) a classic tricyclic antidepressant] were administered 
for 2 weeks. 24 h later the behavioural tests were per-
formed and rats were decapitated.

6-OHDA induced moderate DA depletion in CP, nucle-
us accumbens (NAC) and frontal cortex, loss of DA neu-
rons in the substantia nigra, ventral tegmental area 
(VTA) and dorsal raphe (DR), decreases in binding to DA 
transporter (DAT) in CP and NAC. Contrariwise, 6-OHDA 
influenced neither the number of DR 5-HT neurons, nor 
forebrain 5-HT levels. The lesion prolonged the immobil-
ity in FST but did not influence motility of rats. PRA, but 
not IMI shortened the immobility in lesioned rats. PRA 
but not IMI increased levels of DA metabolites and its 
turnover.

The lesion reduced the BDNF and trkB mRNAs in the 
hippocampus and amygdala. PRA increased BDNF mRNA 
but decreased trkB mRNA in VTA in lesioned rats. Further-
more, it reduced BDNF and/or trkB mRNA expression in 
NAC, amygdala and CP in these animals. The lesion low-
ered the [3H]citalopram binding to SERT in DR, and in all 
structures of 5-HT terminals. Similarly, PRA decreased the 
binding to SERT in the above regions.

These results indicate that a  moderate DA lesion, 
which does not produce motor disturbances, may induce 
“depressive-like” symptoms which are reversed by DA 
agonist but not by a classic antidepressant. Mechanisms 
responsible for the above behaviour may be associated 
with decreased DA but not 5-HT transmission. Moreover, 
the increase of DA transmission and reduced BDNF signa-
ling in NAC and amygdala induced by PRA may contribute 
to its antidepressant efficacy.

Financing: DEMETER (POIG.01.01.02-12-004/09-00) from 
the European Regional Development Fund (Operative Pro-
gramme “Innovative Economy 2007-2013) and the Statutory 
Funds of the Institute of Pharmacology.
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The correlation between the total amount of fibrillar 
aggregates and cognitive decline depends not only on the 
quantity of the amyloid protein deposited but also on the 
number of synapses to be destroyed. Indeed, patient with 
Alzheimer’s disease (AD) exhibiting similar level of clini-
cal severity, higher levels of education are associated with 
more severe disease related changes of β-amyloid PET or 
CSF Aβ42 levels suggesting that amyloid toxicity may be 
the same in patients with matched clinical severity but 
gross differences in AD pathology. Pre-fibrillary Aβ species 
rather than elongated amyloid fibrils are likely to represent 
the primary pathogenic agents simply because the for-
mer provide on their surfaces more chemical groups than 
the latter, such as hydrophobic side chains and unbound 
hydrogen bonds that would not be accessible within amy-
loid. The origine of the toxicity of the oligomers may arise 
from inappropriate interaction in trans with the folding 
of cellular and extracellular structures including proteins, 
lipid membranes and nucleic acids. Therefore, prevention 
and treatment of protein misfolding disorders needs to 
address aggregation and misfolding in cis and trans by 
decreasing the concentration and disrupting the forma-
tion of these toxic species. This can be achieved, as we 
have shown firs, with Aβ-analogues that selectively bind 
to the native state of the peptide that suppress nucleation 
and proliferation of toxic pre-amyloid species, by antibod-
ies to reduce the level of highly trans-aggregation prone 
species (such as Aβ oligomers), and by stimulating clear-
ance by proteolytic degradation.
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and inflammatory neurodegeneration 
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Overview: Progressive amyloidogenesis and inflam-
mation in the neocortex and retina are associated with 
aberrant innate-immune signaling and inflammatory 
degeneration in both Alzheimer’s disease (AD) and age-re-
lated macular degeneration (AMD). Two pivotal players in 
this pathogenic system are the immune-repressor protein 
complement factor H (CFH) and the triggering receptor 
expressed in myeloid/microglial cells (TREM2), each found 
to be reduced in abundance in AD and AMD. Here we 
investigated the mechanism of CFH and TREM2 expres-
sion regulation in AD and AMD involving the up-regulated, 
NF-κB-sensitive miRNA-34a, miRNA-146a and miRNA-155, 
and the effects of specific anti-NFkB and anti-miRNA ther-
apeutic strategies which may be useful in the clinical man-
agement of these disorders.

Methods: Aβ42-peptide- and/or TNFα-induced stress; 
AD/AMD tissues; bioinformatics; DNA array/RNA sequenc-
ing; human retinal/brain cells; LED-Northern dot blot anal-
ysis; micro-RNA array; NF-kB-inhibitors luciferase-reporter 
transfection; Western analysis.

Results: A  major ~4200 nucleotide (nt) human CFH 
mRNA included a  232 nt 3’UTR, containing recognition 
features for 27 miRNA-mRNA interactions. Similarly, multi-
ple miRNA binding sites were found in the 299 nt TREM2 
mRNA 3’UTR. Binding of miRNA-34a, miRNA-146a and/
or miRNA-155 to the CFH- or TREM2-3’UTR dramatically 
decreased CFH or TREM2 expression. This deficit was in 

part reversed using NF-kB inhibitors or anti-miRNA phar-
macological strategies.

Conclusions: Our perception on the mechanism and 
relevance of miRNA signaling in brain and retina continues 
to evolve. For the first time these data provide evidence 
for novel miRNA-mediated genetic switches in the CFH 
and TREM2 mRNA 3’UTRs that are differentially regulated 
in the brain and retina. These data further suggest that 
epigenetic mechanisms involving inducible miRNAs con-
tribute to immune-inflammatory degeneration and amy-
loidogenesis characteristic of age-related disorders, and 
further support the use of novel transcription factor- and 
nucleic acid-based therapeutic strategies in the clinical 
management of AD and/or AMD.

Support: Research on miRNA in the Lukiw laboratory 
involving the innate-immune response in AD, AMD and in 
retinal disease, amyloidogenesis and neuroinflammation 
was supported through an unrestricted grant to the LSU 
Eye Center from Research to Prevent Blindness (RPB); the 
Louisiana Biotechnology Research Network (LBRN) and NIH 
grants NEI EY006311 and NIA AG038834.
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Skewed microglia activation with pro-inflammatory 
prevailing over anti-inflammatory phenotypes may con-
tribute to neurotoxicity in Parkinson’s disease (PD), via the 
production of cytokines and neurotoxic species. Targeting 
the microglia polarization process is a proposed strategy 
for neuroprotection. The peroxisome proliferator-activat-
ed receptor (PPAR)gamma is expressed in microglia and 
peripheral immune cells, where they are involved in mac-
rophages polarization. PPARγ agonists mediate neuropro-
tection in PD models. We investigated the neuroprotective 
activity of PPARγ agonists in the chronic MPTP/probene-
cid (MPTPp) models of PD, and their action on microglia 
polarization via the evaluation of pro- and anti-inflamma-
tory molecules. PPARγ agonists rosiglitazone and the novel 
compound MDG548, were neuroprotective in the MPTPp 
model and reduced microglia activation and iNOS produc-
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tion in the substantia nigra compacta (SNc). Moreover, we 
found a  gradual increase of pro-inflammatory cytokines 
tumor necrosis factor (TNF)-α and interleukin (IL)-1β, 
over anti-inflammatory molecules such as transforming 
growth factor (TGF)-β, IL-10 and CD206, within Iba-1-pos-
itive microglia, suggesting that a skewed polarization was 
associated with disease progression. Rosiglitazone and 
MDG548 administered during the full MPTPp treatment or 
for the last 10 days, reduced pro-inflammatory cytokines 
while increasing anti-inflammatory molecules as com-
pared with the MPTPp treatment. Therefore, neuroprotec-
tive treatment with PPAR-γ agonists exerts an anti-inflam-
matory action via a modulation of microglia polarization 
correcting the imbalance between pro- over anti-inflam-
matory molecules, offering a  novel immunomodulatory 
approach to neuroprotection.
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Regulated cell death pathways converging 
at mitochondria are promising therapeutic 
targets for neuroprotection

Carsten Culmsee
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Mitochondria play crucial roles in energy metabolism, 
regulation of free radical formation and calcium storage, 
thereby determining essential metabolic functions and cell 
survival, in particular in neurons. Under physiological con-
ditions, mitochondria are highly dynamic organelles that 
undergo constant fission and fusion and these dynamic 
morphological changes are essential for mitochondrial 
functions. Consistent with the critical role of mitochon-
drial dynamics in neurons, impairments of mitochondri-
al fission and fusion are associated with a wide array of 
inherited or acquired neurodegenerative diseases. In order 
to elucidate impaired mitochondrial dynamics in different 
paradigms neuronal cell death, including oxytosis, ferrop-
tosis and necroptosis, our studies focus on the regulation 
of mitochondrial integrity in neuronal cells in vitro and 
after cerebral ischemia in vivo. In neuronal HT22 cells, 
glutamate and erastin induce pronounced production of 
ROS followed by mitochondrial fission through mecha-
nisms of oxytosis and ferroptosis, respectively. The frag-
mented mitochondria accumulate around the nucleus and 
release apoptosis inducing factor (AIF) which executes cell 

death in a caspase-independent manner. The mechanisms 
upstream of detrimental mitochondrial fission involve 
concomitant mitochondrial translocation of Bid and 
dynamin related protein 1 (Drp-1) which mediate mito-
chondrial membrane permeabilization. Inhibition of Bid 
or Drp-1, as well as inhibition of ferroptosis by ferrosta-
tin or inhibition of necroptosis by necrostatin-1 preserve 
mitochondrial morphology and provide neuroprotective 
effects, also after oxygen glucose deprivation in primary 
cultured neurons and in models of cerebral ischemia in 
vivo. In conclusion, our data suggest that regulators of 
pathological mitochondrial fragmentation such as Bid and 
Drp-1 as well as pathways of ferroptosis and necroptosis 
are promising therapeutic targets for neuroprotection.
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Cyclin-dependent kinase 5 signaling in 
neuroinflammation and neurodegeneration

Grzegorz A. Czapski* 

Department of Cellular Signalling, Mossakowski Medical 
Research Centre PAS, Warsaw, Poland

gczapski@imdik.pan.pl

The common feature of age-related neurodegenerative 
disorders is accumulation, improper folding and aggrega-
tion of specific proteins, with amyloid beta (Aβ) and alpha 
synuclein (ASN) being the most prominent representa-
tives. The growing body of evidence suggests that signif-
icant component of molecular mechanisms of misfolded 
proteins’ toxicity may be dysfunction of cyclin-dependent 
kinase 5 (Cdk5). Cdk5 is fundamental for central nervous 
system’s development, but also actively contributes in 
regulating neuronal function in adult brain. Cdk5 controls 
neurite elongation, synaptogenesis, synaptic plasticity, 
oxidative stress and neuronal survival, though its dereg-
ulation has detrimental effects for neuronal function. In 
our studies we analyzed the role of Cdk5 in toxicity of two 
major misfolded proteins, Aβ and ASN. We used PC12 cells 
stably transfected with human APP gene or incubated with 
exogenous ASN. For in vivo analysis we used mouse mod-
el of systemic inflammatory response and model of acute 
toxicity of Aβ after intracerebroventricular administration.

The in vitro studies discovered two pathways respon-
sible for Cdk5 overactivation in cytotoxicity of ASN: i) cal-
cium-induced, calpain-dependent proteolysis of Cdk5-ac-
tivating protein p35 leading to formation of excessive 
activator of Cdk5-p25, ii) phosphorylation of Cdk5 at 
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Tyr15. Enhanced activity of Cdk5 was responsible for 
mitochondrial dysfunction, oxidative stress and cell death 
evoked by ASN. However, the studies carried out in cells 
overexpressing Aβ revealed that decrease in Cdk5 activity 
evokes a decline in the level of phosphorylation of glyco-
gen synthase kinase-3β at Ser9, leading to its activation 
and to hyperphosphorylation of Tau protein. These results 
indicate that not only an increase but also a  decline of 
Cdk5 activity may lead to detrimental effects.

The recent data suggest that Cdk5 may actively assist 
inflammatory signaling. Our in vivo studies showed over-
activation of Cdk5 and its involvement in controlling the 
expression of inflammation-related genes in the brain 
during systemic inflammatory response. Moreover, we 
demonstrated the significant role of Cdk5 in regulation of 
gene transcription in mouse model of Aβ toxicity.

In summary, our results demonstrated that Cdk5 
actively contributes to pathomechanism of protein mis-
folding-linked disorders, being involved in both neurode-
generation and neuroinflammation.

Supported by The National Science Centre grant 
2011/03/B/NZ3/04549.
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Neurosteroids and Alzheimer’ disease: 
mitochondria at the interface
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Alzheimer’s disease (AD) is an age-related neuro-
degenerative disorder that currently accounts for more 
than 60% of all dementia cases and is characterized by 
a  progressive cognitive and physical deterioration. This 
neuropathology will become increasingly burdensome and 
costly in the coming years as AD prevalence is expected to 
double within the next two decades. 

Mitochondrial dysfunction is a  prominent and early 
event of the disease, since energy deficiency is a funda-
mental characteristic of AD that was observed in the brain 
of AD patients as well as in transgenic AD mouse models. 
Indeed, an impaired mitochondrial function can already be 
detected before the onset of cognitive impairments and 
the appearance of the two histopathological hallmarks of 

the disease – the presence of extracellular amyloid-β (Aβ) 
deposits and intracellular neurofibrillary tangles (NFT).  
Of note, Aβ and abnormally hyperphosphorylated tau pro-
tein, which composes the NFT, may act synergistically to 
trigger mitochondrial dysfunction in AD.

Neurosteroids are steroid molecules that are synthe-
tized within the nervous system independently of periph-
eral endocrine glands and are involved in brain-specific 
functions. Neurosteroids have recently shown promise 
in alleviating cognitive and neuronal sequelae of AD. In 
particular, extensive studies only focused on estradiol as 
a promising neurosteroid compound that is able to ame-
liorate cellular bioenergetics, while the effects of other 
steroids on brain mitochondria are still poorly understood.

To gain insights into the underlying mechanism of 
neuroprotection by neurosteroids, in particular those 
belonging to the sex hormone family, we focused on their 
effects on AD-related mitochondrial dysfunction. First, 
we showed that the binding of Aβ to the mitochondrial 
enzyme ABAD (Aβ-binding alcohol dehydrogenase) dis-
turbed estradiol homeostasis and that a  treatment with 
AG18051, a  novel small ABAD-specific compound inhib-
itor, prevented cell death induced by the presence of Aβ 
thereby normalizing estradiol levels in vitro. Second, we 
showed that the bioenergetic deficits induced by either 
Aβ or abnormally hyperphosphorylated tau protein can be 
alleviated by a treatment with sex hormones-related neu-
rosteroids, with testosterone representing the lead steroid 
acting against mitochondrial deficits induced by Aβ, while 
progesterone and estrogens were more efficient against 
AD-related tauopathies.

Together, our findings lend further evidences to the 
neuroprotective effects of neuroactive steroids in AD pa-
thology and indicate that these molecules represent prom-
ising tools able to increase mitochondrial bioenergetics in 
pathological conditions. Our results may open new ave-
nues for the development of gender-based therapeutic 
approaches in AD.
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M1 muscarinic agonists and a novel and 
highly potent activator of the M1R/sigma-1R 
complex: future therapeutics of Alzheimer’s 
(AD) and Parkinson’s disease (PD)
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The M1 muscarinic receptor (M1R) has a major thera-
peutic role in AD and PD. The sigma-1 receptor (S1R), 
a molecular chaperone, is another drug target as it plays 
a  fundamental role in cognitive function, mitochondri-
al functioning and in protein conformation diseases. 
We previously developed orthosteric M1R agonists (e.g., 
AF102B, AF267B, and AF292), which act as cognitive 
enhancers and potential disease modifiers in AD and PD 
(review: Fisher, J. Neurochem, 2012). Notably, i) AF102B and 
AF267B decreased CSFAbeta levels in vivo and reduced 
brain alpha-synuclein in transgenic mice over-expressing 
human alpha-synuclein; ii) AF267B was effective against 
cognitive deficits, Abeta42 and tau pathologies in 3xTg-AD 
mice; and iii) AF102B decreased CSF Abeta in AD patients. 
We now report on AF710B, a highly potent and selective 
allosteric M1R and S1R receptor agonist. AF710B exhib-
its an allosteric agonistic profile on M1R; AF710B (0.1nM, 
in vitro) significantly potentiated the binding and effi-
cacy of carbachol on M1R and their downstream effects 
(phopho-ERK1/2, phospho-CREB). AF710B (nM range) 
decreased Tau-hyperphosphorylation, GSK3beta activa-
tion, and reduced apoptosis and mitochondrial dysfunc-
tion via increased Bcl2/Bax. AF710B (1-30 microg/kg, po) 
was a potent and safe cognitive enhancer in rats treated 
with the M1R antagonist trihexyphenidyl (passive avoid-
ance impairment). These effects of AF710B involve S1R 
activation. In agreement with its anti-amnesic properties, 
AF710B (at 30 nM), via activation of M1R and a  possi-

ble involvement of S1R, rescued mushroom synapse loss 
in PS1-KI and APP-KI neuronal cultures, while AF267B  
(1 microM) was less potent in PS1-KI and ineffective in 
APP-KI models, respectively. In female 3xTg-AD mice 
AF710B (10 µg/kg, ip/daily/2 months) – i) mitigated cog-
nitive impairments in Morris water maze; ii) decreased 
BACE1, GSK3beta activity, p25/CDK5, neuroinflammation, 
soluble and insoluble Abeta40, Abeta42, plaques and tau 
pathologies. The effects of AF710B can be attributed to 
concomitant activation of S1R and a  super-sensitized 
M1R, via a hypothetical heteromerization of these recep-
tors. AF710B represents a comprehensive therapy on cog-
nitive deficits, synaptic loss, beta-amyloid and tau pathol-
ogies, neuroinflammation, ER-stress and mitochondrial 
dysfunctions. AF710B may also be effective in several other 
protein conformation diseases (e.g. PD, LBD, ALS and more).
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Although its basic meaning was different, the word 
“stress” is frequently used to describe either exposure 
to, or response of organs (e.g. brain), tissues, cells or sub-
cellular organelles to adverse influences. The overarching 
definition of this understanding of “stress” may be thus 
be given as “a strain of circumstances”. Many neurologic 
diseases, both chronic and acute, are believed to involve 
certain types of stress, e.g. hypoxic/ischemic, oxiadative/
peroxidative, mitochondrial and endoplasmatic reticulum 
stress, etc. It is less emphasized that brief exposure to 
stressful stimuli precondition cells and organs to variety 
of different stressors and produce tolerace to otherwise 
lethal stress conditions, providing robust protection of 
cells. Acute responses to stress, taking place within sec-
ond-to-minute time intervals, involve changes in blood 
flow and (in)activation (through (de)phosphorylation) 
of enzymes or receptors already present in cells (“pre-
formed”). Chronic responses involve modifications of gene 
expression, synthesis and/or degradation of proteins, 
and take distincly more time. Responses to hypoxia or 
ischemia are of particular importance for the brain, which 
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critically depends upon continuous delivery of oxygen to 
maintain normal function and survival. Apparently they 
occur against a background of global depression of cellu-
lar protein synthesis, executed in order to save energy. It 
had been assumed that hypoxia-respnsive genes are con-
trolled by hypoxia-inducible factor-1alpha (HIF-1a), which 
is quickly activated by hypoxia. More recently it has been 
found that in the brain up-regulation of transcriptional 
signaling by HIF-1a is supplemented by activation of pat-
ways involving insulin growth factor, vitamin D3 receptor/
retinoid X nuclear receptor and glucocorticoid signaling. 
Hypoxia-responsive genes are predominantly up-regulat-
ed in hindbrain and down-regulated in forebrain – possibly 
to support hindbrain survival functions at the expense of 
forebrain cognitive functions. Of possible practical impor-
tance is response to chemical stressors, which involves 
induction of heat-shock proteins that counteract proteo-
toxic stress. Considering that tolerance evoked by a giv-
en stressor is effective also to other stress types, means 
of inducing tolerance in order to provide neuroprotection 
are being sought. For example, inducers of Hsp70 proterin 
expression may be effective in chronic neurodegenerative 
diseases which involve proteotoxic stress, such as ALS.
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Prenatal stress has been shown to have a  profound 
and lasting impact on neurodevelopment and leads to 
an increased risk for several neuropsychiatric conditions, 
including autism spectrum disorder (ASD). It is crucial to 

understand how genetics may interact with this environ-
mental trigger to identify those most susceptible to the 
increased risk and to create a better understanding of the 
underlying mechanisms and potential treatments of such 
disorders. A  44 base-pair deletion polymorphism located 
in the promoter region (5-HTTLPR) of the serotonin trans-
porter gene (SLC6A4) results in decreased gene expression 
and has been associated with several anxiety related dis-
orders. In an animal model, pregnant dams heterozygous 
for the serotonin transporter gene (Slc6a4 +/–) exposed to 
stress produced offspring that exhibited several autistic-like 
behaviors. It has been suggested that the GABAergic sys-
tem plays a key role in the underlying pathophysiological 
process of ASD. Previous research has shown that prenatal 
stress and manipulation of the serotonergic system affects 
the proper development of the GABAergic system individ-
ually. However, the combined effects are unknown. In the 
present study, wild-type female mice and females heterozy-
gous for the serotonin transporter gene (Slc6a4 +/–) were 
bred with wild-type males. Upon detection of a  mating 
plug, mice were either placed in a prenatal stress or control 
condition. In the stress condition, animals were exposed to 
restraint stress beginning on embryonic day 12 and contin-
ued every day until embryo tissue collection or parturition. 
GABAergic interneuron development was then analyzed 
using immunofluorescence. Results suggest that manipu-
lations of the maternal serotoninergic system further exac-
erbate the deleterious effects of stress on the developing 
brain. Embryonic tissue in this group exhibited delayed 
interneuron migration and abnormal cortical layering into 
the cortex. These findings begin to reveal how stress expo-
sure and genetics may interact to impact the development 
of neural circuits believed to be critical for social interaction.
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Neurodegenerative lesions in cholinergic encepha-
lopathies include an excessive activation of microglia, 
which may aggravate this process. Microglial inflamma-
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tory response to neurotoxic signals may contribute to 
neuronal degeneration through excessive production of 
nitric oxide (NO) and a  vast range of pro-inflammatory 
cytokines. Little is known about the sensitivity of microglia 
to neurotoxins in combination with changes in their ener-
gy metabolism. The aim of this work was to investigate 
wheather and how lipopolysaccharide (LPS), and its key 
mediator NO, may differentially affect energy and acetyl-
CoA metabolism of microglial and cholinergic neuronal 
cells. We demonstrated the differences between enzymes 
of acetyl-CoA metabolism, acetyl-CoA and ATP levels and 
toll-like receptor 4 contents in non-activated N9 microglial 
and cholinergic SN56 neuroblastoma cells. Exposition of 
microglial N9 cells to LPS caused concentration-dependent 
several-fold increases of nitrogen oxide synthesis, accom-
panied by inhibition of pyruvate dehydrogenase complex 
(PDHC), aconitase and α-ketoglutarate dehydrogenase 
complex (KDHC) activities, and by depletion of acetyl-CoA, 
but by small losses in ATP content and cell viability. On the 
other hands, SN56 cells were insensitivity to LPS, which 
was probably caused by lower than in N9, expression of 
TLR4. However, exogenous NO caused inhibition of PDHC 
and aconitase activities, depletion of acetyl-CoA and loss 
of SN56 cells viability. Microglial cells appeared to be more 
resistant than neuronal cells to acetyl-CoA and ATP deple-
tion evoked by these neurodegenerative condition. This 
date indicate the existence of substantial differences in 
TLR4 levels and activities of key enzymes of acetyl-CoA 
synthesis and utilization, as well as in energy metabolism 
in cholinergic neuronal and microglial cells. This factors 
contribute to differential distribution of acetyl-CoA/ATP 
in microglial and cholinergic neuronal compartments of 
the brain, resulting in their smaller and greater suscep-
tibility to neurodegenerative conditions, respectively. One 
of the reasons for greater resistance of microglial cells 
to cytotoxic inputs could be their lower energy demand.  
The preferential susceptibility of cholinergic neurons to 
neurodegenerative insults may results from competition 
for acetyl-CoA between mitochondrial energy-producing 
and cytoplasmic acetylocholine synthesizing pathways. 

Supported by MN 01-0067/08 and ST57 from MU of 
Gdańsk.
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Parkinson’s disease (PD), the second most common 
neurodegenerative disorder, is characterized by subse-
quent loss of the dopaminergic neurons of substantia nigra 
(SN) and ventral tegmental area (VTA, directly responsible 
for the observed symptomatology (bradykinesia, rigidity, 
and tremor). Most of the PD cases (90%) have a sporadic 
occurrence, and even for those in which the genetic factors 
have been determined, the distinct molecular pathways 
leading to the final, inevitable cell death remain unclear. 
As a consequence, currently available pharmacotherapies 
are based on disease symptomatology, and, although they 
do alleviate the typical symptoms, they do not restore 
neuronal function nor prevent neuronal loss.

However, PD is well known to be associated with fac-
tors beyond dopaminergic transmission. The involvement 
of extranigral structures in PD also includes the noradr-
energic system as well. Noradrenaline is one of the most 
important neurotransmitters in the brain, and the projec-
tions of noradrenergic neurons originating in the locus 
ceruleus (LC) penetrate nearly all brain structures. It was 
shown, that degeneration of noradrenergic neurons in the 
LC is observed in PD patients to an even greater extent and 
exacerbates the loss of dopaminergic neurons of SN/VTA. 
Experimental data from toxin-treated PD animal models 
seems to confirm the important involvement of the noradr-
energic system in PD brain damage. These data prompt the 
hypothesis that noradrenergic neurodegeneration may be 
regarded as an early pre-symptomatic phase of PD that 
progresses in neuropathological stages and finally reaches 
the threshold responsible for symptomatology directly asso-
ciated with a profound loss of SN/VTA dopaminergic cells 
Noradrenaline was also proposed to serve as a compensa-
tory mechanism in PD dopaminergic neurodegeneration.

Elucidating these mechanisms may further our under-
standing of the preclinical deficits observed in neurode-
generative diseases and provide insight into the patho-
genic mechanisms underlying the initial, symptomless 
phase of their onset. These could lead to opportunities 
for more successful, neuroprotective and neurorestorative 
anti-PD therapies, not only those restricted to the com-
pounds that simply delay the onset of degeneration.

mailto:kreiner@if-pan.krakow.pl


405Folia Neuropathologica 2015; 53/4

Neurochemical Conference 2015, The Days of Neurochemistry 
“Neuropsychoimmunological mechanisms in the pathology of neurodegenerative diseases: From biomarkers to therapeutics”

|A14| 

Therapeutic relevance of local hypothermia 
after spinal cord compression: a characteri-
zation of neurofilaments in white matter 
pathology 
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The resurgence of interest in the use of hypothermia 
in spinal cord injury (SCI) is due to evidence that moderate 
hypothermia may improve electrophysiologic, histologic, 
and neurological outcomes. We studied the effect of local 
hypothermia (initiated half hour after spinal cord compres-
sion) on changes of neurofilaments (NF) and neurological 
outcome. Adult Gottingen-Minnesota-Liběchov minipigs 
underwent SCI (18N force) by computer-controlled com-
pression apparatus at L3 level causing paraplegia of lower 
extremities. Hypothermia was performed locally through 
perfusion chamber with 4°C saline solution perfusion, 
oxygenated culture medium (DMEM/F12) or DMEM/F12 
in combination with growth factors, energy metabolism 
factors and compounds with antioxidant effects. The ani-
mals were behaviorally assessed during 9 weeks of sur-
vival (neurological scale for minipigs; points range 0-20). 
We show that local hypothermia with 4°C saline solution 
(perfusion lasting first 5 hours after SCI) significantly pro-
tected against locomotor deficits and reduced area of 
tissue damage in minipigs 9 weeks after injury. Staining 
with SMI-312 antibody have shown significant decrease in 
number of NF/mm2 in sensory and motor tracts after SCI.  
The results clearly correlate with the development of para-
plegia. Systematic quantification of SMI-312 positive axons 
in L2-L4 spinal cord sections after local hypothermia have 
shown the increase in number of structural components 
of myelinated axons in motor areas 1 cm rostrally (23% in 
lateral and 13% in ventral white matter) and 3 cm caudal-
ly (17% in both white matter columns) from the epicenter 
of injury, when the results were compared to SCI group. 
The results show that the regeneration of NF in spinal cord 
after trauma and subsequent treatment clearly indicate an 
important role of local hypothermia in initiation of func-
tional improvement. Hypothermia with 4°C saline, but not 
with DMEM/F12 or DMEM/F12 in combination with growth 
factors, energy metabolism factor and compounds with 
antioxidant effects, if combined with early physical therapy 

could be promising treatment for improvement of the neu-
rological behavior of animals after SCI. Hypothermia initi-
ated after traumatic insult in preclinical model of minipigs 
may improve both, behavioral and histological outcome.

Supported by OP VV EÚ, ITMS: 26220220127. 
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Synaptic plasticity impairments in a BTBR 
T+Iptr3tf/J mouse model of idiopathic autism
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Autism spectrum disorders (ASD) are the most com-
monly diagnosed neurodevelopmental disorder affecting 
more than 1 % of children. Despite many years of research 
it is still diagnosed entirely based on behavior as its molec-
ular basis is not clear. Only 5-10% of cases seem to have 
genetic background with many of the associated genes 
involved in forming and maintenance of synapses. Mice 
lacking these genes often do not represent a  full ASD 
phenotype, therefore in the current study we took an 
opposite approach. We studied the extracellular matrix 
components crucial for proper neuronal development and 
neuronal plasticity, in the BTBR T+ tf/J mouse, an idiopath-
ic model of autism (BTBR). BTBR mice have been exten-
sively studied and show all of the behavioral symptoms of 
ASD: social interaction and communication impairments 
as well as strong insistence on sameness combined with 
repetitive behaviors. We found that unlike the prosocial 
c57BL6/J (B6) mice, BTBR mice have very little heparan 
sulfate content in the neurogenic niches and that they dis-
play increased matrix metalloproteinase-9 activity in the 
central nucleus of amygdala, Both of these findings have 
implication for the function of the synapse and neuronal 
connections in the development of autism-like phenotype 
of these mice.
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Sphingolipid signalling in experimental model 
of Parkinson’s disease

Joanna Motyl1*, Łukasz Przykaza2,  
Paweł M. Boguszewski3, Joanna B. Strosznajder1

1Department of Cellular Signalling
2 Department of Neurosurgery, Laboratory of Experimental 
Neurosurgery, Mossakowski Medical Research Centre Polish 
Academy of Sciences

3 Laboratory of Limbic System, Department of Neurophysiology, 
Nencki Institute of Experimental Biology, Polish Academy  
of Sciences

asiapyszko@o2.pl 

The last study highlight the importance of sphingo-
lipids in the pathomechanism of neurodegenerative dis-
orders. The alterations of sphingolipids biostat between 
ceramide and sphingosine-1-phosphate (S1P) might play 
a crucial role in neuronal cell death in Alzheimer’s disease 
(AD). The significant lowering of S1P level and down-regu-
lation of sphingosine kinases (Sphk1/2) has been recently 
reported in AD brain. S1P is very potent messenger that 
regulate cell proliferation, differentiation, migration and 
apoptosis. This bioactive lipid mediator, which is mainly 
synthetized by Sphk1 is easily transported outside the 
cell and act in autocrine or paracrine manner through five  
specific G-protein-coupled receptors, termed S1P1-S1P5. 
Moreover, S1P is also important intracellular messenger, 
which regulate gene expression, mitochondria function 
and Ca2+ ions concentration. However, the significance of 
S1P/Sphk1 in Parkinson’s diseases (PD) is not fully elu-
cidated. Our in vitro study, using dopaminergic SH-SY5Y 
cell PD model, induced by 1-methyl-4-phenylpyridinium 
(MPP+), indicated for the first time the inhibition of Sphk1 
expression and activity. Our data showed also higher 
expression of S1P lyase, which irreversibly leads to S1P 
degradation and significantly reduces this bioactive sphin-
golipid concentration. Additionally, we have found that 
alterations of S1P signalling in PD cell model leads to acti-
vation of caspase-dependent apoptotic neuronal death.  
In current study using mice in vivo PD model evoked by 
i.p. injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) we have confirmed the alterations of bioac-
tive sphingolipids observed in in vitro PD model. The lower 
Sphk1 activity and its expression were observed in mice 
midbrain after MPTP administration. Concomitantly, the 
inhibition of pro-survival kinase Akt and up-regulation 
of pro-apoptotic Bax protein were indicated. Moreover, 
the significant changes in motor activity in rota-rod test 
were found. The modulator of S1P receptors Fingolimod 

(FTY720) which exerted neuroprotective effect in in vitro 
study, in this in vivo model has also ameliorating effect. 
The agonist of dopaminergic receptors D2/D3 pramipexole 
(PPX) protects midbrain against Sphk1 activity/expression 
disturbances, apoptosis and motor activity alterations. 
Our data indicated impaired sphingolipid rheostat in PD 
model and suggest sphingolipid signalling as a promising 
target in PD therapy.

Supported by NCN grant 2013/09/N/NZ4/02045
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Dangerous Liaisons: tau interaction  
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The microtubule-binding protein tau has numerous 
binding partners, including signaling molecules, cytoskel-
etal elements and lipids, suggesting that it is a multifunc-
tional protein. Indeed, tau can bind to and affect cytoskele-
tal components and regulate signaling pathways by acting 
as a protein scaffold for signaling complexes; tau binding 
also activates or inhibits several enzymes. Tau may also 
exert toxic effect acting as a agonist of cholinergic mus-
carinic receptors. There are different alternatives to explain 
tau pathology spreading in tauopathies like AD, a disease 
that long time ago was associated with severe loss of cho-
linergic markers in the brain, and that such loss may be 
due to the toxic interaction of tau with muscarinic recep-
tors. By using specific antagonists of muscarinic receptors 
it was found that extracellular tau binds to M1 and M3 
receptors and that it may explain the increase of intracel-
lular calcium found in neuronal cells upon tau-binding. 
It is suggested that increase of calcium mediated by the 
interaction of tau with muscarinic receptors could result in 
cell death. M1 and M3 receptors are coupled with Gq/G11 
proteins leading to activation of phospholipase C and an 
increase in the level of intracellular calcium. This calcium 
increase could activate some protein kinases, and these 
kinases could modify tau protein rendering the protein 
toxic. M1 receptors are involved in all key pathological 
changes found in AD – parenchymal and cerebrovascular 
amyloid deposition, neurofibrillary tangles, neuroinflam-
mation, and cognitive decline studying 3xTgAD mice with 
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the deletion of M1 receptor gene. Notably, tau overphos-
phorylation and potentiation of amyloidogenic processing 
in the mice with AD lacking M1 were attributed to changes 
in the GSK-3β and protein kinase C activities. Corroborat-
ing these findings, genetic deletion of M1 receptor has 
recently increased Aβ pathological features in APPSwe/Ind 
mice. Finally, deleting the M1 receptor increased the astro-
cytic and microglial response associated with Aβ plaques. 
These data highlight the significant effect of M1 receptors 
disruption in exacerbating AD-related cognitive decline 
and pathological features and provide critical preclinical 
evidence to justify further development and evaluation of 
selective M1 agonists for treating AD. However so far, sig-
nificance of tau signaling through muscarinic receptor in 
solely in vivo tauopathic models remains uncertain.

|A18| 

PKCβII in mitochondria as a potential 
neuroprotective factor. Proteomics strategy 
to elucidate protein-protein interactions 
involved in PKCβII signaling

Olga Poleszak1, Małgorzata Beręsewicz1*,  
Ewa Sitkiewicz2, Michał Dadlez2, Anna Sarnowska1, 
Barbara Zabłocka1

1 Molecular Biology Unit and Stem Cell Bioengineering Unit, 
Mossakowski Medical Research Centre, Polish Academy  
of Sciences, Warsaw, Poland

2 Laboratory of Mass Spectrometry, Institute of Biochemistry  
and Biophysics, Polish Academy of Sciences, Warsaw, Poland

mberesewicz@imdik.pan.pl 

Mitochondria are principal mediators of cell death 
that occurs during cerebral ischemia. Recent reports indi-
cate participation of the PKC in regulation of mitochon-
drial metabolism what can determine the fate of the cell 
following ischemic stress. We demonstrated that PKCβII, 
due to ischemia/reperfusion injury (I/R), translocates to 
mitochondrial fraction, mainly in ischemia-resistant part 
of hippocampus. We hypothesize that this translocation 
is responsible for endogenous neuroprotection. Therefore, 
we aim: to prove the possible relationship of PKCβII trans-
location with endogenous neuroprotection and to under-
stand the mechanism of this process. To reveal the role 
of PKCβ we used widely acknowledged models of brain 
ischemia: in vitro – rat organotypic hippocampal slice cul-
ture exposed to excitotoxic injury and in vivo – 5’ transient 
brain ischemia in gerbils. We observed ischemia-induced 

increase of PKCβII isozyme immunoreactivity in mitochon-
drial fraction in ischemia-resistant part of hippocampus. 
Moreover, we determined that PKCβII enzymatic activ-
ity is preserved after its translocation to mitochondria.  
The PKCβII-isozyme selective inhibitor administration 
showed: inhibition of postischemic translocation of PKCβII 
to particulate fraction and an increase of neuronal death 
after I/R in an in vitro and in vivo models. It may bespeak 
neuroprotective role for PKCβII. Pull-down chromatog-
raphy and mass spectrometry (MS) revealed potential 
mitochondrial PKC βII-interactors which are involved in 
regulation of mitochondrial metabolism. We assume that 
a biological effects of the PKCβII translocation are associ-
ated with the phosphorylation of mitochondrial proteins 
by it. Therefore, mitochondrial phosphoproteomic anal-
ysis using titanium affinity chromatography and MS is 
under investigation. Until now, two proteins identified as 
potential PKCβII-partners, have been confirmed by co-im-
munoprecipitation method. Moreover, in silico analysis 
(http://networkin.info) confirmed that due to amino acid 
structure, this two proteins can be potentially phospho-
rylated by PKCβ. Taken together, we suggest that at least 
these two proteins might be regulated by PKCβII phos-
phorylation and might be involved in PKCβII-mediated 
neuroprotection. The exact mechanisms by which PKCβII 
phosphorylation leads to neuroprotection still needs to be 
elucidated. 

Funding: National Science Centre grant 2012/05/B/
NZ3/00415 and KNOW-MMRC projectA search for mecha-
nisms of Parkinson’s disease (PD)-associated depression in 
an animal model.
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signaling pathways and regulate microglial 
activation
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Many neurodegenerative diseases and brain injuries 
are marked by increased oxidative stress that results in 
neuron cell death and glial cell activation. In recent years, 
intense interest has been directed to unveiling the role of 
microglial cells, which are the major innate immune cells 
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in brain. Microglial cells not only are capable of performing 
host defense mechanisms, but also exhibit multiple func-
tions for regulating cellular redox homeostasis. Microglial 
activation has been implicated in a number of neurode-
generative diseases, in particular, in Alzheimer’s disease, 
Parkinson disease, stroke and traumatic brain injury. Our 
studies have demonstrated microglial activation in cere-
bral ischemia in gerbil and mouse brain. Many botanical 
polyphenols including grape polyphenols, curcumin as 
well as elderberry and Sutherlandia can suppress micro-
glia activation and mitigate expression of oxidative and 
inflammatory marker proteins in these cells. Studies 
using the BV2 microglial cells also demonstrated a num-
ber of botanical polyphenols including EGCG from green 
tea, honokiol from Magnolia bark and quercetin from 
berries to inhibit lipopolysaccharides (LPS)-induced pro-
duction of nitric oxide (NO) and reactive oxygen species 
(ROS), and alter signaling pathways involving NADPH oxi-
dase, NF-κB and MAPKs. In addition, there is evidence that 
some polyphenols, such as quercetin, not only are capable 
of inhibiting inflammatory responses through the NF-κB 
pathway, but also can stimulate the antioxidant pathway 
involving Nrf2 and upregulation of antioxidant response 
element (ARE) and synthesis of heme oxygenase-1 (HO-1), 
a potent antioxidant enzyme. Therefore, understanding the 
mechanisms for these polyphenols to modulate the oxida-
tive and antioxidative pathways in microglial cells may be 
important for providing therapeutic potential for preven-
tion or treatment of neuroinflammatory disorders.

|A20| 

Neuroprotective and immunomodulatory 
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Oligodendrocyte progenitor cells (OPCs) are known to 
undergo a multi-stage maturation to gain a myelinating 
potential. Their role however is supposed to go beyond 
the process of myelinating nerve fibers in the central 
nervous system. Pre-clinical studies based on oligoden-
drocyte progenitor cell (OPCs) therapies revealed signif-
icant behavioral improvement in spite of failure in the 
remyelination process in animal models of demyelinating 

diseases. Basing on the reported observations, a trophic 
support provided by OPCs has been hypothesized as an 
explanation of the beneficial effects resulting from OPCs 
transplantation. To address the issue, series of co-culture 
experiments with neonatal rat OPCs and organotypic 
hippocampal slices were designed. For this purpose, rat 
organotypic hippocampal slices were exposed to a brief 
oxygen and glucose deprivation (OGD) which allowed 
mimicking an ischemic injury ex vivo. Soon after the 
OGD procedure, the hippocampal slices were co-cultured 
together with differentiating oligodendroglial progeni-
tors. The molecular analysis revealed that the mRNA lev-
els for several cytokines, transcription factors and neuro-
trophins is up-regulated in OPCs in the response to the 
vicinity of the injured nervous tissue. During the following 
biochemical analysis and functional assays, some of the 
factors were proved to be secreted extracellularly and to 
exert either neuroprotective or immunomodulatory effect. 
In response to the OPC-derived IL-10, the number of 
microglial cells increased within the OGD-subjected slic-
es, while the BDNF and SCF were shown to up-regulate 
the proliferation of the neuroblasts and their subsequent 
differentiation into the cells with the neuronal pheno-
type. The results obtained in the study prove that OPCs 
indeed are potent to secrete soluble factors and exert 
the neuroprotective effect, additionally promoting cell 
survival and proliferation in the damaged nervous tissue. 
In conclusion, the OPCs might support the preservation/
restoration of a tissue structure. The immunomodulation 
of locally ongoing inflammatory process might also con-
tribute to the initiation of neuroregenerative mechanisms 
which could be the other beneficent effect of the thera-
pies based on OPC transplantation. 

Supported by NCN (National Science Centre, Poland) 
grant 2014/15/B/NZ4/01875.

|A21| 

Cholinergic hypothesis of dementia

Andrzej Szutowicz.*, Hanna Bielarczyk,  
Anna Ronowska, Sylwia Gul-Hinc,  
Joanna Klimaszewska-Łata, Aleksandra Dyś,  
Marlena Zyśk

Chair of Clinical Biochemistry, Department of Laboratory 
Medicine, Medical University of Gdańsk, Poland

aszut@gumed.edu.pl 

Cholinergic neurons require continuous provision 
of acetyl-CoA and choline to their synaptoplasmic com-
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partment for synthesis of acetylcholine (ACh) by cho-
line acetyltransferase (ChAT) in order to maintain their 
neurotransmitter functions. Glucose- derived pyruvate, 
through pyruvate dehydrogenase complex (PDHC) reac-
tion in mitochondria, is almost exclusive source of brain 
acetyl-CoA. The latter is used mainly for energy produc-
tion in mitochondria of neurons and other types of brain 
cells. However, only in cholinergic neurons certain fraction 
of acetyl-CoA is used for ACh synthesis. Therefore, they 
appear to be particularly vulnerable to several neurode-
generative conditions (e.g. Alzheimer’s disease, thiamine 
deficits) presumably due to competition for acetyl-CoA 
between energy and ACh synthesizing pathways. On the 
other hand, second substrate - choline has to supplied to 
the site of ACh synthesis from extracellular space exclu-
sively by specific high affinity choline transporter. During 
neurotoxin-evoked excessive depolarization, when trans-
porter is inhibited, choline for ACh synthesis may be pro-
vided by hydrolysis of structural phospholipids in neuronal 
membranes by activated phospholipases, thereby affect-
ing cholinergic neurons viability. Studies on Tg2576 mice, 
as well as cell lines revealed that, several neurodegenera-
tive inhibited PDHC and other enzymes linked with ener-
gy production. It caused loss of viability and transmitter 
functions in cholinergic neurons, being less or non toxic to 
non-cholinergic neurons or glial cells. Viability of mature 
cholinergic neuronal cells displayed direct significant cor-
relations with activities of PDHC and mitochondrial acetyl-
CoA levels under various cytotoxic and cytoprotective 
conditions. No such dependencies were observed for non 
cholinergic cells. In the same conditions, choline acetyl-
transferase activity and ACh content/release displayed 
direct correlations with acetyl-CoA levels in cytoplasmic/
synaptoplasmic compartment of cholinergic neurons. Also 
choline depletion or supplementation in whole animal or 
cellular models of dementia, decreased or increased neu-
ronal viability, their ACh metabolism, respectively. Thus, 
combinations of these two autocanibalism-like mecha-
nisms, involving acetyl-CoA and choline shortages present 
in degenerating brain, may contribute to preferential func-
tional and structural impairments of cholinergic neurons 
in these conditions.
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The cytosolic protein α-synuclein (ASN) is enriched at 
the pre-synaptic terminals of almost all types of neurons 
in the central nervous system. In physiological conditions 
this protein is involved in the synapses formation, neu-
rotransmitter release and re-uptake, vesicle recycling and 
regulation of the synaptic cytoskeleton assembly. A grow-
ing body of evidence has underlined ASN missfolding 
and oligomerisation as important events that contribute 
to synaptic abnormalities (synaptopathies) occurring in 
various neurodegenerative diseases. Our previous studies 
demonstrated that this protein in monomeric/oligomeric 
form induces Ca2+ influx and NMDA receptor-dependent 
activation of neuronal nitric oxide (NO) synthase. Sub-
sequently, it was shown that ASN enhanced Aβ toxicity 
leading to acceleration of oxidative stress, mitochondria 
failure and caspase-dependent apoptotic cell death. Our 
recent findings showed, that ASN-evoked oxidative/nitro-
sative stress leads to S-nitrosylation of multifunctional E3 
ubiquitin ligase-parkin, resulting in the inhibition of this 
enzyme’s function. Moreover, using ATRA-differentiated 
SH-SY5Y cells, we observed that ASN alters ATP-depend-
ent signalling. Exogenously added ASN induced release of 
ATP from nerve endings, leading to activation of synaptic 
purinergic P2X7 receptor, intracellular Ca2+ influx and cell 
death. Interestingly, in SH-SY5Y cells stably transfected 
with ASN we observed that agonist of purinergic receptor, 
extracellular ATP significantly increased intracellular ASN 
level. Further investigation revealed that ASN accumula-
tion is a result of alteration of its secretion and probably 
lysosomal as well as proteasomal dysfunction. The altera-
tion of ASN level may subsequently affect the function of 
synaptic vesicles and mitochondria and may be implicated 
in synaptosis. Taken together, these findings provide new 
insight into our knowledge of the relationship between 
purinergic signalling and ASN in synaptic failure and may 
be helpful in identifying new therapeutic targets for neu-
rodegenerative disorders. 

Supported by NCN grant 2013/09/D/NZ3/01359.
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Introduction: Mesenchymal stem cells (MSC)-based 
therapy is one of the most promising approaches in the 
treatment of wide range of diseases. However up to now 
clinical trials with MSC transplanted in neurodegenerative 
diseases provided inconclusive results. One of the reason 
may be insufficint migration of donor cells after system-
ic infusion and lack of their homing in the brain. Thus 
the modification of adhesive proteins on the surface of 
transplanted cells might be beneficial. VLA-4 is one of the 
most important proteins involved in leukocyte diapedesis 
and migration to inflamed area, therefore our research is 
focused on use it to enhance homing of MSCs. 

Material and methods: In our study we used mRNA-IT-
GA4 transfected human bone marrow-derived MSC (hBM-
MSC) (Lonza) overexpressing A4 subunit of VLA-4 intergin. 
The modified and naïve cells were labelled with SPIO 
(MIRB, BioPAL) and delivered into right internal carotid 
artery in rats withdeep brain structure damage. The infu-
sion of hBM-MSC was monitored with 7T Biospec 70/30 
MR scanner (Bruker) directly after transplantation and 
24h later. The analysis of signal intensity was performed 
in ImageJ program then rat brains were collected and ana-
lysed by immunohistochemistry using antibodies against 
CD44 (specific for human MSC), von Willebrand factor and 
Claudin-5 antigens (recognized endothelial cells). 

Results: Both naïve and A4 overexpressing MSC 
reached brain lesion area after intra-arterial delivery. 
Directly after transplantation and 24 hours later hBM-MSC 
were present in the right hemisphere of the recipients but 

significant decrease in signal level originating from trans-
planted cells between these two time points was noticed. 
However, the decline of the signal in rats transplanted 
with modified hBM-MSC was much smaller as compared 
to naïve cell recipients. The presence of transplanted  
hBM-MSC in the rat brain was confirmed by using of CD44 
antibody. Staining with von Willebrand factor and Clau-
din-5 antibodies revealed that both types of cells (modified 
and naïve) remained inside brain blood vessels 24 hours 
after transplantation. 

Conclusions: Our results showed that arterially trans-
planted hBM-MSC effectively reach the brain lesion area. 
The overexpression of VLA-4 increases homing of MSCs 
to the brain, however no diapedesis of transplanted cells 
was present. The role of peripheral sensory pathways 
and NKA1 and NKA2 receptors in cardiorespiratory effects 
induced by neurokinin A.
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Several studies have demonstrated that exposure to 
toxic levels of MeHgCl during pre- and post-natal life caus-
es neurological abnormalities, cognitive impairment, and 
behavioral disturbance. In this study we present that the 
mechanism of cell damage induced by MeHgCl involves 
generation of free radicals, which trigger a  double and 
a single DNA strand breakage and is related with cytotoxic 
and genotoxic effect. We have tested exposition of MeHgCl 
on HUCB-NSC in different culture conditions: monolayer 
2D culture at various conditions resembling different devel-
opmental stages (serum free culture, low serum medium 
and low serum with dBcAMP) and 3D culture on collagen 
scaffolds, all in 21% or 5% of oxygen tension. Treatment 
of HUCB-NSC on MeHgCl showed a  decrease in cell via-
bility (Alamar blue test), in both oxygen conditions (21% 
of oxygen or 5% of oxygen) and both dimension of cul-
ture (monolayer vs culture on collagen scaffolds). The most 
sensitive to MeHgCl were cells cultured under 5% oxygen 
tension in medium without serum, where cells exhibit ear-
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ly neural phenotype. Examination of HUCB-NSC exposition 
on MeHgCl showed numerous dose-dependent chromo-
somal abnormalities. Methylmercury chloride increases 
level of chromosome break or lost what produces micro-
nuclei (MN) and chromosomal rearrangement – nucleop-
lasmic bridge (NPBs) and gen amplification – nuclear bud 
formation (Nbud). This effect suggest that methymercury 
chloride is mutagenic agent, causes the DNA damage and 
in consequence produces chromosome changes in Human 
Umbilical Cord Blood Neural Stem Cells.

The work is supported by statutory funds to MMRC 
and National Science Centre via Grant No DEC-2011/03/B/
ST8/05867.
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Neurokinin A  (NKA) is a peptide neurotransmitter that 
participates in the regulation of breathing and cardiovascu-
lar system. It is established that NKA released from the vagal 
excitatory NANC fibers innervating respiratory tract acts via 
NK2 receptors, causing contractions of the smooth muscle 
of the tracheobronchial tree. Neurokinin A is also present in 
the ganglion nodosum of the vagus nerve and the petrosal 
ganglion of the glossopharyngeal nerve which both project 
to the nucleus of the solitary tract in the medulla oblonga-
ta. However its impact on the cardiorespiratory pattern is 
not clear. The purpose of our study was to determine the 
cardiorespiratory pattern exerted by the systemic injection 
of neurokinin A, to look at contribution of neurokinin NK1 
and NK2 receptors, and to show the engagement of the 
vagal pathway in mediation of these responses. The effects 
of intravenous injections of NKA (50 µg/kg) were studied 
in anaesthetized, spontaneously breathing rats in the fol-
lowing experimental schemes: in neurally intact rats, and 
vagotomized at either midcervical or supranodosal level. 
Intravenous injections of NKA in the intact rats evoked sud-

den and short-lived increase in the respiratory rate, followed 
by a  prolonged depression coupled with slow continuous 
augmentation of the tidal volume. Respiratory alterations 
were accompanied by short-lived tachycardia and a  pro-
longed hypotension. Midcervical vagotomy eliminated only 
respiratory rate response, while supranodosal vagi section 
abrogated all respiratory reactions. NK2 receptor antago-
nist eliminated the respiratory frequency and tidal volume 
changes not affecting the fall in arterial blood pressure. 
NKA1 receptor blockade revealed an avert effect significant-
ly reducing hypotension with no influence on the respiratory 
system. These results indicate that NKA induced changes in 
the breathing result from an excitation of the NKA2 recep-
tors of the vagal endings and also from modulation of NKA2 
receptors within the nodose ganglia. Fall in blood pressure 
triggered by NKA occurs outside of the vagus nerve and is 
probably mediated via a direct action of the neurokinin A on 
vascular smooth muscles supplied with NK1 receptors.
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Differential effect of KU55933, an inhibitor 
of ATM kinase, against hydrogen peroxide-, 
doxorubicin- and staurosporine-induced cell 
damage in neuronal-like and astrocyte-like 
cell lines

Jakub Chwastek*, Danuta Jantas, Władysław Lasoń

Department of Experimental Neuroendocrinology, Institute  
of Pharmacology, Polish Academy of Sciences, Cracow, Poland 

chwastek@if-pan.krakow.pl

ATM (ataxia-telangiectasia mutated) kinase belongs 
to family of phosphatidylinositol 3-kinase-related kinases  
(PIKKs) and its dysfunction is a cause of rare neurodegenera-
tive disorder- ataxia-telangiectasia. It is involved in processes 
like DNA repair system, cellular response to oxidative stress, 
insulin signaling and mitochondrial homeostasis. Taking 
these properties into account, ATM started to be the subject 
of research in diabetes, cancer and neurodegenerative dis-
eases. Our previous data demonstrated that pharmacologi-
cal inhibition of ATM kinase by specific inhibitor – KU55933, 
protects the retinoic acid differentiated human neuroblas-
toma SH-SY5Y cells (RA-SH-SY5Y) against the cell damage 
induced by hydrogen peroxide (H2O2) and doxorubicin (Dox), 
but not by staurosporine (St). In order to study the cell spec-
ificity of the above results in the present study we tested the 
effect of ATM kinase inhibitor in mouse hippocampal (HT-22) 
and rat glioma C6 cell lines. The data showed that KU55933 
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(1-10 µM) was not toxic to HT-22 cells when given alone, but 
induced cell damage in C6 cells at concentration of 10 µM. 
Moreover, it partially attenuated the cell death induced by 
(H2O2) (by 11-15%) and doxorubicin (by 20-26%) in HT-22 
cells, whereas in glioma cells it mediated only a slight pro-
tection in Dox-model (1 µM with 8% protection). However, 
in the model of oxidative stress-evoked cell damage in C6 
cells it was not only without protective effects but at con-
centration of 10 µM it enhanced the H2O2 toxicity (by 24%).  
In contrast to results obtained from RA-SH-SY5Y cells, in 
St-model of cell damage we found a slight protection medi-
ated by KU55933 in both, HT-22 (10 µM with 10% protec-
tion) and glioma (0.1-1 µM with 7-10% protection) cells. 
Taking together results from neuronal-like (RA-SH-SY5Y 
and HT-22 cells) and glioma cells, a  differential protective 
effect of ATM kinase inhibitor in dependence on the used 
model of cell damage has been demonstrated. The most 
significant protective effects of KU55933 were observed in 
neuronal-like cells (RA-SH-SY5Y and HT-22) in the model of 
H2O2- and Dox-induced cell damage.

The study was supported by statutory funds of the 
Institute of Pharmacology, Polish Academy of Sciences. 
Jakub Chwastek is a holder of scholarship from the KNOW 
sponsored by Ministry of Science and Higher Education, 
Republic of Poland. 
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Amyloid beta (Aβ) is a key player in pathomechanism 
of Alzheimer’s disease (AD). The recent studies demon-
strated that soluble oligomers are the most toxic form of 
Aβ. The oligomers are responsible for synaptic dysfunc-
tion, memory loss and neurodegeneration, but the mech-
anisms of their toxicity largely remain unsolved. The Aβ 
precursor protein and the enzymes involved in Aβ release 
are situated in lipid rafts rich in sphingolipids. Recent data 
underline the role of sphingolipid rheostat alterations in 

AD pathology. In this study we analyse the interaction 
between Aβ1-42 and sphingosine kinases (SphKs) – the key 
enzymes in sphingolipid biostat. Moreover, we investigat-
ed the role of mitochondrial sirtuins and other antioxida-
tive enzymes in cell survival under Aβ toxicity.

PC12 cells were incubated with Aβ1-42 oligomers (AβO) 
and SphK inhibitor SKI II for 24-96 h. AβO increased SphK1 
expression and activity after 24 h, but down-regulated 
them after 96 h and had no effect on Sphk2. AβO and SKI II  
accelerated oxidative stress and affected the pro- and 
anti-apoptotic signalling leading to cell death. At the same 
time, up-regulation of anti-oxidative enzymes catalase and 
superoxide dismutase 2 was observed. AβO significantly 
increased the level of mitochondrial proteins: apoptosis-in-
ducing factor (AIF) and Sirt3, -4, -5. To decipher the molecu-
lar pathways involved in AβO toxicity, several pharmacolog-
ically active compounds were tested. It was shown that at 
very early stages of AβO toxicity, p53 protein plays a major 
role. However, during prolonged exposure, alterations of 
caspases, MEK/ERK, mitochondrial permeability transition 
pores, oxidative stress, S1P signalling pathway and down-
regulation of Sirts were responsible for cell death. 

Our data demonstrated the molecular relationship 
between Aβ peptide, Sphk in cell survival and death, and 
indicated that inhibitor of p53 and activators of S1P recep-
tors and Sirts may be useful in cell protection against Aβ 
toxicity. 

This study was supported by The National Science Cen-
tre Grant 2013/09/B/NZ3/01350.
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The oxidative stress in myelin of the rat brain 
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Nanotechnology has become a major research project 
in the last decade and scientists world-wide are continuing 
to discover unique properties and applications of nanoma-
terials. Among the metal nanoparticles, nanosilver (AgNPs) 
has the highest degree of commercialization because of 
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its antimicrobial properties. However, the unique proper-
ties of AgNPs could potentially lead to unexpected hazards 
to both the environment and human health. In the present 
study we investigate the pro-oxidative potential of AgNPs 
in chronically exposed rats. Markers of oxidative stress 
such as lipid peroxidation, the level of sulfhydryl groups 
(-SH), and the mRNA expression of superoxide dismutase 
(SOD) were examined in myelin of the CNS. Small (10 nm) 
citrate-stabilized silver nanoparticles were administered 
once daily via the gastric tube at a dose of 0.2 mg/kg b.w. 
per day for 14 days. Control groups received silver citrate 
or saline in the same dose. Our results indicated that 
exposure to AgNPs decreased level of sulfhydryl groups. 
We noticed statistically significant reduction of both pro-
tein- and non-protein –SH groups level by about 35% and 
20%, respectively. Similar effect was also observed after 
administration of ionic form of silver. Exposure to AgNPs 
increased the rate of lipid peroxidation expressed by the 
level of malondialdehyde (MDA) – final products of poly-
unsaturated fatty acids peroxidation in the cell memranes. 
The level of MDA was significantly elevated (by about 
40%) in myelin of AgNPs-treated rats. Exposure to AgNPs 
also changed mRNA expression of SOD – an antioxidative 
enzyme. Obtained results indicate that in AgNPs-exposed 
rats antioxidative mechanisms are inefficient to counter 
reactive oxygen species (ROS)-mediated cellular stress.
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Alzheimer’s disease (AD) leads to generation of β-amy-
loid (Aβ) and oxidative stress. Oxidative stress and apoli-
poprotein E (ApoE) are associated with DNA damage which 
leads to apoptosis induction e.g. in cells expressing wild-
type p53 protein encoded by TP53 gene. 8-Oxoguanine 

DNA glycosylase 1 (OGG1) is a main DNA repair enzyme 
that removes of 8-oxo-2’-deoxyguanosine (8-oxo2dG) 
from DNA. It is known that OGG1 and TP53 genetic var-
iants, and APOE genotypes are involved in dementia dis-
eases pathogenesis.

The purpose of this study was to analyze OGG1 and 
TP53 genetic variants, and APOE genotypes in peripher-
al lymphocytes and the extent of oxidative DNA damage 
(8-oxo2dG) in AD patients and controls.

The studies were conducted on 60 patients with AD, 
aging 47-90 years. The control group consisted of 200 indi-
viduals, aging 25-86 years, including 80 related (RC) and 
120 unrelated (UC) persons with AD patients. The OGG1 
and TP53 genetic variants and APOE genotyping analysis 
was performed using PCR and DNA sequencing, and Real-
Time PCR method. The plasma levels of 8-oxo2dG were 
determined using ELISA technique.

Our studies revealed the presence only in AD patients 
of two different mutations in TP53 gene: a silence C708T 
mutation (21%) [p < 0.05] and a missense C748A muta-
tion (4%) as well as first described in OGG1 gene a silence 
C798T mutation (6%). Additionally, significant differences 
in the frequency of the APOE ε4 in patients with AD and 
UC (p < 0.001), and RC (p < 0.01), respectively, as well as 
RC and UC (p < 0.05) were observed. AD patients with 
silent or missense mutation in the TP53 and OGG1 gene 
have protective (ε2) and/or neutral (ε3) and/or pathogenic 
(ε4) allel of APOE gene. The plasma level of 8-oxo2dG was 
almost 2 times lower in AD patients with APOE ε4/ε4 as 
compared to AD subjects with APOE ε3/ε3 genotype.

It seems that APOE ε4 as well as APOE ε2, ε3 associat-
ed with OGG1 and TP53 genetic variants may be involved 
in the AD pathology.
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Morphine and its derivatives are the most widely used 
narcotic analgesics for relieving severe acute pain. Unfor-
tunately, the use of opioids in treating is limited due to 
significant side effects e.g. analgesic tolerance, addiction, 
respiratory depression. Since many years Neuropeptide 
Department search for new bifunctional compounds, act-
ing on two (or more) different receptors, which will have 
fewer side effects than compounds acting at a single tar-
get. Substance P plays an important role in pain signals 
generation and transmission from periphery to CNS. In 
contrast, opioids suppress pain signals mainly through 
suppression of substance P release. These mechanisms of 
neurophysiological actions were fundamentals for inven-
tion of hybrid compounds that act as both antagonists 
of substance P to reduce postsynaptic activation of NK1 
receptors as well as opioid agonists to activate presyn-
aptic opioid receptors that result in decrease substance 
P release. We will present bifunctional compounds acting 
on opioid and tachykinin system. In all presented com-
pounds opioid pharmacophore is covalently hybridized 
with tachykinin pharmacophore that positively modulate 
effects of the opioid part. Synergistic enhancement of opi-
oid analgesia and/or decrease of unwanted side-effects 
should result from such hybridization. Therefore, to the 
list of already synthesized and characterized compounds 
presented in the literature we elaborated new series of 
compounds that combine peptide opioid pharmacophore 
(biphalin) with 3,5 bis-trifluoromethyl-benzyl derivative, 
responsible for antagonism at NK1 receptor. Opioid and 
tachykinin pharmacophores are connected by few kinds of 
linkers which are derivative of hydrazine. We will present 
pharmacological and analgesic properties of new bifunc-
tional peptides, which exhibit affinity to opioid (mu and 
delta) and NK1 receptors. For the most active compound 

the hypothetical model of interaction of bifunctional com-
pound and the NK receptor will be shown.
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Excessive interstitial glutamate levels cause injury and 
death of CNS cells, and are involved in many CNS disor-
ders. Excitotoxic neuronal injury may correlate with blood-
brain barrier (BBB) damage. The aim of this study was to 
investigate the effects of glutamate released into the cer-
ebrospinal fluid from electrospun nanofiber mat dressing 
of the spinal cord. Adult male Wistar rat were subjected to 
subarachnoid application of an ‘empty’ (carrying no active 
principle) nanofiber mat or a glutamate-loaded nanofib-
er mat at the lumbar enlargement level. Half of the latter 
group was additionally given a  systemic treatment with 
the histone deacetylase inhibitor valproic acid. A group of 
age-matched intact rats served as an additional control. 
All rats were killed 21 days after dressing application, and 
the L1-L6 parts of their spinal cords were collected and 
processed for electron microscopy, histological and immu-
nohistochemical (IHC) studies by routine procedures. Spi-
nal cords from the intact rats and rats carrying ‘empty’ 
nanofiber mat dressing showed proper parenchyma and 
BBB morphology. Spinal cords from the rats carrying gluta-
mate-loaded spinal cord dressing revealed the presence of 
multiple intraparenchymal hemorrhages of varying sizes. 
The capillaries in the vicinity of the dressing (both in the 
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meninges and the white matter) were leaky and showed 
considerable swelling; there was no difference in these 
characteristics between rats with and without systemic 
valproic acid treatment. IHC studies revealed no difference 
in the staining intensity or the labeling pattern for basal 
lamina markers (laminin, collagen IV and fibronectin) 
between the study groups. Endothelial nitric oxide syn-
thase immunolabeling showed an increased staining inten-
sity in rats carrying glutamate-loaded dressing, irrespec-
tive of the valproic acid treatment. Electron microscopy 
revealed signs of excitotoxic neuronal injury and perivas-
cular edema in both rat subgroups with glutamate-loaded 
mat dressing. Endothelial cells in these animals showed 
considerable mitochondrial swelling, increased numbers 
of plasmalemmal pinocytic vesicles and cytoplasmic vacu-
oles, and the formation of membrane-bound intraluminal 
protrusions and blebs; the integrity of tight junctions was 
generally preserved. No similar changes were seen in con-
trols. These results indicate that glutamate-loaded nano-
fiber mat dressing can create glutamate concentrations 
capable of damaging spinal cord BBB.
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The application of mesenchymal stem cells (MSCs) in 
regenerative medicine offers hope for effective treatment 
of yet incurable diseases. The therapeutic effect of stem 
cells has been confirmed in numerous independent stud-
ies, but their widespread clinical use requires the develop-
ment of unified protocols of safe and efficient cells acqui-
sition. The adipose tissue is one of the most promising 
sources of MSC for regenerative medicine.

The aim of this study was to isolate MSC from human 
subcutaneous adipose tissue (ASC) in real clinical sur-
rounding, and setting the optimal conditions for their fur-
ther propagation or direct transplantation into the wound.

The ASC isolated by the enzymatic method established 
previously in our laboratory were characterized by flow 
cytometry and immunocytochemistry. Long term cell cul-
ture was carried out in two variants: 5% or 21% of oxygen 
concentration, for which population doubling time (PDT), 
the cumulative time of population doublings (CPDs) and 
the rates of cell senescent were estimated. The cells abil-
ity to differentiate into the adipocytes, chondrocytes and 
osteocytes were evaluated together with their potential 
to vasculogenesis. In order to develop methods for topi-
cal transplantation of ASC, the cells were co-cultured with 
human fibroblasts or plated directly on the top of skin 
patchs.

The cell survival, integration and differentiation were 
evaluated in vitro after direct application of ASC on the top 
of co-cultured fibroblast surfaces by the use of irrigator.

The results demonstrated that modified enzymat-
ic method of ASC isolation is reproducible and efficient. 
The cells possess all features typical for MSCs and have 
capacity to vasculogenesis in vitro. The low oxygen con-
dition determines faster proliferation and slower cells 
senescence. The ASC delivered by use of irrigator survived 
well and were able to stimulate the growth of fibroblasts. 
Moreover, ASC can be administered on the wound surfac-
es directly by use of irrigator or special skin patches.

We can conclude that ASC obtained and applied 
according to the described protocol can be easily used for 
cell therapy of non-healing skin wounds in clinic.

The work was supported by National Science Centre 
grant No 2011/01/B/NZ3/05401 and Ministry of Science 
and Higher Education funds No 3757/E-32/R/2014-1.
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Excess of Zn ions under hypoxic episodes may lead to 
neurodegeneration by disruption the neuronal cells ener-
gy metabolism.

Aim of the project was to evaluate the effect of Zn 
excess on energy metabolism in neuronal cells during hypo-
xia. 
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Experimental model was human neuroblastoma SH- 
SY5Y cell line, modified to cholinergic phenotype by using 
RA and cAMP (DC) or unmodified (NC). To induce hypoxia  
Co was used, added 3 h prior to Zn. Cells viability was 
measured by lactic dehydrogenase assay. Also activities of 
enzymes: pyruvate dehydrogenase complex (PDHC), aconi-
tase, NADP-isocitrate dehydrogenase (IDH) were measured. 
Following the total level of acetyl-CoA was determined.

Exposition of NC to 0.125 mM Zn or 0.20 mM Co ions 
used apart didn’t increase cells mortality, however when 
cells were 3 h preincubated with 0.20 mM Co mortality 
increased to 17.5% in response to 0.125 mM Zn. After expo-
sition to 0.125 mM Zn activities of selected enzymes IDH 
and PDHC were decreased: by 18% and by 30% respective-
ly while activity of aconitase remained unchanged. Exposi-
tion to 0.20 mM Co caused decrease of enzymes activities: 
– aconitase by 17%, PDHC by 38%. There was no inhibi-
tion of IDH. However when cells were preincubated with  
0.20 mM Co prior to 0.125 mM Zn, the inhibition of the 
enzyme’s activity was aggravated to 69% for aconitase 
and 30% for IDH. Activity of PDHC in these conditions was 
inhibited by 22%. The level of acetyl-CoA in the cells was 
changed neither after the Zn or Co alone nor after the pre-
incubative conditions. 

DC exposed to 0.125 mM Zn or 0.20 mM Co didn’t exert 
changes in their mortality. After preincubation of the cells 
with Co mortality increased to 30% under 0.125 mM Zn. 
Activities of IDH, PDH were inhibited by 40%, 17% under 
0.125 mM Zn and 34%, 44% after 0.20 mM Co. Activity  
of aconitase was not inhibited by 0.125 mM Zn while  
0.20 mM Co inhibited its activity by 23%. Zn added 3 h 
after Co significantly increased the inhibitory effect on 
selected enzymes. The acetyl-CoA level was only dimin-
ished after 0.125 mM Zn under hypoxic conditions.

These results indicate that highly differentiated cho-
linergic cells are more prone to Zn-overload in hypoxic 
conditions, expressed by aggravation of inhibition of their 
energy metabolism.

Supported by M&R and H. E. projects: MN 01-0058/08 
and ST-57, IP 2011046071.Differential susceptibility of 
micro glial cells and cholinergic neurons to neurodegener-
ative signals.
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Lead (Pb) is a  highly reactive heavy metal found in 
air, soil, drinking water and food widely recognized as 
a potent toxin of central nervous system. The most critical 
effects of Pb toxicity occur among children exposed during 
fetal and/or postnatal development leading to impairment 
learning and memory, cognition and behavioural control. 
However, the precise mechanism by which Pb exerts its 
neurotoxic effect and induces deficit in learning and mem-
ory processes are not fully elucidated. The objective of the 
present study was to evaluate the effect of perinatal low 
level Pb exposure on the expression of pre- and postsy-
naptic proteins as well as Tau protein changes in the young 
brain. Experiments were carried out on Wistar rats. Preg-
nant females were divided into two groups: control and 
Pb-treated animals. The control group was maintained on 
distilled water until weaning of the offspring while females 
from the experimental group received 0.1% lead acetate 
(PbAc) in drinking water ad libitum, starting from the first 
day of gestation. Offspring stayed with their mothers and 
were fed by them. During the feeding of pups, mothers 
from the experimental group were still receiving PbAc in 
drinking water ad libitum. Pups were weaned at postnatal 
day 21. 28-day old pups were sacrificed and expression 
of presynaptic syntaxin-1 and VAMP1/2 and postsynap-
tic PSD95, as well as the BDNF concentration and ultra-
structural alterations were analysed in three brain areas: 
forebrain cortex (FC), cerebellum (C) and hippocampus (H). 
Concomitantly, we examined the effect of perinatal expo-
sure to Pb on Tau pathology in these regions. Our data 
revealed that pre- and neonatal exposure of rats to Pb 
(concentration in rat offspring’s blood below a ‘safe level’) 
evoked significant decrease in the expression of key syn-
aptic proteins: syntaxin-1 in (H) and (C), VAMP1/2 in (C) 
and PSD95 in (C) and (FC) without changes in other brain 
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parts. Moreover, we observed the lower concentration of 
BDNF in all analysed structures in comparison to control. 
Molecular alterations were accompanied by pathological 
changes in ultrastructure of all examined brain structures 
from rats subjected to Pb. Parallel with synapses dysfunc-
tion, our results showed that Pb treatment caused signif-
icant increase of Tau expression and its phosphorylation 
at Ser396 in (FC) and (C). In these structures, we observed 
activation of two major Tau kinases: GSK-3b and CDK5, 
through increase in phosphorylation of Tyr-216 and for-
mation of p25 protein, respectively. Concluding, perinatal 
exposure to lead induces disturbances of synaptic endings 
structure and functions that is implicated in neurodegen-
erative disorders including Alzheimer’s and Parkinson’s 
disease as well as in autism. We suggest that neurotoxic 
effect of Pb might be mediated, at least in part, by GSK-3β 
and CDK5-dependent Tau hyperphosphorylation, cytoskel-
eton disruption and synapses dysfunction. 

Supported from MMRC statutory theme 8.
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The mechanisms underlying cell death in MS (multiple 
sclerosis) are not fully understood. Apoptosis is believed 
to be one mechanism contributing to a marked and pro-
longed neuronal cell loss following MS. Recent data sug-
gest a  role for soluble Fas (sFas) (sAPO-1, sCD95) and 
soluble FasL (sFasL), a  type I  transmembrane receptor 
glycoprotein of nerve growth factor/tumor necrosis factor 
(TNF/NGF) superfamily, and its ligand sFasL in the central 
nervous system in MS before and after glucocorticoid 
therapy. In addition, we evaluate the potential therapeu-
tic effects of the glucocorticoids. A truncated form of the 
Fas receptor, soluble Fas (sFas) may indicate activation 
of the Fas/FasL system and act as a  negative feedback 
mechanism, thereby inhibiting Fas mediated apopto-

sis. We measured the expression rate of Fas in cerebro-
spinal fluid (CSF) and serum collected from 37 patients.  
The patients were evaluated at three different time-
points: at relapse (active stage), after 5 days of glucocorti-
coid therapy and in the remitting period – not shorter than 
30 days of neurological status stability (inactive stage). No 
sFas was detected in CSF samples from persons without 
neurological pathologies – control group, consisted of  
10 volunteers. CSF samples of MS patients at relapse 
showed elevated Fas concentrations (mean 458.26 ± SD 
157.42 pg/ml). Serum samples showed slightly elevated 
sFas at relapse, five days after glucocorticoid therapy and 
in the remitting period. Serum levels of sFas were always 
much higher than CSF levels. However, there was no cor-
relation between concentrations measured in CSF and in 
serum of appropriate groups of patient at relapse, sug-
gesting that the concentrations in the two compartments 
are independently regulated. Concomitantly we estimated 
sFasL in the serum and CSF. We noted increase of sFasL 
levels in relapse and in the remitting period compared to 
controls. We observed significantly higher immunoreac-
tion of Bcl-2 in the active stage of MS than in the inactive 
stage after glucocorticoid therapy or in controls.
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Aims: Impairment of the signal transduction from adr-
energic receptors to cellular effectors in prefrontal cortex 
(PFC) neurons occurs in many neuropsychiatric disorders 
(acute stress disorder, ADHD). Application of clonidine 
(alpha2-adrenergic receptor agonist) evokes hyperpolari-
sation of the resting membrane potential in mPFC pyrami-
dal neurons. The aim of the study was to define the cellular 
effectors and the exact signal transduction pathway from 
the receptor to the effector, which still remains unclear.

Methods: The membrane potential was recorded in 
layer V mPFC pyramidal neurons in slices isolated from 
3-week-old rats. Recordings were performed in perforat-
ed-patch configuration at a  temperature of 34°C. Adre-
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nergic antagonists, inhibitors of cellular effectors and 
intracellular signalling were applied to the bath medium 
before, during and after clonidine application (100 µM). 
Their effects on clonidine-dependent membrane potential 
changes were analysed.

Results: The alpha2-receptor antagonists yohimbine 
(60 µM, n = 15) and atipamezole (20 µM, n = 6) did not 
completely block clonidine-dependent hyperpolarisation. 
The effect of clonidine was attenuated by the blocker of 
hyperpolarisation-activated cyclic nucleotide-gated (HCN) 
channels (ZD7288, 50 µM, n = 10) and by the selective 
Na+/K+-ATPase inhibitor (ouabain, 100 µM, n = 7). The 
hyperpolarisation was affected neither by the adenylyl 
cyclase inhibitor (SQ22536, 100 µM, n = 6), protein kinase 
A inhibitor (H-89, 40 µM, n = 6), phospholipase C inhibitor 
(U73122, 10 µM, n = 7) nor the protein kinase C inhibitor 
(chelerythrine, 5 µM, n = 5), but it was attenuated by the 
G-protein beta-gamma-subunit inhibitor (gallein, 20 µM, 
n = 12).

Conclusions: alpha2-adrenergic receptor activation evok-
es hyperpolarisation due to HCN channel inhibition and 
modification of the Na+/K+-ATPase function. The transduc-
tion pathway occurs in a membrane-delimited fashion and 
involves the G beta-gamma subunit released from the G-pro-
tein.

Supported by grants no: NN401584638 and NN3015 
72940.
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Tyrosine hydroxylase (TH) [EC 1.4.16.2] is a rate-limit-
ing enzyme required for catecholamine synthesis. The TH 
gene and its product are under strict, multilevel regulation 
to control tissue-specific expression and enzymatic activity 
in neurons. Our previous work showed that the TH gene 
interacts with protein components of the nuclear structure 

called the nuclear matrix (NM). We showed that the proxi-
mal region (+725 to +1678) of the bovine TH gene bound to 
bovine NM proteins (NMPs) isolated from both TH-express-
ing (TH+) and non-expressing (TH–) tissues. In contrast,  
the -2300 to +2300 region of the human TH gene bound 
to bovine NMPs isolated from TH+ tissue but not from  
TH- tissue. We hypothesize that these interactions affect 
the spatial organization of the TH gene chromatin and 
thereby control its transcription. To determine whether 
NMP-mediated epigenetic regulation of the TH gene is 
species-specific, here we aimed to: (i) map the minimal 
sequence of the bovine TH gene responsible for interac-
tions with bovine NMPs and (ii) identify regions of the 
human TH first intron that interact with human NMPs.

To accomplish our objectives, we isolated NMPs from the 
bovine adrenal medulla and the human SH-Sy5y cell line, 
which are both TH+, and the bovine liver and human HepG2 
cell line, which are both TH-. Radiolabeled probes encom-
passing parts of the TH first intron (+113/+613, +589/+1085, 
+807/+1016, +1122/+1602, and +1449/+1973) were incu-
bated with NMPs isolated from TH+ or TH- cells or tissues 
in the presence of non-specific competitor and increasing 
excess of unlabeled probe. EMSA, in which complexes were 
separated on 3 or 5% non-denaturing polyacrylamide gels, 
was used to assess binding.

We found that a  minimal 210 nt intronic fragment 
(+807/+1016) of the bovine TH gene interacted with bovine 
NMPs isolated from both the adrenal medulla and the liver. 
Interactions between regions of the human TH first intron 
and human NMPs were more complex. The proximal frag-
ment (+113/+613) interacted with NMPs isolated from 
both SH-Sy5y and HepG2 cells, whereas the +1122/+1602 
region did not interact with NMPs from either cell line. 
The +589/+1085 region only interacted with NMPs from 
SH-Sy5y cells, and the distal region (+1449/+1973) only 
interacted with NMPs from HepG2 cells. Together with our 
previous results, these data indicate that NMPs isolated 
from HepG2 cells contain species-specific proteins that are 
able to bind the human TH first intron.
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Recent data suggest that necroptosis, a  novel form 
of non-apoptotic programmed cell death, could be impli-
cated in many pathological conditions including neuronal 
death in experimental models of stroke and brain trauma. 
Moreover, an inhibition of this process by necrostatin-1 
(Nec-1) has been shown to be neuroprotective in in vit-
ro and in vivo models of cerebral ischemia. However, the 
involvement of this type of cell death in other neurodegen-
erative conditions and its interplay with other cell death 
types (apoptosis, autophagy) is less recognized. Thus in the 
present study we tested the effect of necrostatin 1 (Nec-1), 
an inhibitor of necroptosis, in the models of oxidative 
stress (H2O2)- and pro-apoptotic factors-induced human 
neuroblastoma SH-SY5Y cell damage. The data showed 
that Nec-1 (0.1-20 µM) partially attenuated the cell death 
induced by H2O2, staurosporine and doxorubicin as con-
firmed by MTT reduction assay. The range of protection 
mediated by Nec-1 was similar to the effect of caspase-3 
inhibitor, Ac-DEVD-CHO in all tested models of cell inju-
ry. Moreover, the neuroprotective effect of Nec-1 was not 
connected with reduction of the toxin-induced caspase-3 
activity. The concomitant treatment of cells with necrop-
tosis and apoptosis inhibitors evoked similar protection in 
all tested models as did each agent given alone, suggest-
ing a shared common downstream intracellular cell death 
mechanisms for both processes. Our data showed an 
involvement of necroptosis in oxidative stress- and pro-ap-
optotic factors-induced cell damage of SH-SY5Y cells and 
that inhibition of this pathway could be neuroprotective.

Acknowledgment: The study was supported by statuto-
ry funds of the Institute of Pharmacology, Polish Academy 
of Sciences.
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Neonatal encephalopathy is the most important cause 
of severe neurological disability in children. There are cur-
rently no effective therapies to reduce brain damage and 
its long-term sequel in infants. Mounting evidence indicate 
that treatment of adult animals with histone deacetylase 
inhibitors (HDACis) administered after stroke provides 
neuroprotection and also promotes neurogenesis. Based 
on the above data it can be hypothesised that HDACis 
provide a suitable option for the treatment of neonatal HI 
injury. This prompted us to check whether the administra-
tion of Trichostatin A, one of the HDACi, stimulates neuro-
genesis after neonatal hypoxic-ischemia.

We utilized a  model of hypoxia-ischemia induced 
in rats of postnatal day 7. TSA (0.2 mg/kg) was injected 
subcutaneously in one single dose for 5 consecutive days 
starting immediately after the insult. The proliferation pro-
file was estimated by BrdU injection at specific time points 
after HI. BrdU positive cells were determined by immuno-
histochemistry method.

At 3-14 days after hypoxia-ischemia BrdU-positive cells 
were seen in both hemispheres, with the greatest number 
of dividing cells in ischemic side. The strongest prolifera-
tion level occurs within 3 and 6 days after the injury. The 
labelling pattern revealed structure-dependent differenc-
es. Three days after HI the highest density of BrdU-posi-
tive cells was seen in the hilus, whereas at longer survival 
time (9-14 days) labelled cells changed their localization 
towards the subgranular zone (SGZ) of DG.

To determine the phenotype of newborn cells, BrdU 
was administered twice daily, at 5 to 7 days after HI and 
the animals were sacrificed 14 days after the HI insult. To 
analyse if BrdU-positive cells represent newly generated 
neuroblasts and oligodendrocyte progenitors, we used 
double immunohistochemical staining BrdU/ DCX and 
NG2/BrdU, respectively. We found that administration of 
TSA stimulates the generation of neuroblasts and oligo-
dendrocyte progenitors, restoring their reduced number 
after HI to control level.

Conclusion: Our preliminary results show that Histone 
deacetylase inhibitor Trichostatine A  exerts beneficial 
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effects after neonatal HI by stimulating the proliferation 
of neural progenitors.

Supported by NSC grant no 2012/05/B/NZ3/00436 
and POKL.04.03.00-00-060/12.
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L-arginine is a semi-essential amino acid with a num-
ber of bioactive metabolites. Accumulating evidence sug-
gests the implication of altered arginine metabolism in the 
pathogenesis of Alzheimer’s disease (AD). However, the 
impact of amyloid β (Aβ) peptides on arginine degradation 
and re-synthesis is unknown. 

In the present study we investigated the activity and 
expression level of arginase I and II as well as neuronal, 
endothelial and inducible NO synthase isoforms (NNOS, 
ENOS, INOS), enzymes that metabolize arginine or resyn-
thesize it from citrulline and the levels of corresponding 
amino acids in rat pheochromocytoma (PC12) cells overex-
pressing human Aβ precursor protein (APPwt cells). Moreo-
ver, we investigated the changes in miRNAs responsible for 
modulation of arginine metabolism in AD brains. Arginase 
activity was assessed spectrophotometrically, and mRNA 
levels of arginase I and II and other urea cycle enzymes 
were measured using real-time PCR. Our results showed 
that the expression of ARG1 and ARG2 genes was signif-
icantly lower in APPwt than in control PC12 cells: ARG1 
mRNA was reduced 3-fold whereas ARG2 was down-reg-
ulated by 50%. Moreover, total activity of arginases was 
significantly reduced by 52% in APPwt cells. Concomitant-
ly, NNOS and ENOS mRNAs were significantly elevated in 
APPwt cells while iNOS was undetectable in both cell lines. 
Other urea cycle enzymes were also altered in APPwt cells. 

The expression of argininosuccinate synthase (ASS) that 
metabolizes citrulline was down-regulated while argin-
inosuccinate lyase (ASL) remained unchanged. Ornithine 
decarboxylase (ODC), which decarboxylates ornithine 
to form putrescine, a precursor of other polyamines was 
also reduced. Arginine, the substrate for both arginases 
and NOS, was unchanged in APPwt cells. However, NOS 
product citrulline was significantly elevated. Using miRNA 
arrays and cluster analysis we have investigated microRNAs 
(miRNAs) known to interact with 3’-UTRs of mRNAs linked 
to arginine metabolism and NOS mRNAs. We have found 
elevated hsa-miRNA-9 and hsa-miRNA-128a in AD patients’ 
brains as compared to the same brain areas of age-matched 
controls. Their changes might modulate the expression of 
ASS and NOS, respectively. Our results suggest the signif-
icance of arginases for the promotion of NOS-dependent 
cellular stress by βAPP/Aβ in a system where up-regulated, 
potentially pathogenic miRNAs are involved.

Supported by Mossakowski Medical Research Centre 
statutory theme no. 8. 
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Chronic pain is one of the most urgent clinical prob-
lems for of poor understanding of its pathogenesis. It may 
appear as a  consequence of nerve mechanical damage 
or as a co-symptom of many diseases, and may be divid-
ed into inflammatory and neuropathic pain. Due to P2X 
purinergic receptors, with the special focus on subtypes 
4 and 7, are indicated to play a  significant role in pain 
development, we decided to introduce a  pharmacologi-
cal antagonist of P2X4 receptor (P2X4R) and measure its 
analgesic potency - alone and together with opioid drugs. 
Experiments were performed to evaluate the contribution 
of P2X4R in modulation of neuropathic pain, and their 
ability to amplify the morphine and/or buprenorphine 
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effectiveness in Wistar rat chronic constriction injury (CCI) 
neuropathic pain model. Study consisted of behavioural 
tests (von Frey’s and cold plate) and dorsal, lumbar (L4-L6) 
spinal cord biochemical analysis (Western blot) after CCI to 
the right sciatic nerve. We have demonstrated that single 
administration of CO donor: CORM-2, significantly reduced 
allodynia and hyperalgesia two hours after intraperitoneal 
injection as efficiently as morphine and buprenorphine. 
What is more, CORM-2 intensified the analgesic effect of 
both morphine and buprenorphine comparing to the effect 
of these drugs alone, completely revoking hypersensitivi-
ty. The analgesic potency of CORM-2 administered for 7 
consecutive days was greater on day 7th than on day 2nd, 
suggests no tolerance development, accretion of anti-no-
ciceptive effect over time. We are the first to demonstrate 
that even single intraperitoneal administration of CORM-2 
potentiates the morphine and buprenorphine anti-hyper-
algesic and anti-allodynic properties in rat CCI model. Our 
data complete those published so far in neuropathic pain 
field and are in agreement that P2X4R may indeed play 
significant role in neuropathic pain development.

This study is supported by grant OPUS NCN 2011/03/B/
NZ4/00042 and Institute of Pharmacology statutory funds. 
Agnieszka M. Jurga and Joanna Starnowska are holders of 
KNOW scholarship sponsored by Ministry of Science and 
Higher Education, Republic of Poland
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Designer drugs, also known as “legal highs” or ”legal 
drugs”, are synthetic compounds developed to provide 
similar effects to illicit drugs of abuse, which are not sub-
jected to legal control. Legal highs are widely available 
online and in clubs. These drugs come in various forms. 
Some of these are herbal mixtures, others come as a white 
powder or as tablets or capsules. They can be taken orally, 
smoked, inhaled, added to drinks or injected.

Synthetic drugs are classified roughly, based on their 
chemical formula, into phenethylamines, tryptamines, and 
piperazines. Although designer drugs still have the reputa-

tion of being safe, several experimental studies in rats but 
also in humans indicated risks including life threatening 
serotonin syndrome, hyperthermia, heart disease, neuro-
toxicity, and abuse potential.

The least investigated and most dangerous synthetic 
components found in the designer mixtures are pheny-
lalkylamines: para methoxyamphetamine (PMA), para-
methoxymethamphetamine (PMMA) and synthetic cathi-
none: mephedrone. Our study is aimed on examining the 
effects of the above-mentioned on extracellular levels of 
dopamine, serotonin and their metabolites using microdi-
alysis in freely moving rats. Dialysates are assayed using 
HPLC witch coulochemical detection, following i.p. admin-
istration of each drug at doses of 5 and 10 mg/kg.

PMA, PMMA and mephedrone given intrastriatally, 
have strong inhibitory effects on re-uptake of serotonin 
and to lesser extent dopamine, causing their extracellular 
increase and decrease in their metabolites.

Our results suggest that designer drugs have strong 
impact on the central nervous system causing profound 
alterations in neurotransmission, but the exact mecha-
nism by which they act still needs to be clarified.

Acknowledgements: Supported by grant from National 
Centre of Science (NCN) no 2013/09/B/NZ7/04104.
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Introduction: Mesenchymal stromal cells (MSCs) are 
of great interest in regenerative medicine and clinical 
strategy because of their ability to migrate to injured 
sites, function in tissue repair and to modulate immune 
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response. The predominant mechanisms by which MSCs 
participate in tissue repair seem to be related to their 
paracrine activity. Besides the long-time notion of growth 
factors and cytokines it now appears that MSCs secrete 
large amounts of extracellular vesicles (EVs). Several stud-
ies have suggested that MSC-derived EVs have functions 
similar to their cellular counterparts. Thus, MSC-EVs rep-
resent a promising opportunity to develop novel cell-free 
therapy approaches. 

The aim of the study was to optimize the method of 
staining for EVs derived from mesenchymal stromal cells 
in term of their visualization after transplantation. 

Material and methods: The experiments were per-
formed on human bone marrow mesenchymal stem cells 
(hBM-MSCs) (Lonza). hBM-MSCs were labelled with three 
different dyes: lipophilic stain (PKH26), iron nanoparti-
cles conjugated with rhodamine (SPIO) and quantum 
dots (Qdots). Then immunocytochemical staining for tet-
raspanins (characteristic markers for EVs): CD9, CD63, CD81 
was performed. EVs were isolated from the culture media 
of previously labelled hBM-MSCs by centrifugation at 1800 
× g for 30 min at 4oC to remove debris, then followed by 
two times ultracentrifugation at 100 000 × g for 60 min 
at 4oC in order to isolate EVs. The results were analyzed in 
confocal microscopy and transmission electron microscopy. 

Results: Our results depicted the presence of intra-
cellular structures positively stained with PKH26, SPIO or 
Qdots visible inside hBM-MSCs. These structures co-ex-
press CD9, CD63 and CD81 markers specific for EVs.  
The isolated EVs represent heterogeneous population 
differed with size and content as confirmed by electron 
microscopy together with their positive staining with SPIO 
and Qdots. Conclusions. All three different dyes proved 
to be efficient stains for EVs although iron nanoparticles 
conjugated with rhodamine and quantum dots have wider 
application for EM and MRI and can be useful to monitor 
EVs in vivo after their transplantation.
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Introduction: Migraine is one of the most common 
neurological disorder that affects 11% of adults. There are 
two main clinical subtypes of this disease: migraine with 
aura (MA) and without aura (MO). Migraine has a signif-
icant genetic basis. It is believed that polymorphisms in 
SLC6A4, HCRTR1, KCNK18 genes may be involved in its 
pathomechanism. No genetic studies of migraine have 
been performed on polish population so far.

Aims: The aim of the study was to analyze exon 7 of 
HCRTR1 gene, exons 1 and 2 of KCNK18 gene, 5-HTTLPR 
length polymorphism and the plasma level of serotonin.

Methods: The studies included 34 migraine patients 
(MA: 17, MO: 17) and 34 healthy controls. The mean age 
of participants was 40 years. Genotyping was performed 
using PCR, HRM, RFLP and sequencing while 5-HT levels 
were determined using HPLC/EC technique.

Results: The studies confirmed presence of two pol-
ymorphisms in HCRTR1 gene: G29A and G1222A. Geno-
type AA of HCRTR1 G1222A was observed only in migraine 
patients (p<0.01), both MA and MO. HCRTR1 G29A GA may 
be involved in MA or MO. Presence of another two vari-
ants: A28G and T328C was confirmed in KCNK18 gene. 
Long allele of 5-HTTLPR polymorphism occurred more fre-
quently in migraine (p < 0.05) as compared to the controls. 
There have been no statistical evidence for association of 
analyzed polymorphisms with the plasma concentration of 
serotonin.

Conclusions: The AA genotype of G1222A HCRTR1 
seems to be a risk factor for migraine in Polish population. 
The presence of long allele of 5-HTTLPR polymorphism is 
associated with a tendency for increased concentrations 
of plasma serotonin.

mailto:martak_89@o2.pl


423Folia Neuropathologica 2015; 53/4

Neurochemical Conference 2015, The Days of Neurochemistry 
“Neuropsychoimmunological mechanisms in the pathology of neurodegenerative diseases: From biomarkers to therapeutics”

|B23| 

Regulation of the membrane potential  
in the medial prefrontal cortex (mPFC) 
pyramidal neurons by muscarinic receptors

Przemyslaw N. Kurowski*, Maciej Gawlak,  
Pawel Szulczyk

Department of Physiology and Patophysiology, Centre for 
Preclinical Research and Technology (CePT), Medical University 
of Warsaw, Warsaw, Poland

przemyslaw.kurowski@wum.edu.pl

Damage to the cholinergic input to the prefrontal cor-
tex has been implicated in neuropsychiatric disorders. 
Cholinergic endings release acetylcholine, which activates 
nicotinic and/or G-protein-coupled muscarinic receptors. 
Muscarinic receptors activate transduction system(s), 
which control cellular effectors which regulate the mem-
brane potential in medial prefrontal cortex (mPFC) neu-
rons. The mechanisms responsible for the cholinergic-de-
pendent depolarization of mPFC layer V pyramidal neurons 
in slices obtained from young rats were elucidated in this 
study. Glutaminergic and GABAergic transmissions, tetro-
dotoxin (TTX)-sensitive Na+ and voltage-dependent Ca2+ 
currents were eliminated. Cholinergic receptor stimulation 
by carbamoylcholine chloride (CCh; 100 µM) evoked depo-
larization (10.0 ± 1.3 mV), which was blocked by the M1/M4 
(pirenzepine dihydrochloride, 2 µM) and M1 (VU 0255035, 
5 µM) muscarinic receptor antagonists and was not affect-
ed by a  nicotinic receptor antagonist (mecamylamine 
hydrochloride, 10 µM). CCh-dependent depolarization was 
temporarily diminished by current step (100 msec, 500 pA)  
and was attenuated by an inhibitor of the βγ-subunit- 
dependent transduction system (gallein) applied extra- 
(20 µM) or intracellularly (50 µM). It was also inhibited by 
intracellular application of the βγ-subunit binding peptide 
(GRK2i, 10 µM). mPFC pyramidal neurons express Nav1.9 
channels. CCh-dependent depolarization was abolished 
in the presence of antibodies against Nav1.9 channels in 
the intracellular solution and augmented by ProTx-I  toxin  
(100 nM) in the extracellular solution. CCh-induced depo-
larization was not affected by the following reagents: intra-
cellular transduction system blockers, including U  73122  
(10 µM), chelerythrine chloride (5 µM), SQ 22536 (100 µM) or 
H-89 (2 µM); channel blockers, including Ba2+ ions (200 µM), 
apamin (100 nM), flufenamic acid (200 µM), 2-APB (200 µM), 
SKF 96365 (50 µM), and ZD 7288 (50 µM); and a Na+/Ca2+ 
exchanger blocker, benzamil (20 µM). We conclude that 
muscarinic M1 receptor-dependent depolarization in mPFC 
pyramidal neurons is evoked by activating Nav1.9 channels 

and that the signal transduction involves G protein βγ sub-
units.
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Human umbilical cord Wharton’s Jelly Mesenchymal 
Stem Cells (WJ-MSC) are of a great research and clinical 
interest since their first isolation in 1991.

The main purpose of this paper was to elaborate and 
optimize enzymatic method of cell isolation in compari-
son to the classical method of mechanical isolation used 
routinely in our laboratory. Enzymatic method of MSC iso-
lation relays here on the limited proteolysis of the tissue 
by collagenase I using different durations of the digestion.

Mesenchymal character of the cells isolated by both 
methods was verified by mesodermal lineage differenti-
ation ability into fat, bone and cartilage. We tested also 
specific markers expression with flow cytometry, immu-
nocytochemistry and quantitative RT-PCR analysis. For 
comparison the proliferation rate, long-term culture (pop-
ulation doubling time), one-week curve and expression of 
proliferating cells marker Ki67 analysis was performed. In 
addition we analyzed ability to create CFU-F by both types 
WJ-MSC and calculated percentage of senescence cells at 
late passages.

The results allow to conclude that, though compara-
ble expression of the classical mesenchymal markers, the 
cells isolated by quantitatively more efficient enzymatic 
method proliferate much slower in culture and differenti-
ate scarcely into typical for MSC mesodermal lineages in 
comparison with mechanically isolated MSC.

Moreover, in WJ-MSC(M) a significantly higher expres-
sion of early neuroectodermal marker nestin and primitive 
cell marker α-SMA has been observed, suggesting their 
pluripotent differentiation ability allowing the cells to 
cross mesodermal lineage barriers.

In contrast, absence of the above properties in 
WJ-MSC(E), together with the lack of their ability to CFU-F 
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formation (a golden mark of the stem cells) and faster cell 
senescence with limitation of typical mesodermal differen-
tiation lineages may question the stemness characteristic 
of the cells isolated by the described enzymatic method.

Key words: stem cells, Wharton’s jelly, WJ-MSC, 
mechanical method, enzymatic method, differentiation, 
proliferation, CFU-F

The work was supported by National Science Centre 
grant No 6430/B/P01/2011/40 and The National Centre 
for Research and Development grant No STRATEGMED1/ 
234261/2/NCBR/2014.
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Mitochondrial dysfunction and enhanced cellular oxi-
dative stress have long been recognized to play a major 
role in the pathogenesis of several neurodegenerative 
disorders such as Alzheimer’s and Parkinson’s diseases. 
Energy depletion, reactive oxygen species (ROS) genera-
tion and increased oxidative damage to several macromol-
ecules may result in loss of calcium homeostasis and in 
consequence neurodegeneration occurs. Under this per-
spective, compounds which acting as radical scavengers 
and protected against oxidative stress and mitochondrial 
damage might be considered as a potential cytoprotective 
agents. Our previous data indicated that alkaloids isolat-
ed from Huperzia selago exhibited antioxidant activity 
and effectively protected against lipid and protein oxida-
tion in rat brain tissue homogenate. Therefore, the aim 
of the present study was to investigate the antioxidative 
and cytoprotective capabilities of alkaloid fractions from 
Huperzia selago to protect dopaminergic PC12 cell against 
oxidative stress evoked by sodium nitroprusside (SNP). 
These cells were exposed to 0.5 mM SNP and the effect 

of alkaloid-rich extract (ARE) was evaluated. The experi-
ments were carried out using spectrophoto- and spectro-
fluorometrical analysis, fluorescent microscopy and real-
time PCR. Our data indicated that 24 h exposure of PC12 
cells to SNP leads to significant, about 4-fold increase in 
free radicals and nitric oxide (NO) generation. Treatment 
with ARE (2.5 µg/ml) prevented SNP-induced NO libera-
tion. Moreover, alkaloid fractions significantly protected 
against DNA fragmentation and mitochondrial damage 
evoked by SNP treatment. We observed that ARE notably 
attenuated SNP-induced changes in mitochondrial mem-
brane potential and decreased the elevated mitochondrial 
calcium levels. Furthermore, we have analysed the effect 
of ARE on SNP-induced modification of Parkin, which is 
responsible for removal of damaged mitochondria via its 
poly-ubiquitylation and promotion of mitophagy. SNP-
evoked apoptotic processes lead to decrease in PC12 cells 
viability and ARE protected cells against SNP-induced 
cytotoxicity. In conclusion, these results suggest that the 
alkaloid extract from Huperzia selago show good effects 
against SNP-induced oxidative injury in PC12 cells by 
adjusting oxidative stress, and suppression of mitochon-
drial dysfunction, and could be developed as a potential 
candidate as a neuroprotective compound.

Supported by NCN grant 2012/05/B/NZ3/02047 and 
EU from ESF under the OPHC NCBIR grant POKL.04.03.00-
00-060/12.
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Recent studies show a promising analgesic effect using 
botulinum neurotoxins (BoNTs) for chronic pain state. The 
present study was undertaken to determine the influ-
ence of minocycline on botulinum neurotoxin serotype 
A (BONT/A) analgesia under neuropathic pain. The objec-
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tive of this studies was also to assess whether botulinum 
neurotoxin serotype A  (BONT/A) affects the markers of 
microglial and astroglial activation in CCI-exposed rats.

The experiments were carried out according to IASP 
recommendations and local Bioethics Committee The 
chronic constriction injury (CCI) to the sciatic nerve was 
performed on male Wistar rats (Bennett and Xie, 1988) 
and all experiments were conducted 7 days after CCI. The 
effects of BoNT/A  administered intraplantarly into the 
injured hindpaw were assessed by von Frey test. Biochem-
ical studies comprised the RT-PCR and Western blot analy-
sis in the spinal cords and DRGs.

A single intraplantar (i.pl.) injection of BONT/A (75pg) 
caused strong antiallodynic effect in CCI-exposed rats 
which was enhanced after chronic intraperitoneal mino-
cycline (30 mg/kg) administration. BONT/A decreased the 
injury-induced ipsilateral upregulation of C1q and GFAP 
mRNA expression in the spinal cord and dorsal root gan-
glia (DRG) and diminished elevated IBA-1 protein level in 
the spinal cord in CCI-exposed rats. The ipsilateral DRG 
and dorsal spinal cord of CCI-exposed rats showed no 
changes in GFAP protein levels. Minocycline inhibited C1q 
mRNA expression at the level of the spinal cord and DRG in 
CCI-exposed rats. Moreover, minocycline decreased GFAP 
mRNA expression in the DRG in a neuropathic pain mod-
el in rats. Decreased protein level of C1q and IBA-1 after 
minocycline injection in the spinal cord was significantly 
upregulated after BONT/A. The changing the activity of 
glial processes may affect BoNT/A-induced analgesia and 
biochemical markers. The results of this research indicate 
the ability to the development of new pharmacotherapeu-
tic approaches of neuropathic pain. Acknowledgments: 
This research was supported by statutory funds from the 
Department of Pain Pharmacology and by a grant Harmo-
nia 5 2013/10/M/NZ4/00261, both from the Ministry of 
Science and Higher Education. The scientific collaboration 
between PAN and CNR (Italy) is greatly acknowledged. 
Rojewska have a  scholarship from the START sponsored 
by the Foundation of Polish Science and Zychowska from 
the KNOW sponsored by Ministry of Science and Higher 
Education, Poland.
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Toxic effects of ammonia in the brain are partly related 
to impaired NO production. Asymmetric dimethylarginine 
(ADMA), is an endogenous NOSs inhibitor and symmetric 
dimethylarginine (SDMA) is arginine (Arg) transport inhibi-
tor. ADMA is synthesized by protein arginine methyl trans-
ferases (PRMTs), released during proteolysis and then 
degradated mainly by dimethylarginine-dimethylamino-
hydrolase (DDAH-1) (Teerlink et al., 2009). Previously we 
reported an increase of ADMA and SDMA concentration in 
brain of rats with acute liver failure (Milewski et al., 2014), 
but distribution of the ADMA/SDMA surplus between the 
particular intra and extracellular compartments has not 
been studied.

We hypothesize that ADMA/SDMA transport from 
astrocytes and brain endothelial cells in vitro, could be 
mediated by y+LAT2 carrier, belonging to y+L family of 
cationic amino acids transporters. Of note, y+LAT2 under 
hyperammonemic conditions is up-regulated both in 
astrocytes and RBE-4 cells (Skowrońska et al., 2012; Zieliń-
ska et al., 2012) and we speculated that this transporter 
may influence the concentration of both Arg derivatives.

The aim of this study was to evaluate the intracellular 
concentration of ADMA/SDMA/Arg in astrocytes and RBE-
4 cells and the effect of ammonia treatment (48 h, 5 mM) 
on this issue.

In RBE-4 cells not treated with ammonia the ADMA 
concentration was twice higher and the Arg/ADMA ratio 
was much lower than in astrocytes, confirming well docu-
mented role of ADMA in endothelial NOS inhibition (Pope 
et al., 2009). Ammonia treatment led to an almost 50% 
reduction of ADMA and SDMA intracellular concentration 
in both cell type (measured by HPLC) with the accompa-
nying ADMA/SDMA accumulation in the cultured medium 
(determined by mass spectroscopy). This phenomenon 
occurs without PRMT-1 and DDAH-1 gene expression 
changes or DDAH-1 protein level alteration. This observa-
tion suggests ammonia induced ADMA/SDMA transport 
changes. Indeed, silencing of the Slc7a6 (y+LAT2) gene 
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expression diminished the reduction of intracellular ADMA 
concentration caused by ammonia treatment in astrocytes 
and decrease NO production.

This results suggest that increased ADMA (and possi-
bly SDMA) efflux mediated by upregulated y+LAT2 may be 
one of the ways in which ammonia interferes with intra-
cellular ADMA content and, subsequently, NO synthesis.

Supported by NCN grant 2013/09/B/NZ4/00536. 

|B28| 

The effect of preconditioning with hyperbaric 
oxygen on brain tissue expression of 
proteasomal and apoptotic proteins after 
experimental global brain ischemia

Robert P. Ostrowski1*, Katarzyna Stępień1,  
Emanuela Pucko1, Renata Wojda1, Marcin Gamdzyk2, 
Wanda Chrzanowska1, Ewa Matyja1

1 Department of Experimental and Clinical Neuropathology 
2 Department of Neurochemistry, Mossakowski Medical Research 
Centre, Polish Academy of Sciences, Warsaw

rostrowski@imdik.pan.pl

Research hypothesis implies that hyperbaric oxygen 
preconditioning (HBO-PC) induces proteasome changes 
accompanied by a decrease in the level of apoptotic pro-
teins, what may implicate participation of proteasome in 
the preconditioning mechanism.

The aim was to study whether HBO-PC has an impact 
on brain tissue expression of selected proteasome and 
apoptotic proteins after global brain ischemia.

The experiments were conducted under general anes-
thesia on male Wistar rats subjected to 5 min global brain 
ischemia obtained via bilateral common carotid artery 
ligation and a  reduction of arterial blood pressure. Five 
sessions of HBO-PC, alone or combined with the inhibitor 
of proteasome MG132 were performed for 5 days preced-
ing ischemia, 1 hr daily at 2.5 ATA. With immunohisto-
chemistry techniques we investigated 20S proteasome 
β1 (catalytic) and proapoptotic proteins; p53 upregulated 
modulator of apoptosis (PUMA) and B cell lymphoma-2 
interacting mediator of cell death (BIM) as well as neu-
rofilaments (NF) and glial fibrillary acidic protein (GFAP). 
Klüver-Barrera stain was used to determine myelin and 
neuronal morphology.

At 7 days after ischemia partial sparing of the hip-
pocampus CA1 zone neurons was noted with HBO-PC. As 

for the proteasomal 20S protein, perinuclear cytoplasmic 
stain was noted in neuronal cells of the hippocampus and 
cerebral cortex in the control. With HBO-PC, both cerebral 
cortex and the hippocampus exhibited the enhanced, pre-
dominately neuronal, 20S immunoreactivity.

PUMA showed a  diffuse neuronal stain in the hip-
pocampus and cerebral cortex in control. While after 
ischemia there was a  strong PUMA reactivity in remain-
ing pyramidal cells and dentate gyrus granule cells. Weak 
immunoexpression was found with the HBO-PC, especial-
ly in the CA1 zone, unless associated with focal cell loss. 
BIM exhibited cytoplasmic and perinuclear stain, enhanced 
after ischemia. A  weak BIM expression was found after 
ischemia preceded with HBO-PC.

NF of the cytoskeleton showed postischemic depletion 
throughout the hippocampal pyramidal layers. Astroglial 
reaction to ischemia, as determined with GFAP stain, espe-
cially in the CA1 was reduced with HBO-PC. The HBO-PC 
combined with proteasome inhibitor exhibited changes of 
tissue expression within investigated characteristics simi-
lar to the ischemia alone.

These results seem to suggest the participation of 
proteasome and diverse alterations of apoptotic proteins 
within the postischemic brain after HBO-PC.

|B29| 

Neuroprotective benefits of physical activity 
in a chronic mouse model of Parkinson’s 
disease

Ewelina Palasz1, Anna Gasiorowska1,2,  
Wiktor Niewiadomski2, Grazyna Niewiadomska1

1Nencki Institute of Experimental Biology, Warsaw, Poland
2Mossakowski Medical Research Centre, Warsaw, Poland

e.palasz@nencki.gov.pl 

Parkinson’s disease (PD) is neurodegenerative syn-
drome, where progressive degeneration of the nigro-stria-
tal dopaminergic pathway leads to motor disturbances. 
The mechanisms underlying the pathological changes in 
PD are not clearly understood yet. The current pharmaco-
logical treatment is used mainly for symptomatic control 
and provide short-term benefits. Therefore, it is highly rel-
evant to investigate the therapy, which prevents cell death. 
Accumulating clinical evidences suggest that physical 
activity and exercise can generally slow down aging, pre-
vent chronic disease and promote health.

The aim of the study was to examine the protective 
effects of physical exercise and particularly the role of its 
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timing with respect to neurotoxin treatment, on motor, 
behavioral, and neurochemical characteristics in chronic 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine(MPTP)-in-
duced mouse model of Parkinson’s disease. Mice were sub-
divided into four groups: (i) control, (ii) sedentary (non-ex-
ercising, with induction of PD), (iii) early trained PD mice 
(exercising before during and after the induction of PD), 
and (iv) late trained PD mice (start of exercising after the 
induction of PD). Motor performance was tested before and 
after induction of PD on Rotarod. Brains were collected for 
immunohistochemistry of tyrosine hydroxylase (TH), vesic-
ular monoamine transporter 2 (VMAT-2), brain-derived neu-
rotrophic factor (BDNF) and glial cell-derived neurotrophic 
factor (GDNF) in substantia nigra pars compacta (SNpc) and 
for Western Blot analysis to determine dopamine transport-
er (DAT) level in the striatum and TH level in the midbrain.

Early training started before the induction of PD pro-
tects from massive degeneration of SNpc dopaminergic 
neurons and not only maintains but even improves motor 
performance. Late training started after the induction of 
PD has very limited protective effect. It is possible that the 
physical activity can prevent the degeneration of dopa-
minergic neurons in SNpc by the activation of signaling 
pathways of neurotrophic factors, however their effective-
ness may be limited once the damage has been incurred.

Supported by NCN grant 2011/01/D/NZ7/04405.
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Neuropathic pain is caused by the nervous system dam-
age. Treatment of neuropathic pain remains a  challenge 
and requires combination therapy, because of not fully 
understood pathomechanism as well as many components 
involved in nociceptive transmission. Targeting chemokine 
signaling pathways is crucial in neuropathy development. 
The study examined the influence of CCR5 antagonist (mar-
aviroc) on neuropathy development after chronic constric-
tion injury of sciatic nerve in rats, and changes in pro- and 

antinociceptive interleukins. Research was carried out on 
Wistar rats implanted with intrathecal (i.t.) catheters. Neu-
ropathic pain was developed using Bennett’s model (CCI; 
chronic constriction injury to the sciatic nerve). Maraviroc 
(20 µg/5 µl) was dissolved in 12% DMSO and preemptive-
ly administered i.t. 16 h and 1 h before CCI and then once 
daily for 7 days. Two behavioral tests were conducted to 
measure allodynia (von Frey test) and hyperalgesia (cold 
plate test). Experiments were carried out according to IASP 
recommendations and were approved by the local Bioeth-
ics Committee. Behavioral studies have shown that chron-
ic i.t. administration of maraviroc attenuated the allodynia 
and hyperalgesia on days 7 after CCI. Western blot results 
demonstrated down-regulation of pronociceptive interleu-
kins: IL-1beta, IL-18, parallel to up-regulation of antinocicep-
tive interleukins: IL-1RA, IL-18BP as measured on day 7 after 
chronic maraviroc administration. In summary, these results 
suggest that maraviroc reduces neuropathic pain by restor-
ing the balance between pro- and antinociceptive interleu-
kins. Our work provides the first evidence for its effect on 
interleukins. Maraviroc is especially promising because it 
is already used in human therapy; our results suggest that 
CCR5 is a potential novel target for neuropathic pain drug 
development. Acknowledgements: This study is supported 
by Institute of Pharmacology PAS statutory funds.
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In this study the effect of 3D microenvironment and 
the oxygen tension on the growth, proliferation and dif-
ferentiation of stem cells was investigated. The response 
to changing microenvironment of two different types of 
cells was compared: freshly isolated mesenchymal stem 
cells from Wharton jelly (WJ-MSC) and neurally-committed 
progenitor cells derived from umbilical cord blood (HUCB-
NSC). Different biological three-dimensional (3D) scaffolds 
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were applied: (1) keratin based scaffolds; (2) a new family 
of scaffold consisting of two components: collagen (Col) 
and chondroitin sulphate (CS) and (3) electroconductive 
chitosan scaffold.

The analysis of settlement performed with scanning 
electron microscope revealed that both WJ-MSC and HUCB-
NSC weakly adhere to keratin small rectangular fibers, but 
remained seated on the long hair-like fibers. The HUCB-
NSC poorly adhere chitosan-based scaffolds, while WJ-MSC 
are present on the scaffold, but remain undifferentiated. 
We demonstrated that both cell types highly adhered and 
grow on Col-CS scaffolds. Moreover, Col-SC scaffolds did 
not affect the proliferation of the cells.

Immunohistochemical analysis revealed that HUCB-
NSC growing on the surface of the Col-SC scaffolds had 
branched phenotype and expressed neuronal markers 
(β-Tubulin III, MAP2), while the cells that penetrated inside 
the scaffold remained rounded. Under the same condi-
tions WJ -MSC penetrated inside the scaffold and prolifer-
ated (Ki67 positive cells), with no signs of differentiation.

The response to different oxygen concentration was 
cell type and developmental stage specific. The 5% O2 
level and Col-SC scaffolds prevent HUCB-NSC from further 
neuronal differentiation (lack of MAP2 expression). More-
over, only HUCB-NSC cultured on Col-SC scaffolds in 21% 
oxygen level expressed OLIG1 and OLIG2 genes (oligoden-
droglial differentiation).

On the other hand we have not observed the influ-
ence of oxygen level or 3D microenvironment on neural 
differentiation of WJ-MSC. However, 3D microenvironment 
promote CD 105 expression in WJ-MSC cultured in both 
tested oxygen concentrations.

We have demonstrated that geometry, structure and 
composition of the scaffold have an impact on cells adhe-
sion, proliferation and differentiation, but the cellular 
response varies with the oxygen concentration and the 
type of investigated cells.

The work was supported by National Science Cen-
tre via Grant No 05728/B/NZ4/2011/01, Grant No DEC-
2011/03/B/ST8/05867 and MMRC statutory funds.
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Introduction: Experimental autoimmune encephalo-
myelitis (EAE) is the most commonly used animal model of 
multiple sclerosis (MS). According to the previous studies 
mammalian central nervous system presents all compo-
nents of the kallikrein-kinin system. The biological activ-
ity of kinin is mediated by two types of G protein-bound 
receptors – B1 and B2. It is believed that activation of B1R 
leads to the induction of inflammation by the release of 
pro-inflammatory cytokines and increased vascular per-
meability.Therefore, there are reasons to investigate the 
role of B1 receptor in the enhancement of the BBB perme-
ability during development of EAE.

Methods: One group of female Lewis rats was immu-
nized by intradermal injection of 100 µl inoculum contain-
ing homogenate of guinea pig spinal cord. The second group 
was injected i.p. with DALBK (B1R antagonist) after immuni-
zation. Control group was not immunized. Rats were moni-
tored daily for clinical signs and loss of weight. Animals were 
sacrificed in different stages of the disease. Parts of brains 
were used for Western blotting analysis and measurement 
of inflammatory cytokines using RayBio Rat Cytokine Anti-
body Array (RayBiotech, Inc.). Immunohistochemical study 
on isolated fraction of microvessels was also performed.

Results: We noticed the increased level of B1R protein 
in rat brain in the symptomatic phase of EAE. Animals 
treated with DALBK exhibited improvement of neurologi-
cal symptoms and decreased level of B1R protein in most 
cases. Using a confocal microscope, we observed lowered 
immunoreactivity of thight jounctions proteins (ZO-1, 
Occludin, Claudin 5) in microvessels’ fraction obtained from 
EAE rats which increased after DALBK treatment. We also 
noticed changes in the level of astroglial markers (GFAP 
and AQP4) in both experimental groups. Preliminary analy-
sis showed increased protein level of cytokines: IFN-γ, IL-1β, 
IL-6, TNF-α, VEGF in EAE animals which tends to decrease 
in DALBK-treated EAE animals in syptomathic phase of the 
disease.
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Conclusion: Administration of kinin B1 receptor antag-
onist (DALBK) significantly improved the condition of 
animals by reducing the intensity of neurological symp-
toms and delaying the onset of the disease. Results show 
that B1R-mediated proinflammatory effect of kinins may 
be involved in pathomechanisms operating during the 
pre-onset phase of EAE which lead to the changes in the 
blood-brain barrier.

This work was supported by funds from KNOW 2013-
2017 project.
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Neuropathic pain is clinically challenging because it is 
resistant to alleviation by morphine. Glial activation and 
increased spinal pronociceptive factors strongly influence 
on neuronal transmission, therefore they are crucial in 
the development and maintenance of neuropathic pain. 
Microglial activation is a  polarized process divided into 
potentially neuroprotective phenotype M2 and neurotoxic 
phenotype M1. Recent studies suggest that the microen-
vironment of the spinal cord after injury favors M1 polar-
ization with only a transient appearance of M2 microglia/
macrophages. We investigated the effect of parthenolide 
(PTL), an inhibitor of NF-κB, on the chronic constriction 
injury to the sciatic nerve (CCI)-induced neuropathy in rat. 
PTL (5 µg; i.t.) was preemptively and then daily admin-
istered for 7 days after CCI. The administration of PTL 
decreased allodynia and hyperalgesia and significantly 
potentiated morphine effects. We analyzed spinal chang-
es in glial markers and M1 and M2 polarization factors, 
as well as intracellular signaling pathways. PTL increased 
the protein level of IBA1 (a microglial/macrophage mark-
er) but did not change GFAP (an astrocyte marker) on day 
7 after CCI. PTL reduced the protein level of M1 (IL-1β, 
IL-18, and iNOS) and enhanced M2 (IL-10, TIMP1) factors. 
In addition, it downregulated the phosphorylated form 

of NF-κB, p38MAPK, and ERK1/2 protein level and upreg-
ulated STAT3. In primary microglial cell culture we have 
shown that IL-1β, IL-18, iNOS, IL-6, IL-10, and TIMP1 are 
of microglial origin. Summing up, PTL attenuates neurop-
athy symptoms and promotes M2 microglia/macrophag-
es polarization. Our result suggest that microglia-derived 
pronociceptive factors may influence on nociceptive trans-
mission and morphine analgesia, therefore neuropathic 
pain therapies should be shifted from neurotoxic pheno-
type M1 to neuroprotective phenotype M2.

Grants NCN 2012/07/N/NZ3/00379, KNOW and statu-
tory funds.
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Neuropathic pain are some of the pathological states 
that have been recently treated with BoNTs with beneficial 
effects. The main target of BoNT/A action induce SNAP-25 
cleavage and prevention of neurotransmitter release. The 
main target of minocycline is p38MAPK and MMP-9. Both 
of substance shows antinociceptive effect in neuropathic 
pain, however their influence on some pro- and antino-
ciceptive cytokines remain to be clarified. The aim of the 
present study was to demonstrate the effects of intraperi-
toneal chronic minocycline administration and at day 5 
intraplantar (i.pl.; 75 pg/paw) BoNT/A administration on 
pain behavior and CCI-induced changes on cytokines pro-
tein level in the DRG and spinal cord. Chronic constriction 
injury (CCI) of the sciatic nerve was performed according to 
Bennett and Xie (1988) were conducted to measure hyper-
algesia (cold plate test). The experiments were carried out 
according to IASP rules. To study a potential role of neuro-
immunological factors under neuropathy we studied in the 
lumbar spinal cords and DRG the IL-6, IL-10, IL-1beta and 
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IL-1RA protein levels using Western blot method. A  sin-
gle intraplantar BoNT/A  injection similar to minocycline 
chronic administration (30 mg/kg) induced antinocicep-
tion. The analgesic effect of BoNT/A was potentiated by 
minocycline. Our results suggest that CCI-induced upreg-
ulated the protein level IL-6 and IL-1beta in ipsilateral spi-
nal cord. In DRG we observed increase the protein level of 
IL-6 and IL-1beta. After BoNT/A injection in the ipsilateral 
spinal cords of CCI-exposed rats, the protein level of IL-6, 
IL-10, IL-1beta and IL-1RA were not changes, but in the 
DRG BoNT/A enhance the protein level of antinociceptive 
factors (IL-10 and IL-1RA).Interestingly, minocycline dimin-
ished the protein levels of pro-nociceptive factor (IL-1be-
ta) in the spinal cord and/or DRG. Our results show that 
BoNT/A  significantly attenuates pain-related behaviors 
and enhance the level of some antinociceptive factors. 
Moreover, the minocycline enhance BoNT/A  analgesic 
effects. The modulation of neuroimmune interactions by 
BoNT/A  and minocycline can have some clinical impli-
cation in future. Acknowledgments: This work was sup-
ported by the National Science Centre, Poland, Harmonia 
5 2013/10/M/NZ4/00261. Rojewska have a  scholarship 
from the START sponsored by the Foundation of Polish 
Science, Poland. Zychowska is scholarship holder from the 
KNOW sponsored by Ministry of Science and Higher Edu-
cation, Poland.
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Stroke is the fourth-leading cause of death and the 
primary cause of long-term disability worldwide. Ischemic 
insult triggers apoptosis regulated by activation of caspase 
cascade, which depends either upon the interaction of 
a death receptor with its ligand and subsequent activation 
of procaspase-8 or on the participation of mitochondria 
and the activation of procaspase-9. Our previous study 
demonstrated that stimulation of aryl hydrocarbon recep-

tor (AhR) leads to caspase-3-dependent apoptosis of neu-
ronal cells [1]. Apart from caspases, important regulators 
of neuronal apoptosis are also MAP kinases, p38/MAPK 
and JNK. Selective AhR modulators (SAhRMs) are class of 
compounds that act as AhR agonist or antagonist in a tis-
sue-specific manner. Among the ligands that exhibit prop-
erties of SAhRMs is 3,3’-diindolylmethane (DIM). Recent 
data have shown neuroprotective potential of DIM against 
brain inflammation and Parkinson’s disease [2,3]. Howev-
er, there are no data concerning the protective capacity 
and mechanisms of DIM action in neuronal cells exposed 
to ischemia. The aim of the present study was to inves-
tigate the neuroprotective potential of DIM against the 
ischemia-induced damage with a special focus on caspas-
es and p38 stress-activated protein kinase. In our study 
ischemic conditions were evoked by exposure of primary 
hippocampal cell cultures to oxygen and glucose depri-
vation. DIM and specific inhibitors of caspases-8,-9 and 
p38/MAPK kinase were added to the medium just prior to 
ischemia. We have shown that ischemia increased the lac-
tate dehydrogenase release (LDH) and caspase-3 activity, 
whereas DIM (0.1-10 µM) inhibited these parameters in 
tissue-dependent manner. Inhibition of p38/MAPK kinase 
and caspase-8, but not caspase-9, intensified the neuro-
protective effect of DIM. These preliminary data indicate 
strong neuroprotective potential of DIM against ischemia. 
They also suggest that mechanism of its anti-ischemic 
action could be mediated not only by targeting caspases 
but also by inhibition of stress-activated protein kinases.
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The aim of study was to evaluate ability of mesen-
chymal stem cells derived from human Wharton jelly 
(WJ-MSC) to differentiate into endothelial progenitor cells 
(WJ-EPC) and then support vascular network and cell sur-
vival in rat hippocampal organotypic culture (OHC) model 
of ischemic injury.

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. The functional 
behavior of WJ-EPC was tested by DiI-Ac-LDL-uptake and 
Matrigel assay. Priming of WJ-MSC/EPC was performed 
by incubation with LPS and/or poly(I:C) to stimulate TL ¾ 
receptors. After 5 div the hippocampal slices undergo oxy-
gen-glucose deprivation (OGD). Next, WJ-MSC or WJ-EPC 
were co-cultured with intact or post-ischemic OHC. Sup-
porting effect of WJ-MSC and WJ-EPC supplementation on 
vascular network was evaluated with rat EC-specific anti-
body (RECA-1). The cell survival was measured by propidi-
um iodide (IP) staining. Concentration of secreted human 
MSC-derived cytokines into culture medium was estimat-
ed by the BD CBA assays system.

Our results showed that WJ-MSC after 7 days of differ-
entiation acquired typical for EPC cobblestone morpholo-
gy, were able to form capillary-like structures and to took 
up DiI-Ac-LDL. Both cell types were positive for MSC and 
EC markers CD73, CD90, CD105, VEGFR2, VEGF, but only 
EPC-like cells expressed vWF and CD31 antigens. More-
over, indirect co-culture of WJ-derived MSC or EPC with 
OGD-OHC inhibited cell death and blood vessel atrophy in 
hypoxia-sensitive CA1 hippocampal region. These results 
suggest involvement of paracrine-related mechanism of 
MSC/EPC vasculoprotection in post-ischemic OHC injury. 

Looking for putative mechanism of the MSC/EPC pro-
tection, the concentration of several human cytokines like 
TGF-β1, IL-6 and IL-1β was estimated in OHC co-culture 
media. Their secretion were found significantly higher 
under WJ-EPC co-culture except of VEGF growth factor 

released equally high in both, WJ-MSC/EPC cases. How-
ever, release of these cytokines remained stable inde-
pendently from Toll-like receptor stimulation by LPS or 
Poli(I:C) in all investigated agonists concentration. Thus, 
in the next step we will estimate expression level of TLR ¾ 
genes in the WJ-derived MSC/EPC cultures.

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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Di-(2-ethylhexyl) phthalate (DEHP) is the most fre-
quently used plasticizer of polyvinyl chloride (PVC) prod-
ucts such as food packaging, cosmetics, building mate-
rials, clothing, toys and medical devices. DEHP is not 
chemically bound to plastic polymer, therefore it is contin-
uously released into environment through manufacturing, 
processing and disposal. Epidemiologic data showing the 
impact of DEHP on the development of psychiatric disor-
ders in children such as Attention Deficit Hyperactivity 
Disorder (ADHD) and autism have been published. Sev-
eral phthalates, have been reported to cause their toxic-
ity via peroxisome proliferator-activated receptor gamma 
(PPAR gamma) in liver and testis. PPAR gamma is widely 
expressed in brain, where it has a crucial role in the reg-
ulation of nervous cell proliferation, differentiation and 
apoptosis. Therefore, the elucidation of the involvement 
of this receptor in phthalates actions in neuronal cells is 
necessary. Matrix metalloproteinases-2 and -9 (MMP-2 
and MMP-9) actions are important in developing and adult 
nervous system and their potential to improve repair or 
regeneration after nervous system injury is well known. 
It is, however, unclear how MMPs are involved in DEHP 
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action and whether PPARγ regulates the function of these 
enzymes in the brain.

The aim of this research was to investigated the impact 
of DEHP on expression of PPAR-gamma and MMP-2 and 
MMP-9 in mouse neocortical astrocytes and neurons in vit-
ro. The primary cultures were prepared from Swiss mouse 
embryos on 15/16 days of gestation. Phenol red-free 
DMEM/F12 medium supplemented with glutamine and 
10% FBS was used for astrocytes and phenol red-free Neu-
robasal medium supplemented with glutamine and B27 
was used for neurons. The cells were cultured in the pres-
ence of 10 µM concentration of DEHP for 1, 3, 6, 24 and 
48 h. Afterwards, the cells have been lysed and the pro-
tein concentration has been determined. The expression 
of PPAR-gamma, MMP-2 and MMP-9 has been assessed by 
Western blot analysis.

The results showed that the effect of DEHP was depend 
on cell type. In astrocytes, PPAR-gamma and MMP-2 ex pres-
sion was increased while MMP-9 expression was decreased. 
In neurons, PPAR-gamma and MMP-2 expression decreased 
with a simultaneous increase in MMP-9 expression.

To sum up, DEHP mechanism of action might involve 
the PPAR-gamma receptors and therefore modulate the 
expression of matrix metalloproteinases.

Support by NCN grant 2012/07/B/NZ4/00238.
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Despite the developmental potential of silver nanopar-
ticles (AgNPs) in many fields of nanotechnology, there is 
a concern about possible negative influence of nanosilver 
on the environment, organisms and human health.

The selected studies on biodistribution show the accu-
mulation of AgNPs in mammalian brain. Moreover, neu-
rotoxic effects of silver nanoparticles has been confirmed 
in both in vitro and in vivo studies. There is also evidence 
that AgNPs can cause oxidative stress. However, the mech-
anisms of their toxicity have not been fully understood.

The aim of this study was to examine the effect of 
subchronic oral exposure of rats to citrate-stabilized AgNPs 
(10 ± 4 nm in diameter) or silver ions on glutathione 
homoeo stasis.

Solutions of AgNPs or silver citrate were administered 
to male Wistar rats (180-210 g) via the gastric tube at 
a dose of 0.2 mg AgNPs or Ag(I)/kg b.w. per day for 14 days.  
The control group received the saline. Animals were sacri-
ficed 24 h after last exposure and brain was collected for 
further studies. We confirmed the presence of silver nano-
particles in brains of exposed rats using TEM method.

The level of total glutathione did not change after expo-
sure to both forms of silver, whereas the ratio of reduced to 
oxidized glutathione decreased in AgNPs- or silver ions-ex-
posed rats in comparison to control group. Moreover, the 
statistically significant changes in glutathione peroxidase 
and glutathione reductase activities were observed.

The results of the present study showed that AgNPs and 
silver ions are able to induce a pro-oxidative environment 
inside the cells influencing the cellular glutathione system. 
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New statistical estimations of the significance of sever-
al matrix metalloproteinases (MMPs) in two neuromuscu-
lar diseases such as amyotrophic lateral sclerosis (ALS) and 
Emery-Dreifuss muscular dystrophy (EDMD) were used. 
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The ALS is a  serious fatal progressive neurodegenerative 
disorder, the EDMD is a rare genetic disease manifested as 
skeletal muscle atrophy, dilated cardiomyopathy and often 
sudden death.

MMPs are recognized as taking part in many neurolog-
ical diseases and may have diagnostic or prognostic signif-
icance. The altered levels of some MMPs are observed in 
ALS and EDMD patients [1,2]. Significance of serum MMPs 
such as membrane type matrix metalloproteinase-1 (MT1-
MMP), gelatinases A (MMP-2) and B (MMP-9) are estimat-
ed as potential marker(s). The k-Nearest Neighbors (k-NN) 
classifier (the pattern recognition algorithm) with the ROC 
(Receiver-Operating Characteristic) curve analysis and 
the correlation matrixes was applied for differentiation 
between: (a) ALS patients with mild and severe symptoms 
and (b) AD- and X-EDMD patients based on set of the MMPs.

Our previous [3,4] and current results indicate that 
MMP-2 is effective as the biomarker in evaluation of ALS 
progression, MT1-MMP as the best of the MMPs as the 
biomarker in the recognition both AD- and X-EDMD forms.

In conclusion, a  set of selected MMPs are helpful to 
recognize the ALS progression and the both EDMD forms 
in the proposed computer statistical-analytical approach.
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Prolonged opioid administration (e.g. morphine) under 
neuropathic pain conditions (caused by nerve tissue dam-
age) leads to changes in activity of endogenous nociceptive 
systems: increased release of pronociceptive substance P, 
together with up-regulation of its corresponding neurok-
inin 1 (NK-1) receptors, are associated with development 
of analgesic tolerance and opioid-induced hypersensitivity 
to painful stimuli. It is assumed that counteracting pro-
nociceptive activity of this biochemical route with NK-1 
receptor antagonists may improve opioids’ effectiveness 
in neuropathic pain. In this study, the antinociceptive 
activity of novel hybrid opioid-NK1 peptidomimetics was 
evaluated in Wistar rats in acute pain (measured by tail-
flick test) and neuropathic pain in chronic constriction 
injury (CCI) model on seventh day after injury. All results 
were compared to the analgesic potency of morphine and 
‘parent’ compound containing only NK-1 pharmacophore. 
It was determined that hybrids provide dual alleviation of 
acute and neuropathic pain, providing the effect compara-
ble to morphine, but in 3.5 to 4.5-fold lower doses, and are 
more efficient than morphine in attenuating hyperalgesia 
(measured by cold plate test) in CCI rats. NK-1 antago-
nist brought hardly any analgesic response in acute pain 
test, but proved to be very potent in diminishing allody-
nia and hyperalgesia in neuropathic rats. This may prove 
that NK-1 system is pivotal for pronociceptive signaling in 
neuropathy. Tolerance to analgesic effect of all compounds 
occurred at sixth day of daily intrathecal administration in 
CCI rats (the effect of hybrids was similar to the long-term 
profile of morphine administration), but there was no 
cross-tolerance between morphine and one of the hybrids. 
This proves that high antinociceptive effects of morphine 
and hybrid ligand may be reinstated during prolonged 
therapy. As a whole, these results give a promising outlook 
for using opioid-NK1 hybrids as a  complementary treat-
ment to pure opioid therapy in neuropathic pain states.
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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 
and urine. It is well known that TCS has a similar chem-
ical structure to dioxin and in the presence of sunlight 
might be transformed to produce up to four dioxin com-
pounds. Cytochromes CYP1A1 and CYP1B1 are involved 
in the metabolism of many endogenous compounds such 
as cholesterol, steroids hormones well as environmental 
xenobiotics especially dioxin. Interestingly, it has been 
well proven that some xenobiotics can inhibit activity of 
many metabolizing enzymes such as CYP1A1, CYP1B1 or 
UDP-glucuronosyltransferase.

The aim of the present study was to investigate the 
impact of TCS on the expression and activity of cytochrome 
CYP1A1 and CYP1B1 in 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, 
expression of mRNA CYP1A1 and CYP1B1 was measured. 
Additionally after 48 h of exposure protein expression of 
both enzymes and activity of CYP1A1 was measured.

Our preliminary data demonstrated that in the pres-
ence of 10 µM of TCS, mRNA expression of CYP1A1 and 
CYP1B1 was decreased. However, protein expression of 
CYP1A1 and CYP1B1 increased significantly. Moreover, TCS 
exhibited ability to inhibit activity of CYP1A1.

In summary, the presented study demonstrated that 
CYP1A1 and CYP1B1 are involved in TCS mechanism of 
action. Moreover, since the TCS inhibits activity of CYP1A1, 
it might also affect metabolism of other compounds.
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Amyloid precursor protein (APP) is a membrane protein 
that plays an essential role in regulation of synapse for-
mation, neuronal growth and repair. APP is metabolized by 
secretase β and secretase γ which lead to amyloid-β pep-
tides (Aβ) release. Excessive Aβ production and oligomeri-
zation play a key role in oxidative stress and cells death in 
Alzheimer’s disease (AD). Moreover, alteration of presynap-
tic protein alpha synuclein (ASN) is involved in the pathol-
ogy of AD. Oxidative stress influences two NAD dependent 
enzymes families: sirtuins (SIRTs) and poly(ADP-ribose) 
polymerases (PARPs) which are involved in the regulation 
of energy metabolism, transcription, and DNA repair. SIRTs 
(3,4,5) located in mitochondria regulate antioxidative 
enzymes and electron transport proteins. SIRTs and PARPs 
are responsible for DNA repair, however, under massive 
stress PARP1 can be over activated and may lead to NAD+ 
depletion and cells death.

The aim of our study was to determine changes in 
gene expression profile of enzymes involved in non amy-
loidogenic and amyloidogenic pathways of APP metabo-

mailto:konrad.szychowski@gmail.com
mailto:pwencel@imdik.pan.pl


435Folia Neuropathologica 2015; 53/4

Neurochemical Conference 2015, The Days of Neurochemistry 
“Neuropsychoimmunological mechanisms in the pathology of neurodegenerative diseases: From biomarkers to therapeutics”

lism in PC12 cells after Aβ42 treatment. Moreover, tran-
scription of mitochondria SIRTSs and DNA bound PARPs 
was determined and their functional role in cell death/
survival was evaluated. 

Rat pheochromocytoma (PC12) cells were treated 
for 24h with Aβ 1-42 in oligomeric/monomeric form at 
1µM. Moreover, the effect of endogenously liberated Aβ 
in PC12 cells transfected with human gene for APP wild 
type (APPwt) and bearing Swedish mutation (APPsw) was 
investigated. Our results show that Aβ42 reduces viabili-
ty of PC12 cells by 60% and inhibits gene expression of 
α-secretase responsible for nonamyloidogenic APP metab-
olism. Concomitantly Aβ peptide enhances expression for 
β and γ secretases, the enzymes which lead to Aβ release. 
Increased expression for β- and γ-secretase was also 
observed in the APP wt cells. ASN (0.5 µM) induces also 
similar effect on transcription of APP cleaving enzymes. 
Moreover, Aβ peptides modulate gene expression for 
PARPs (1,2,3) and mitochondria SIRTs. 

These results indicate the crucial role of Aβ peptides 
and ASN in regulation of APP metabolizing enzymes and 
suggest that ASN through alterations of APP processing 
may enhance Aβ toxicity. Moreover, interactions between 
NAD dependent enzymes may play important role in regu-
lation of metabolism and cell fate under Aβ toxicity.

Supported by NCN grant 2013/09/B/NZ3/01350.
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Osteopontin (OPN) is one of the key cytokines involved 
in T-cell activation in multiple sclerosis (MS). The OPN gene 
is therefore recognized as an early T-cell activation gene, 
which underlies immunological events involved in the aeti-

opathogenesis of MS. In an earlier study, we found OPN 
to be a useful marker to differentiate between malignant 
and benign ovarian tumours. In patients with optic neuri-
tis, cerebrospinal fluid (CSF) OPN levels have been shown 
to be correlated with CSF chitinase-3-like protein 1, myelin 
basic protein, and neurofilament, light polypeptide. OPN 
also enhances the production of interleukin 12 and inter-
feron gamma, and reduce interleukin 10. Moreover, OPN 
is expressed in MS plaques in the central nervous system.

Disability in 100 MS patients was evaluated using the 
expanded disability status scale (EDSS). Genotype and 
allele frequencies at exons 6 and 7 were examined by PCR. 
Using appropriate statistical tests, the distribution of vari-
ables was tested and means ± SD compared.

Genotype distribution and allele frequency differences 
between patients and control individuals were not statisti-
cally significant. No association of OPN with susceptibility 
to MS was found in the Polish population. The EDSS score 
was higher in 8090 T/T + 9250 C/C patients than in 8090 
C/C + 9250 C/C MS patients (p = 0.0120), and the disabil-
ity in 8090 C/C + 9250 C/T MS patients was higher than 
in 8090 C/C + 9250 C/C MS patients (p = 0.0137). Logistic 
regression analysis revealed age to be an independent fac-
tor influencing disability.

The polymorphism of OPN gene in positions 8090 T/T + 
9250 C/C, 8090 C/C + 9250 C/T, and 8090 C/T + 9250 C/T 
were linked with relatively higher levels of disability in MS 
patients.

|B44| 

Apoptotic and toxic effects of 
benzophenone-3 (BP-3) in mouse embryonic 
neuronal cells
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Małgorzata Kajta
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Benzophenone-3 (BP-3) is a commonly used chemical 
sunscreen agent, absorbing radiation in the range of UVB 
and UVA. The industrial use of BP-3 has been increasing 
over the past decade. Since UV filters are photostable and 
often lipophilic, they are persistent in the environment. 
Humans can be exposed to UV screens by dermal absorp-
tion or through the food chain. The most disturbing seems 
to be the fact that breastfed babies are exposed to BP-3. 

mailto:mwender@ump.edu.pl
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Certain UV-filters (e.g. BP-3, BP-2, 4-MBC) were present in 
85% of Swiss human milk samples (Schlumpf et al., 2010). 
There is no data that BP-3 crosses blood-placenta barrier, 
but bisphenol A which has similar structure to BP-3 has 
been found to pass this barrier. One may assume that 
chemicals like BP-3 also are able to enter the embryo/
fetus and cause deleterious effects on prenatal develop-
ment. Insufficient data (in vitro or in vivo) related to the 
possible impact of BP-3 on the nervous system both in 
terms of neurodevelopment and neurodegeneration pro-
cesses confirm the relevance of presented report.

Our study demonstrated that BP-3 activated caspase-3 
in the mouse neuronal cell cultures, which was found with-
in 6 hours after the treatment and accompanied by signif-
icant increase in lactate dehydrogenase-release (LDH) at 
6 and 24 h of experiment. These effects were observed in 
neocortical and hippocampal cells, however, hippocampal 
cells were less vulnerable to BP-3 than neocortical. There-
fore, the use of neocortical and hippocampal embryonic 
cells allowed us to demonstrate neurodevelopmental and 
brain tissue-specific patterns of response to BP-3. These 
biochemical data were supported by increased apoptotic 
body formation and impaired cell survival, evidenced by 
Hoechst 33342 and calcein AM staining.

These data point to apoptotic and neurotoxic capacity 
of BP-3 that position this UV filter as a  compound that 
may increase risk of developmental abnormalities.

This study was supported by the Polish National Center 
of Science grant No. 2014/13/N/NZ4/04845 and the statu-
tory fund of the Institute of Pharmacology Polish Academy 
of Sciences, Krakow, Poland.

Agnieszka Wnuk and Joanna Rzemieniec are holders of 
scholarship from the KNOW sponsored by Ministry of Sci-
ence and Higher Education, Republic of Poland.
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Objectives: PK20, chimeric peptide characterized by 
having in its structure an opioid and neurotensin pharma-
cophores has been demonstrated to induce anti-inflam-
matory activity in our in vivo studies and dose-dependent 
prolonged analgesic response in animal pain model (Klecz-
kowska et al., 2010). We have shown that local application 
of the PK20 in cream in a dose dependent fashion reduced 
oedema in mice ears with induced contact sensitivity 
response. In the present study we would like to investigate 
whether our new promising compound – PK20 exerts any 
unfavourable cardiovascular and/or respiratory action in 
experimental animals after intravenous injection.

Methods and results: Anaesthetized, spontaneously 
breathing rats were used. Tidal volume was measured at 
tracheostomy. The timing components of the breathing pat-
tern, arterial blood pressure, and heart rate were recorded. 
Intravenous administration of PK20 in the neurally intact 
rats evoked a dose-dependent apnoea followed by short-
lived insignificant increase in tidal volume and breathing 
rate, which resulted in ephemeral increase in minute venti-
lation. The blood pressure changes were biphasic: transient 
increase was replaced by prolonged hypotension. Midcer-
vical vagotomy did not influence blood pressure response 
but abrogated post-PK20 respiratory effects including an 
arrest of breathing. Respiratory changes were substantially 
reduced by blockade of both: NTS1 and mu-opioid recep-
tors, while hypotension was eliminated after neurotensin 
NTS1 receptors.

Conclusions: The respiratory changes triggered by chi-
meric PK20 seem to be resultant of simultaneous excita-
tion of both opioid and neurotensin receptors of the vagus 
nerve. Hypotension is mediated beyond the vagi via acti-
vation central and peripheral neurotensin NTS1 receptors. 
This chimeric peptide should be used with care via intra-
venous administration in anaesthetized animals since in 
high doses PK20 may evoke respiratory apnoea and hypo-
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tension. Nevertheless, applied locally or intraperitoneally 
in conscious mice induced no adverse effects. 

The study was supported by a grant from National Sci-
ence Centre, Poland, 2014/13/B/NZ7/02247.
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Wilson’s disease (WD) is a  rare autosomal recessive 
copper metabolism disorder due to inappropriate incorpo-
ration of copper into ceruloplasmin.

Ceruloplasmin binds about 90-95% of copper in the 
blood and protects cells against free radical injury. Many 
studies have shown that decreased levels (< 25 mg/dl) of 
ceruloplasmin besides WD occurs in Alzheimer’s disease, 
Parkinson’s disease and aceruloplasminemia. Assesement 
of activity of ceruloplasmin is a very important test in diag-
nosis of WD. The measurement of ceruloplasmin value is 
generally carried out by one of different analytical meth-
ods: manual - enzymatic and automated - nephelometric. 
The enzymatic assay measures active form of ceruloplas-
min (Cu-containing). Nephelometric method measures 
non active ceruloplasmin and Cu-containing (active) form 
of ceruloplasmin. Nephelometric method is now widely 
used due to its simplicity.

In this study was tested discrepancy between the 
nephelometric and enzymatic measurements of ceru-
loplasmin concentration on four groups: non treatment 
WD (n = 38), treatment WD (n = 40), heterozygous carri-
ers (n = 93) and healthy individuals (n = 183) (Wilcoxon’s 
matched pairs test). Differences between groups on each 
methods was examined by Mann-Whitney U  test. Based 
on the ROC curve (Receiver Operating Characteristics) 
was specified diagnostic accuracy (sensitivity, specificity, 
positive predictive value – PPV, negative predictive value 
– NPV) of the enzymatic and the nephelometric method.

Enzymatic measurements of ceruloplasmin was sta-
tistically significantly lower than nephelometric on three 
groups: non-treatment WD (14.9 mg/dl vs. 16.6 mg/dl), 
treatment WD (5.1 mg/dl vs. 7.1 mg/dl) and heterozygous 
carriers (30.6 mg/dl vs. 32.3 mg/dl). In healthy persons 
group enzymatic measurements was higher than nephelo-
metric (33.4 mg/dl vs. 29.1 mg/dl). Statistically significant 
divergences was observed between groups by enzymatic 
and nephelometric assays. Interesting marked decrease of 
ceruloplasmin was observed in WD group treated by anti-
copper drugs. Enzymatic method has better diagnostic 
accuracy in WD than nephelometric method – higher sen-
sitivity (100% vs. 86.8%), PPV (1 vs. 0.86) and area under 
ROC curve (0.986 vs. 0.957) and should be recommended 
to diagnosis and monitoring WD.
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Effect of telmisartan on kynurenic acid 
production in rat brain cortex
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A renin-angiotensin-aldosterone system (RAAS) is one 
of the regulators of water – electrolyte metabolism. It is 
thought to control not only the thirst, blood vessels tone, 
vasopressin release, but it is responsible for thermoregula-
tion, learning, memory, emotions, reproduction and sexual 
behaviors as well. Among angiotensin receptors, the most 
prominent role in pharmacotherapy possesses receptor 
type 1 (AT-1). It was reported that RAAS in the brain may 
have important role in animal seizure models or in the 
development of neurodegenerative disorders.

Kynurenic acid (KYNA) is an endogenous antagonist of 
glutamate receptors and of α7 nicotinic receptors.

The cerebral synthesis of KYNA from its precursor L-ky-
nurenine (L-KYN) is catalyzed by kynurenine aminotrans-
ferases (KAT), from which the most important are KAT 
I  and KAT II. The disturbances of KYNA production have 
been linked to the neurodegenerative diseases and epi-
lepsy. Recent experimental data indicated that KYNA could 
play a role in the central blood pressure control.

In this study the influence of telmisartan, an AT1 – recep-
tor antagonist, on brain KYNA production was investigated.

In cortical slices telmisartan at the concentration of 
0.01; 0.1 and 0.5 mM decreased KYNA synthesis to 72% 
(p < 0.05); 65% (p < 0.05) and 54% (p < 0.05) of control, 
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respectively. The activity of KAT I was decreased by telmis-
artan at the concentration of 0.01; 0.05, 0.1 and 0.5 mM to 
92%, 84%, 76% (p < 0.05) and 37% (p < 0.001) of control, 
respectively.

Similar inhibitory effect on KAT’s II activity after telmis-
artan administration was observed.

Our data shows that telmisartan can modulate brain 
production of KYNA probably through the influence on 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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N-acetyl-L-aspartate (NAA) is one of most abundant 
amino acid derivative in the mammalian brain. NAA is 
synthesized exclusively in neurons from acetyl-CoA and 
L-aspartate in the presence of aspartate acetyltransferase 
(A-NAT). Acetyl-CoA production is catalyzed by pyruvate 
dehydrogenase complex (PDHC). In cholinergic neurons, 
acetyl-CoA is also used for energy production and acetyl-
choline synthesis. Considering the additional utilization of 
acetyl-CoA in cholinergic neurons, deficit of this metabolite 
can be the cause of particular cholinergic susceptibility to 
neurotoxic factors. 

Therefore, the aim of our study was to investigated 
whether neurotoxic concentration of Zn might evoke NAA 
substrates shortages and changes of aspartate N-acetyl-
transferase activity.

SN56 neuroblastoma cells with high expression of cho-
linergic phenotype were used as experimental model of 
cholinergic neurons.

Chronic exposition of differentiated SN56 neuroblasto-
ma cells to 0.15mM Zn increased the Zn level from 1.9 to 
8.5 nmol/mg protein. In this experimental conditions the 
nonviable cells fraction increased for about 57%. The acetyl-
CoA level in control condition was estimated for equal 24.0 
pmol/mg protein. In 0.15 mM Zn-exposed SN56 assayed 
level of acetyl-CoA was decreased by over 50%. Further-

more, level of NAA was decreased by 74 %. Simultaneously, 
Zn caused 58% reduction of both PDHC and A-NAT activi-
ties.

Achieved results indicate that impairment of NAA level 
caused by cytotoxic agents in cholinergic neurons is due to 
both shortage of acetylo-CoA as well as inhibition of A-NAT 
activity. 

Supported by MN0059/08 and ST-57 GUMed fund.
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Primary intradural mesenchymal 
chondrosarcoma of the spinal canal:  
a case report and literature review 

Marek Derenda1, Damian Borof1, Ireneusz Kowalina1, 
Wojciech Wesołowski2, Ewa Iżycka-Świeszewska3

1Department of Neurosurgery, Neurotraumatology  
and Spine Surgery, District Hospital, Elbląg, 2Department  
of Pathomorphology ELPAT, Elbląg, 3Department of Pathology 
and Neuropathology, Medical University of Gdansk, Poland

Mesenchymal chondrosarcomas are rare tumors of the 
bone and soft tissues. Extraskeletal tumors located in the 
spinal canal are very rare, and those located intradural-
ly, have been described incidentally. The diagnosis of this 
tumor can create difficulties, because it is neoplasm with 
polyphenotypic differentiation and features that overlap 
those of other small cell malignances of bone and soft 
tissue. We report on a case of a 22-year-old woman with 
a primary intradural mesenchymal chondrosarcoma aris-
en from the arachnoidea at the T12-L1 level without dural 
attachment. At 13 years of follow-up, there have been 
three local recurrences in years 4, 6 and 10.6 after initial 
resection respectively. During the initial surgery procedure 
a mass was found intradurally with attachment to arach-
noidea with normal dura mater. Tumor was resected total-
ly via osteoplastic laminotomy T12-L1 with subsequent 
reconstruction of spinal canal roof. Microscopic examina-
tions and immunohistochemical studies revealed mesen-
chymal chondrosarcoma at initial resection and at local 
recurrences. The tumor was composed of small, round 
or spindled cells, and scanty stroma with small hyaline 
cartilage islands. The mitotic index was low. Immunohis-
tochemically expression of CD99, S100, NSE and desmin 
focally was found. Cytokeratins, myogenin, HMB45 and 
EMA were negative. Pathological picture of the neoplas-
tic tissue was similar in the consecutive relapses. The pa-
tient received radiotherapy after the first resection, and 
chemotherapy after the first recurrence. All recurrences 
were treated surgically via osteoplastic re-laminotomies. 
Despite the four surgical resections of the spinal tumors, 
19 months after the last surgery, neurological condition 
of the patient is still relatively good. Described protract-
ed clinical course of disease is quite typical, making long-
term follow up obligatory in mesenchymal chondrosarco-
ma cases.

Role of skin-muscle biopsy in diagnostics  
of cerebral small vessel diseases

Dorota Dziewulska

Department of Neurology, Medical University, Warsaw, Poland

Cerebral small vessel diseases (CSVD) consist a  rela-
tively new group of neurological disorders. Regardless of 
their significant clinical heterogeneity, CSVD common-
ly manifest as recurrent ischemic strokes, progressing 
dementia and migraine. These symptoms usually appear 
in patients below 45 y.o. without typical risk factors for 
vascular diseases. In neuroimages, diffused or disseminat-
ed changes in the cerebral white matter are characteris-
tic. In spite of the name, majority of CSVD are generalized 
angiopathies with clinical predominance of neurologic 
symptoms. Therefore skin-muscle biopsy can be helpful in 
their diagnostics. Skin-muscle biopsy has been popularized 
with an increased interest of clinicians and scientists in 
CADASIL (Cerebral Autosomal-Dominant Arteriopathy with 
Subcortical Infarcts and Leukoencephalopathy), the best 
known and common cerebral microangiopathy. Its intro-
duction into routine diagnostics of patients suspected for 
CADASIL has led to discovery of several new vascular dis-
orders such as PADMAL, COL4A1, HERNS, CRV or HVR, and 
spectrum of the cerebral microangiopathies still broad-
ens out. Histopathological, immunohistochemical and 
ultrastructural assessment of the biopsy material unable  
diagnosis of CSVD in vivo – in some cases even nosologic 
diagnosis. Currently, skin-muscle biopsy and genetic tests 
constitute “gold standard” procedure in diagnostics of 
cerebral small vessel diseases.

Effectiveness and safety of stereotactic 
biopsy of the brain lesions 

Jacek Furtak1, Tadeusz Szylberg2, Marek Harat1, 
Marzena Lewandowska3

1Department of Neurosurgery, 10-th Military Research Hospital, 
Bydgoszcz, 2Department of Neurosurgery, 10-th Military Research 
Hospital, Bydgoszcz, 3Department of Genetics, The Franciszek 
Lukaszczyk Oncology Centre in Bydgoszcz, Poland

Background: Obtaining tissue material from changes 
in the CNS allows them appropriate treatment. Objective: 
The purpose of this study was to evaluate effectiveness 
and safety of stereotactic biopsy of the brain tumors based 
on a large number of cases. 
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Methods: From October 1996 to September 2015 
authors performed over than 2300 stereotactic biopsies of 
brain lesions. In each case the biopsy was performed under 
local anaesthesia, in a semi-sitting position, supported by 
MRI/CT fusion, using stereotactic system and software pro-
vided by Brainlab AG and Inomed. 

Results: During the performed biopsies the following 
tumors were diagnosed: low-grade astrocytoma, ana-
plastic astrocytoma, lymphoma, glioblastoma multiforme, 
metastases, non-tumors lesion. Complications occurred in 
less than 1.5% of cases. 

Conclusions: Stereotactic biopsy is a  hardly invasive 
and effective method of tissue sampling from the brain 
tumors. It is a safe and reliable method, carrying low risk 
of complications. 

Biopsy of paediatric brain tumours – 
usefulness and limitation

Wieslawa Grajkowska1, Ewa Matyja2

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

Brain tumours are the second malignancy of child-
hood in order of frequency. Correct and precise pathologic 
classification is the most important prognostic indicator. 
Major differences in therapy result from different patho-
logical diagnoses for tumours of similar location, identical 
clinical presentation, and the same radiological features. 

The most common techniques for biopsy of paediat-
ric brain tumours include stereotactic biopsy, neuroendo-
scopic biopsy and open biopsy. 

The biopsy is very useful in the management of pine-
al region tumours. In these cases, the tissue taken via 
neurendoscopic biopsy allows for precise diagnosis of 
germinoma and pineoblastoma. However, the diagnosis of 
mixed germ cell tumours in material obtained by neuro-
endoscopic biopsy is difficult because of their heterogenic 
histopathologic pattern. 

Diffuse intrinsic brain stem gliomas are the most com-
mon brain stem tumours in children. The differential diag-
nosis of lesions in brain stem include low-grade astrocy-
tomas, gangliogliomas, as well as non-glial tumours, such 
as ependymoma and primitive neuroectodermal tumours, 
or even nonneplastic lesions such as inflammation. The 
majority of these tumours are benign and amenable to 
surgical resection. The biopsy is the only way to diagnose 
tumours in this location.

The biopsy is limited in diagnosis of desmoplastic 
infantile astrocytomas ( DIAs) and desmoplastic infantile 
gangliogliomas (DIGs). The presence of primitive small- 
cell components within these tumours may be missdiag-
nosed as a high grade gliomas or PNET. 

Conclusions: biopsy of paediatric brain tumours is 
useful diagnostic method for germinoma, pineoblastoma, 
brain stem tumours, and optic gliomas. In cases of DIA/
DIG and mixed germ cell tumours the biopsy tissue mate-
rial has a limited diagnostic value because of heterogenic 
histopathological patters of these tumours.

GLUT-1 and GLUT-3 in glioblastoma 

Blanka Herman1, Edyta Szwed2,  
Karolina Gizelbach-Żochowska1, Witold Libionka3, 
Wojciech Kloc4, Ewa Iżycka-Świeszewska1

1Department of Pathology and Neuropathology, Medical 
University of Gdansk, 2Department of Pathomorphology 
Copernicus, Gdańsk, 3Department of Neurosurgery Copernicus, 
Gdańsk, 4Department of Neurology and Neurosurgery, Faculty 
of Medical Sciences University of Warmia and Mazury, Olsztyn, 
Poland 

Altered metabolism in malignant tumors in hypoxic 
conditions, and especially the process of glycolysis, are 
the result of dysregulation of various metabolic pathways, 
including AKT/mTOR, Ras/MAPK and SHH pathway. One 
of observed phenomena is changed expression of glucose 
transporters GLUT. The aim of the study was to analyze 
the expression of Glut1 and Glut3 in glioblastoma. The 
study was conducted on 52 archival cases of glioblasto-
ma. Representative sections from tumors were selected 
and microarrays were manually prepared from the paraf-
fin-embedded tissue. Immunohistochemical staining for 
GLUT-1 and GLUT-3 was performed, and was microscopi-
cally evaluated qualitatively and semi-quantitatively. The 
semi-quantitative method was based on the percentage 
of cells with membranous immunopositivity and staining 
intensity. The scale used was SIS (staining intensity score), 
wherein the % of stained cells were assigned to the cor-
responding range of values (0, 1-33%, 34-66%, 67-100%), 
giving number of points (resp. 0 to 3). Staining intensity 
was defined as: 0-none, 1-low, 2-medium, 3-strong. Both 
values were multiplied and the number of possible points 
ranged from 0 to 9. The qualitative method analyzed the 
distribution of staining in tumor tissue based on micro-
scopic image assessed under small and/or medium zoom. 
Tumors with intense membranous reaction located around 
necrosis and/or vascular thrombosis awarded 3 points. 
Points collected in both methods were summed, and 
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tumors that with <6 points were classified as low-GLUT, 
while those with a score ≥6 as a high-GLUT. It was revealed 
that tumors with high expression of GLUT-1 (high-GLUT-1) 
accounted for 76% of the cases, wherein the reaction with 
strong intensity and the location in perinecrotic areas and/
or around thrombotic blood vessels affected 68% of glio-
mas. Tumors with high expression of GLUT-3 (high-GLUT-3) 
represented 71% of cases, and 53% had a distinct perine-
crotic distribution. 27% of gliomas showed intense GLUT-3 
membrane staining in areas with intense glomerular vas-
cular proliferation. Furthermore, it was observed that in 
19% of cases, relating glioblastoma with a significant pro-
liferation of microvessels, MVP showed strong expression 
of GLUT3. The results revealed a  frequent expression of 
GLUT in tumor cells of glioblastoma, indicating the depen-
dence of expression of transporter Glut-1 and Glut-3 from 
an oxygen content in the tumor tissue and the potential 
association with angiogenesis.

Brain tissue in the gynecological biopsy 
material 

Ewa Iżycka-Świeszewska1, Jacek Gulczyński1,  
Blanka Herman1, Wojciech Wesołowski2,  
Piotr Czauderna3, Elżbieta Drożyńska4

1Department of Pathology and Neuropathology, Medical 
University of Gdansk, 2Department of Pathomorphology ELPAT, 
Elbląg, 3Chair & Clinic of Surgery and Urology for Children  
and Adolescents, Medical University of Gdansk, 4Chair & Clinics 
of Paediatrics, Haemathology & Oncology, Medical University  
of Gdansk, Poland

We present two very rare situations when the ner-
vous tissue of brain type was diagnosed in a  gynecolo-
gical biopsy material. The first case was an intrauterine 
1,5 cm mass in a 22-years old woman with a history of 
uncomplicated delivery 13 months earlier and recent vag-
inal bleeding. The polyp was excised and histologically 
disclosed dense astroglial tissue with thick wall blood 
vessels, covered with a  layer of a  normotypic prolifera-
tive endometrium. Immunohistochemistry revealed GFAP, 
GLI1 and S100 expression, while SMA, desmin, CD10, CK 
AE1/3, CK, synaptophysin and CD34 negativity. The final 
diagnosis was glial endometrial polyp (focal gliomato-
sis). The second case concerns a 16-years-old girl with an 
abdominal discomfort due to a  big ovarian tumor with 
dissemination within the peritoneal cavity, suspected 
of ovarian cancer. Macroscopically the tumor was multi-
cystic, and histologically presented as mature teratoma.  
The samples taken from the peritoneal implants were made 
of mature neuro-glial tissue (GFAP+, NFP+, Synaptophysin +, 

GLI1+), covered by reactive mesothelium. The endometri-
al glial polyp can be explained as embryonal/fetal neural 
tissue graft or metaplasia/transformation of the pluripo-
tent Mullerian tissue within the endometrium. The second 
case examplifies peritoneal gliomatosis originating from 
ruptured/ disseminated most probably initially immature 
ovarian teratoma. 

Comparison of the effectiveness  
of stereotactic biopsy and open biopsy  
in the neurooncologic diagnosis

Bożena Jarosz, Mirosław Jarosz, Radosław Rola, 
Katarzyna Obszańska, Adrian Odrzywolski,  
Tomasz Trojanowski

Chair and Department of Neurosurgery and Paediatric 
Neurosurgery, Medical University of Lublin, Poland

Brain biopsy is an invasive procedure of obtaining 
material for histopathological examination, threatened by 
the risk of complications, especially intracranial bleeding 
and infection. Stereotactic biopsy is particularly useful in 
the case of inoperable tumors, since obtaining histopatho-
logic diagnosis, allows the implementation of radio- or  
chemotherapy. Initially, in our clinic, a  biopsy of the brain 
using stereotactic frame was performed. Since 2008, this pro-
cedure is assisted by a neuronavigation system “Brainlab”. 

The aim of the study was to compare the effectiveness 
of stereotactic biopsy and open biopsy in the neuro-onco-
logic diagnosis. 

In 10 years (2005-2015) at our center 276 biopsies 
were performed (160 stereotactic and 116 open biopsy) 
in cases of 123 female and 153 male patients. Histopatho-
logical diagnoses were divided into following categories: 
1) full diagnosis, 2) partial diagnosis and 3) lack of diagno-
sis (non-diagnostic material). The t-Student test was per-
formed for testing significance of difference of two mean 
values. Significance of the relationships and differences in 
distribution was investigated using the Chi-square test. 
The significance level was set at p = 0.05. 

The female patients ranged in age from 14 to 80 years 
(Mean = 56.3, SD = 15.13), and male patients aged 17 to 83 
years old (Mean = 52.3, SD = 15.55). The difference in age 
between female and male patients was 3.8 years and was 
statistically significant (p = 0.045). Stereotactic biopsy in 
97 (60.6%) cases, allowed for a full diagnosis, in 30 (18.8%) 
cases allowed for a partial diagnosis, and in 33 (20.6%) 
cases the material was non-diagnostic. In contrast, open 
biopsy in 71 (61.2%) cases allowed for full diagnosis, in  
9 (7.8%) cases allowed partial diagnosis and in 36 (31.0%) 
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the material was non-diagnostic. The differences in these 
proportions were statistically significant (p = 0.013). 

On the basis of presented analysis, a full histopatho-
logical diagnosis is possible as often in the case of stereo-
tactic biopsy (60.6%) as in the case of open biopsy (61.2%). 
However, the partial diagnosis in the case of stereotactic 
biopsy is possible more than twice as frequently (18.8%) 
than in the case of open biopsy (7.8%). In contrast, in case 
of stereotactic biopsy a non-diagnostic material appears 
much less common (20.6%) than in the case of open biop-
sy (31.0%). The results confirm the higher diagnostic effi-
cacy of stereotactic biopsy. 

CADASIL-syndrome: difficulty  
in the ultrastructural diagnosis 

Eliza Lewandowska1, Paulina Felczak1,  
Tomasz Stępień1, Julia Buczek2,  
Teresa Wierzba-Bobrowicz1

1Department of Neuropathology, Institute of Psychiatry and 
Neurology, 22nd Department of Neurology, Institute of Psychiatry 
and Neurology, Warsaw, Poland

Introduction: Skin and skeletal muscle biopsies are rou-
tinely processed in the diagnosis of CADASIL syndrome using 
electron microscopy (EM). EM examination shows deposits 
of granular osmiophilic material (GOM) in small vessels, spe-
cific and pathognomonic features of CADASIL. We report the 
case of an 84-year-old male patient afflicted by CADASIL. He 
showed minimal symptoms of the disease diagnosed on the 
basis of genetic and ultrastructural examinations. 

Material and methods: Biopsy samples were fixed in 
2.5% glutaraldehyde and post-fixed in 2% osmium tetrox-
ide and routinely processed to Spurr resin. Ultrathin sections 
were contrasted with uranyl acetate and lead citrate, and 
examined with a transmission microscope Opton DPS 109. 

Results: On ultrastructural examination of muscle and 
skin vessels, typical vascular pathologies, such as destruc-
tion and loss of pericytes and vascular smooth muscle 
cells (VSMCs) as well as thickening of the membrane base-
ment were revealed. In abnormal capillary vessel walls no 
GOM deposits were found, while single arterioles in GOM 
deposits were identifiable. The deposits were located typi-
cally in indentations of VSMCs or in close vicinity to VSMC 
and they showed various structures of which only some 
resembled the structure characteristic of GOM. 

Conclusions: Our experience, as well as that of oth-
er authors indicate that effective EM detection of GOM 
depends not only on the ability of EM operator and exam-
ination of an adequate number of small blood vessels but 

also on the patient’s age. It should be emphasized that 
in our study case a  successful EM examination required 
much time due to the fact that the patient’s family history 
and positive result of genetic-testing only prompted us to 
search for GOM deposits. 

Diagnostic yield and accuracy in frame-
based stereotactic needle biopsy without 
intraoperative neuropathological verification 

Witold Libionka1, Stanisław Adamski1,  
Michał Woźnica1, Ewa Iżycka-Świeszewska1,2,  
Blanka Herman1, Karolina Gizelbach-Żochowska1,2, 
Wojciech Kloc1,3

1Department of Neurosurgery Copernicus, Gdańsk, Gdansk 
University of Physical Education and Sport, 2Department of 
Pathology and Neuropathology, Medical University of Gdansk, 
3Department of Neurology and Neurosurgery, Faculty of Medical 
Sciences University of Warmia and Mazury, Olsztyn, Poland 

Background and aim: Stereotactic biopsy is an estab-
lished method of the diagnosis of brain tumors. Recently, 
with the advance in neuroimaging, use of intraoperative 
histological verification has been questioned. The aim of 
the study is to assess diagnostic yield and accuracy of 
stereotactic needle biopsy without intraoperative neu-
ropathological examination, as verified with histological 
study after tumor resection. 

Material and methods: We prospectively collected 
patients who underwent frame-based stereotactic biopsy 
between 2013 and 2015. Of 93 biopsied patients, 22, who 
later underwent open tumor resection, and in whom final 
histological diagnosis was obtained, were included in the 
study. Biopsies were performed under local anesthesia, 
using Inomed ZD system and PraezisPlus planning soft-
ware. Multiple biopsy samples were taken from 2-4 sites 
within the tumor with side-cutting biopsy cannula. Tissue 
was inspected macroscopically by the surgeon and no 
neuropathological assessment was done intraoperatively. 

Results: A  positive diagnosis was established in 20 
cases (90.9%). One biopsy revealed no neoplastic but 
necrotic tissue related to the central tumor necrosis on 
MRI, and another one revealed gliosis. There were no 
hemorrhagic or infective complications and none of the 
studied patients developed new neurological deficits 
after the operation. Histological diagnosis showed GBM 
in 6 cases, grade III glioma in 3, grade II in 10, DNET in 1, 
necrosis in 1, and gliosis in 1. Final histological diagnoses 
in these patients, based on openly resected tumor tissue, 
confirmed GBM diagnosis in all 6 cases, grade III glioma 
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in 2 of 3, grade II in 4 of 9, and DNET in 1 case. GBM was 
diagnosed in 1 case, previously assessed as grade III, grade 
III in 3 cases, previously diagnosed as grade II and GBM in 
3 cases diagnosed as grade II. In 2 patients with necrosis/
gliosis, final diagnosis was GBM. Majority of patients were 
discharged on the first postoperative day. 

Conclusions: The described biopsy technique proved 
to have high diagnostic yield with excellent safety profile. 
Lack of intraoperative neuropathological examination did 
not negatively influence diagnostic accuracy of stereotac-
tic biopsy. 

Histopathological diagnosis of brain biopsy 
specimens – the risk of diagnostic pitfall

Ewa Matyja1, Wiesława Grajkowska2 

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

The stereotactic biopsy of intracranial lesions is con-
sidered as a method with high diagnostic validity. Never-
theless, the histopathological diagnosis of brain tumours 
based on small tissue samples is associated with the risk 
of incorrect assessment of pathological changes. We would 
like to present the histopathological dilemmas associated 
with surgical stereotactic biopsy specimens.

The material from stereotactic biopsies obtained for 
the pathologic studies does not always allow for proper 
interpretation of morphological changes. In some cases, 
the biopsy specimen appears to be not representative for 
the whole tumour or contains only the margins of neo-
plastic infiltration with unspecific glial or mesodermal 
reaction. Moreover, the patient’s follow-up is not always 
compatible with the defined grade of tumour malignancy. 
This especially refers to the tumours of astroglial origin, 
mainly glioblastomas, which exhibit significant histologic 
heterogeneity and variable degrees of differentiation in 
subsequent sections. It is possible to determine varying 
histological grades of malignancy in certain areas of the 
same tumour. Moreover, the identical cellular components 
and similar histopathologic patterns are common for 
tumours of different origin. The low grade astrocytomas, 
especially pilocytic astrocytomas with oligo-like compo-
nent, might be upgraded but more often malignant glio-
mas are underestimated. Focal necrosis or accompanying 
glial reactive tissue may lead to a false diagnosis. Nonspe-
cific reactive changes may occur in both non-neoplastic 
as well as neoplastic lesions. Serious diagnostic error may 
occur in patients with postradiation necrosis. The identifi-

cation of the nature of brain lesions is typically confirmed 
by immunohistochemical studies but the expression of 
tumour markers are not always conclusive. 

Conclusions: Our experience in surgical pathology 
indicates that histopathological diagnosis of stereotactic 
biopsies does not always allow to established the correct 
diagnosis. There is need to correlate the clinical data with 
findings obtained at biopsy material. It could be postulat-
ed that in the cases when the presumptive diagnosis of 
brain lesion is not conclusive, the clinical and neuroimag-
ing findings should be the basis for appropriate therapeu-
tic treatment.

Brain biopsy in the diagnosis of non 
cancerous lesions – cerebral amyloid 
angiopathy 

Tomasz Mendel1, Teresa Wierzba-Bobrowicz2,  
Tomasz Stępień2, Sławomir Barszcz3, Tomasz Mandat3, 
Paweł Nauman3

12nd Department of Neurology, Institute of Psychiatry and 
Neurology, Warsaw, 2Department of Neuropathology, Institute 
of Psychiatry and Neurology, Warsaw, 3Department of 
Neurosurgery, Institute of Psychiatry and Neurology, Warsaw, 
Poland

General clinical indications, contraindications and 
diagnostic approach to brain biopsy in non cancerous 
lesions are presented. A  detailed description of cerebral 
amyloid angiopathy (CAA) cases diagnosed by biopsy are 
analyzed. CAA is a progressive degenerative disease char-
acterised by the deposition of β-amyloid aggregates in the 
wall of the brain vessels. Of all brain stereotaxic and open 
neurosurgical biopsy performed in the years 2011–2015, 
5 biopsies confirmed CAA. The study group consisted of  
5 patients (3 women and 2 men), aged between 67 and  
78 years, mean 74.4 ± 4.83. Neuroimaging done before 
brain biopsy suggests cerebral tumor in one case and in 
4 cases intracerebral hemorrhage was suspected. Amyloid 
lesions were mostly found in cerebral vessels in moder-
ate to severe grades of CAA according to Vonsattel’s scale 
under an optical microscope. Older age of patients and 
characteristic MRI findings with T2* weighted gradient 
echo and SWI (susceptibility weighted imaging) can help 
to establish the correct clinical diagnosis of CAA. 

Conclusions: 1. Brain biopsy is frequently a very use-
ful tool to establish the final diagnosis. 2. Brain biopsy 
done to diagnose CAA is contraindicated. 3. Due to the 
risk during and after brain biopsy this procedure should be 
indicated after very careful analysis and multidisciplinary 
team consultation. 
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Comparison between Laitinen System  
and Vario-guide Brain-Lab System  
in obtaining diagnostic brain tumor tissue 

Katarzyna Obszańska1, Piotr Obszański2,  
Bożena Jarosz1, Tomasz Trojanowski1

1Chair and Department of Neurosurgery and Paediatric 
Neurosurgery, Medical University of Lublin, 2Medical University, 
Lublin, Poland

Introduction: Contemporary neurosurgery has bene-
fited greatly from introduction of CT and MRI – compati-
ble image-based stereotactic instrumentations. In image-
based stereotaxy mechanical device is attached rigidly to 
the patients head and MRI or CT scan is obtained. The com-
puter in the scanner determinates the three-dimensional 
coordinates of any point inside the brain in relation to the 
stereotactic space of the frame. Therefore tissue can be 
obtained safely from the deep structures of the brain with 
low mortality and morbidity rate. 

Aim: Evaluation of Laitinen and Vario-guide Brain-Lab 
Systems in brain tumor biopsies. 

Material and methods: Patients treated in the Neuro-
surgical Departament of University Hospital of Lublin from 
2000 to 2008 underwent stereotactic biopsy using Laiti-
nen Stereotactic System on the basis of CT scans under 
local anaesthesia. From 2008 biopsies are performed on 
the basis of MRI-scans for neuronavigation examination 
(thickness of slices – 1 mm) under general anaesthesia 
using Vario-guide Brain-Lab Stereotactic System. Data 
obtained from 30 patients who underwent biopsy using 
Laitinen System were compared with data collected form 
30 patients who underwent biopsy using Brain-Lab Sys-
tem. Efficacy in obtaining a  representative sample of 
tumor tissue, duration of the surgery, hospitalization time, 
complications rate and procedure costs were evaluated. 

Results: Efficacy in obtaining a  representative sam-
ple of tumor tissue is higher in the group operated using 
Brain-Lab System. Hospitalization time of these patients 
was also shorter. Hospitalization costs differed between 
the two groups while the number of complications in both 
groups was comparable. 

Conclusions: Stereotactic biopsy is a  safe procedure, 
effective in the diagnosis of intracranial neoplasmatic 
pa thologies. 

Biopsy diagnosis of neuromuscular diseases 
in children

Maciej Pronicki 

Department of Pathology, Children’s Memorial Heath Institute, 
Warsaw, Poland

Skeletal muscle biopsy is a well recognized method in 
diagnosis of neuromuscular disorders, being in practical 
use for over 100 years. Tissue sampling include open sur-
gical biopsy and needle biopsy, both having their followers 
and opponents. Muscle most often biopsied is quadriceps 
femoris due to its relatively large mass and accessibility. 
It is mandatory to process muscle sample to frozen sec-
tions with snap-freezing technique, and perform a panel 
of histochemical/immunohistochemical reactions concor-
dant with the clinical suspicion. Most often performed 
panel includes: hematoxylin and eosin, modified Gomori 
trichrome stain, oil red O, succinate dehydrogenase (SDH), 
NADH dehydrogenase (NADH-D), cytochrome c oxidase 
(COX), acid phosphatase, myosin ATP-ase at pH 4.3; 4.6; 
and 9.4, periodic acid Shiff (PAS), picrosirius, etc. Immu-
nohistochemical assessment in children usually include 
dystrophin and merosin among other selected antibodies. 
It is to be empasized that fixation in formalin and paraf-
fin embedding is definitely improper processing in muscle 
biopsy material for histopathological assessment. Tissue 
blocks should be also submitted for transmission electron 
microscopy, at least to the stage of semi-thin epon section 
for initial assessment. Lesions that may be observed in 
skeletal muscle biopsy are traditionally divided into myo-
pathic and neurogenic. Several disorders display the diag-
nostic or nearly diagnostic pattern. Approximately 30-50% 
of biopsies demonstrate non-specific lesions, or even no 
detectable pathology at all. In such cases further diag-
nostic approach should include multidisciplinary workout 
employing clinicians, biochemists, and molecular geneti-
cists.
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Biopsy-based assessment of mitochondrial 
ultrastuctural changes in patients  
with suspected mitochondrial disease 

Tomasz Stępień1, Paulina Felczak1,  
Eliza Lewandowska1, Iwona Stępniak2,  
Teresa Wierzba-Bobrowicz1

1Department of Neuropathology, Institute of Psychiatry  
and Neurology, 2Department of Genetics, Institute of Psychiatry 
and Neurology, Warsaw, Poland

Mitochondria are the powerhouses of cells. They gen-
erate chemical energy in ATP. They are also involved in the 
apoptosis signaling pathway. Mitochondrial disease rep-
resents a group of metabolic disorders commonly defined 
by a lack of or decrease in cellular energy due to oxidative 
phosphorylation (OXPHOS) defects. Mitochondrial disor-
ders are a  genetically heterogeneous group of different 
diseases caused by mutations in mitochondrial and/or 
nuclear DNA. These mutations may affect different ultra-
structural changes of the mitochondria. We report on two 
patients with suspected mitochondrial disease. The clinical 
symptoms of the first patient (23-year-old woman) includ-
ed myoclonic epilepsy, a  mild form of the Fahr disease, 
bilateral sensorineural hearing loss and kidney stones. 
The patient was provided with cochlear implant HiRes 90K 
to the right ear. The diagnostic tests demonstrated ele-
vated levels of lactate and creatine kinase (CK). Magnetic 
resonance imaging (MRI) scan of the brain showed focal 
changes in the basal ganglia. The other patient (38-year-
old man) was admitted to the hospital with cognitive 
changes, extrapyramida-cerebellar syndrome, impaired 
hearing both sides and binocular cataracts. Magnetic res-
onance imaging scan T2 of the brain showed diffuse white 
matter changes and atrophy of cerebellum. Laboratory 
tests showed the increased levels of long-chain fatty acids 
and lactic acidosis. Ultrastructural studies were carried 
out by performing the biopsy of the biceps muscle derived 
from two patients with suspected mitochondrial disease. 
Tissue samples were fixed in 2.5% glutaraldehyde, post-
fixed in 2% osmium tetroxide, and embedded in epoxy 
resin after dehydration. Ultrathin sections were counter-
stained with uranyl acetate and lead citrate and examined 
with a transmission electron microscope Opton DPS 109. 
On the biopsy examination proliferation and ultrastructur-
al changes in the mitochondria in skeletal muscle fibres 
impaired were found in both patients. We also observed 
mitochondria showing altered shape, swelling, particularly 
in giant mitochondria, loss and/or altered configurations 
of cristea (concentric or irregular cristae), paracrystal-
ic inclusions, vacuoles and lipid droplets. The presented 
ultrastructural changes in mitochondria are characteristic 

of a large group of mitochondrial diseases. The diagnosis 
of mitochondrial specific disease requires a complex syn-
thesis of clinical, morphological, biochemical and genetic 
investigations. 

Granular cell astrocytoma with features  
of high-grade glioma (WHO G IV). Case report

Anna Taraszewska1,3, Waldemar Koszewski2,  
Jolanta Opertowska1, Elżbieta Grzywaczewska1,  
Maria Zielińska1

1Department of Clinical and Experimental Neuropathology, 
Mossakowski Medical Research Centre, Polish Academy  
of Sciences, 2Department of Neurosurgery, Medical University  
of Warsaw, 3Department of Pathomorphology, Bielanski Hospital, 
Warsaw, Poland

Granular cell astrocytoma (GCA) is an uncommon brain 
tumor composed of granule cells of astrocytic lineage. GCA 
distinguishes from the others, usually benign granular cell 
tumors, seen elsewhere in the body, by its highly aggres-
sive biological behavior. We report on the case of GCA in 
a 74-year man, with radiological and histological features 
corresponding to WHO G IV glioma (according to proposed 
grading system for GCAs by Brat et al. 2002). Radiologi-
cally, the right parietal tumor was contrast-enhancing and 
partially cystic, with prominent perifocal edema. Surgical 
subtotal resection of the tumor was performed. Histo-
logical examination of the surgical biopsy showed gran-
ular cell astrocytoma with malignant features. This tumor 
was composed of cells, filled with PAS-positive granules 
and immunoreactive for GFAP and CD-68. Furthermore, it 
demonstrated cellular pleomorphism, frequent mitoses 
and pseudopalisading necroses. Tumor cells expressed 
strong reactivity for EGFR and focal nuclear expression of 
p53. Proliferative MIB-1 labeling index was about 20%.

The presented case illustrates the potential malignan-
cy of GCA showing some morphological and cytogenetic 
features of glioblastoma in primary tumor. In literature, 
GCA with transformation to glioblastoma were mainly 
observed in cases with progression and recurrence of the 
tumor. 
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The role of the biopsy in the diagnosis  
of vascular malformation of the central 
nervous system – clinical, radiological  
and neuropathological features 

Sylwia Tarka1, Tomasz Stępień2, Emilia Sołtan3,  
Teresa Wierzba-Bobrowicz2

1Departament of Forensic Medicine, Medical University  
of Warsaw, 2Department of Neuropathology, Institute of 
Psychiatry and Neurology, Warsaw, 3Department of Neurosurgery, 
Institute of Psychiatry and Neurology, Warsaw, Poland

The diagnosis of vascular malformation of the central 
nervous system (CNS) is usually based on characteristic 
radiological features. Biopsy is performed only in a  few 
cases of vascular malformation with nonspecific clinical 
symptoms and nondiagnostic radiological images. In this 
study seven cases of vascular malformation of the brain 
and frontal squama with neuroimaging findings repre-
sentative of vascular malformations, were verified histo-
logically. Radical surgical removal was performed in all of 
lesions. Biopsy was performed in only one case: a 46-year-
old women who suffered from low back pain with lesion 
in spinal canal described in magnetic resonance imaging 
(MRI) as probable benign extradural tumor at the L1-L2 
level, compressing dural sac and spinal cord (imaging 
study suggested meningioma or neurofibroma). Surgical 
specimen and biopsy material were embedded in paraf-
fin, then histological and immunohistochemical methods 
assays were performed. In all lesions removed from the 
brain and frontal squama the neuropathological study con-
firmed radiological diagnosis. All cases exhibited micro-
scopic findings characteristic of vascular malformations: 
collections on nonneoplasmic blood vessels, abnormal in 
the structure or the number, composed of normal and 
malformed arteries, veins or their mixture. Neuropatho-
logical examination of biopsy specimen revealed lesions 
consisting of numerous pathological blood vessels, mostly 
thin-walled with one layer of endothelium. Among them 
a  few vessels with thicken wall and amorphous eosino-
philic material in the lumen of vessels were seen. Vascular 
malformation of different structure was recognized. Neu-
rosurgeons face much difficulty in evaluating patients for 
biopsy. In patients with progressive symptomatic lesions 
with diagnostically inconclusive laboratory and imaging 
studies biopsy is sometimes necessary. It is important that 
the neuropathological diagnosis of biopsy specimen give 
an opportunity to provide the specific and lesion-directed 
treatment. 

Cerebral toxoplasmosis mimicking a brain 
tumour 

Teresa Wierzba-Bobrowicz1, Anna Taraszewska2, 
Tomasz Tykocki3, Emilia Sołtan3, Tomasz Stępień1

1Department of Neuropathology, Institute of Psychiatry 
and Neurology, 2Department of Clinical and Experimental 
Neuropathology, Mossakowski Medical Research Centre,  
Polish Academy of Science, 3Department of Neurosurgery, 
Institute of Psychiatry and Neurology, Warsaw, Poland

In HIV-infected patients toxoplasmosis is a  frequent 
cause of mass lesions in the central nervous system (CNS). 
We analysed two HIV positive cases of cerebral toxoplas-
mosis, diagnosed as a result of neurosurgical intervention 
and neuropathological examination. The clinical symptoms 
of the first patient (a 40-year-old man) were manifested by 
cognitive changes with disorders of consciousness, leuko-
penia and oral candidiasis. Magnetic resonance imaging 
(MRI) scan of the brain showed a  compact-cystic lesion 
with surrounding edema in the left cerebral peduncle and 
temporal lobe. The other patient (a 58-year-old man) was 
brought to the Department of Neurology because of seizure, 
head trauma and left hemiparesis. A cranial MRI revealed 
homogeneously enhancing lesion located at the parietal 
lobe with surrounding edema. Based on the MRI findings, 
possible primary brain tumours were diagnosed in these 
two cases. Neuropathological examination of biopsy spec-
imens showed areas of necrosis walled by a  broad band 
of macrophages, occlusive hypertrophic vessels and peri-
vascular micronodules composed of histiocytic/lymphocytic 
and microglial cells. Microglial nodules were also frequent-
ly seen, while astroglial reaction was relatively rare. Single 
toxoplasmic cysts and trophozoides positive for anti-Toxo-
plasma gondii (clone TP3) antibody spread freely in the brain 
specimens. In the first patient serological tests confirmed 
the sero-positive reaction for IgG antibody responses to 
Toxoplasma gondii. The non-invasive diagnosis of cerebral 
toxoplasmosis is very important. Serologic assays and imag-
ing can be used to diagnose toxoplasmosis. Unfortunately, 
up to 20% patients with CNS toxoplasmosis are sero-neg-
ative for Toxoplasma gondii. On neuroimaging examination 
a specific T2W/ Flair “concentric target” sign (concentrical-
ly hypo- and hyperintense zones) are not always visible. 
Therefore, the distinction between cerebral toxoplasmosis 
and CNS lymphoma and tuberculosis is a challenging task. 
In our opinion the brain biopsy proves to be an important 
diagnostic method, since the identification of toxoplasmic 
cysts and trophozoides (tachyzoides) provides a  reliable 
diagnosis of cerebral toxoplasmosis. 
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