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Review paper

New light on prions: putative role of co-operation of PrPc  
and Aβ proteins in cognition

Adrian Andrzej Chrobak1, Dariusz Adamek2

1Medical Faculty, Jagiellonian University Medical College, Kraków, 2Department of Neuropathology, Chair of Pathomorphology, Jagiellonian 

University Medical College, Kraków, Poland

Folia Neuropathol 2014; 52 (1): 1-9 DOI: 10.5114/fn.2014.41739 

A b s t r a c t

A seminal article of Takahashi et al. reporting concomitant accumulation of cellular prion protein (PrPc) and β-amy-
loid (Aβ) in dystrophic neurites, within neuritic plaques raised an exciting issue that is important for our under-
standing of mechanisms of neurodegeneration. The mentioned authors interpreted their findings rather cautiously, 
however since the time of their publication, several reports representing different approaches and methods have 
seemed to indicate that both proteins appear to co-operate more intrinsically than it could have been imagined 
earlier. The goal of the review is to sum up the accruing research data with special attention to evidence pointing to 
the co-operative role of PrPc and Aβ in cognitive impairment.

Key words: prion protein, β-amyloid, cognitive impairment, Alzheimer disease, tau protein.

Introduction

Though Alzheimer’s disease (AD) and Creutz feldt-
Jakob disease (CJD) are characterized by distinct 
neuropathological changes, they share common pa- 
thological features. They are both conformational 
diseases, related to accumulation of altered proteins, 
which results in a loss of global cognitive functions. 
Alzheimer’s disease is a predominant neurodegener-
ative disorder characterized by two major pathologi-
cal changes: amyloid plaques and neurofibrillary tan-
gles. Amyloid plaques are extracellular formations 
consisting of β-amyloid (Aβ) and cellular material 
outside and around neurons. Neurofibrillary tangles 
are intracellular aggregates of microtubule-associ-
ated tau protein, which has become hyperphospho-
rylated and misfolded. Creutzfeldt-Jakob disease is 

a rapidly progressive brain disease caused by infec-
tious-like self-perpetuating mechanism leading to 
conversion of physiological cellular prion protein 
(PrPc) to its Scrapie conformation (PrPSc) [52]. PrPSc 
creates extremely stable forms, which accumulate in 
infected tissue resulting in its spongiform degene-
ration [53]. There are little data concerning interac-
tions between prion proteins and Aβ, both in their 
physiological and conformationally changed form 
with regard to cognitive functions and dementia. 
Takahashi et al. reported concomitant accumulation 
of PrPc with Aβ in dystrophic neurites within one of 
the amyloid plaque types, called neuritic plaques 
[82]. Also Aβ was found to be deposited with PrPSc in 
CJD [26]. Due to the suspicious findings of those pro-
teins within the same individual, speculations arise 
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around the possibility of connection between the 
pathophysiological processes occurring in these two 
neuropathological conditions [9,70]. These interac-
tions may also have an impact on cognitive perfor-
mance. Therefore, the following question arises: do 
prions and Aβ co-operate in cognitive impairment? 
Here, we review recent findings at the crossroads of 
cognitive neuroscience and neuropathology in order 
to expose the independent role of these proteins 
in cognition and their possible interactions, and to 
seek the answer to this question.

Prion protein

PrPc is a highly conserved protein, which may be 
found in most of vertebrates, at every stage of their 
development and in all types of tissues, especially 
in the nervous system [79]. PrPc is a glucolipid-an-
chored cell membrane sialoglycoprotein, which is lo- 

calized in raft-like microdomains [57]. It is presented 
on the presynaptic and postsynaptic membranes 
[91] of neurons, of many brain areas including hip-
pocampus and the cortex [73]. Membrane-anchored 
PrPc passes internalization and recycling through 
the endosomal pathway [58]. It becomes internal-
ized and degraded in lysosomes [68] or is released 
into the extracellular space [77]. Proposed roles in 
the physiology of this protein are related to its local-
ization on the cell surface. PrPc may act as a cellular 
adhesion molecule which plays a part in neurite out-
growth, neuronal differentiation and survival [54]. 
These functions are consistent with a finding that 
PrPc can associate with surface proteins like lami-
nin, laminin receptor precursor, and the neural cell 
adhesion molecule (NCAM) [6]. Animal studies have 
also revealed that absence of PrPc is connected with 
disrupted olfactory physiology and behaviour [79], 
altered circadian clock, modification of sleep pattern 
[37], and increased sensitivity to seizures [85]. New 
reports bring new data indicating various potential 
features of this protein, making it difficult to find its 
one consistent function.

A growing number of works on mice models and 
on humans indicate a possible role of prion protein  
in the area of cognitive functions. The most common 
source of those reports comes from mice mo dels 
of PrPc gene ablation or over-expression. PrPc null 
mice presented hippocampus-dependent spatial 
learning and memory consolidation impairment 
[23]. Interestingly, those changes were reversed by 

re-expression of PrPc [12]. Additionally, deficiency 
of this protein may cause attention deficits [56]. 
Knockout mice were also more vulnerable to age-re-
lated decline in memory [20] and motor processes 
[64]. Moreover, PrPc over-expression leads to hyper-
activity, increased preference for visual, tactile and 
olfactory stimuli associated novelty [73]. Also it is 
noteworthy that a five-fold increase in PrPc expres-
sion in comparison to wild type mice results in an 
increased resistance against age-related cognitive 
decline [72]. Due to the plenty of PrPc functions there 
are many possible molecular mechanisms in which 
this protein affects cognitive processes. PrPc is local-
ized in the synaptic area, and it may interact with 
other proteins in this structure, playing a role in the 
synaptic plasticity [91]. An in vitro study has revealed 
that recombinant PrP (rPrP) induces rapid processing 
of both axons and dendrites as well as it increases 
the number of new synapses [40]. Consistently, dele-
tion of PrPc resulted in impaired LTP together with 
a decrease in fast GABA-A receptor-dependent inhi-
bition [21,22]. Perhaps changes in LTP are associated 
with the ability of PrPc to make physical interaction 
with receptors for the glutamate. It has been shown 
that PrPc is able to co-immunoprecipitate with NR2D 
subunit of the NMDA, suggesting its possible direct 
modulation [6]. Transgenic (Tg) mice lacking PrPc 
showed enhanced NMDA-induced currents, which 
became reversed after its over-expression [42]. PrPc 
also affects kainate receptors [71] and metabotropic 
glutamate receptors [4] suppressing neuronal excit-
ability through many different mechanisms. Note-
worthy, it has been proved that the range of synap-
tic responses increased with the (higher) level of the 
PrPc expression within glutamatergic synaptic trans-
mission in the hippocampus, but the overall prob-
ability of transmitter release appeared unchanged 
[12]. This example shows that PrPc-dependent mod-
ulation of glutamatergic stimulation and plasticity is 
more complex than just the control of the level of 
neurotransmitter. Regulation of glutamate signaliza-
tion within synapses is important not only because 
of plasticity, but also due to the fact that abnormal 
Ca2+ currents, caused by aberrant activation of the 
NMDA receptor, results in excitotoxicity [32], which 
leads to neurodegeneration. Experiments men-
tioned above indicate that PrPc modulates this pro-
cess. This neuroprotective mechanism may be the 
second way in which PrPc is involved in cognitive 
functions. Tg mice expressing modified PrP (with-
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out its central region residues 105-125 – ΔCR PrP), 
resulted in massive excitotoxic degeneration of cere-
bellar granule neurons [15,51]. There is evidence that 
PrPc also plays a role in neuroprotection through 
the regulation of intracellular signalling cascades, 
mediating cellular survival [55], and its over-expres-
sion protects cell lines from apoptosis. Protective 
activity has been also proved in glia cells. PrPc act-
ed as a radical scavenger in both ROS-rich solution 
and astrocytes cultures in vitro, and its activity was 
essential in their protection against oxidative stress. 
This feature may reflect its protective functions in 
conditions similar to those observed during neuro-
degeneration and ischemia [5]. Another defensive 
mechanism is associated with the ability of PrPc to 
bind co-chaperon molecule, called stress-inducible 
protein 1 (STI1). They create a complex that acts as 
a survival and differentiation promoter [88]. Intrigu-
ingly, blocking the connection between PrPc, STI1 
and laminin adversely influences memory [18,19]. 
There are only scarce data indicating cognitive func-
tions of PrPc in humans, but they bring promising 
results. One epidemiological study of 1322 elderly 
participants revealed that subjects in higher serum 
PrPc quintiles appeared to have lower cognitive func-
tioning scores than those in the lowest PrPc quintile. 
There are two proposed mechanisms of serum PrPc 
elevation. Either there is reduced nerve cell integrity, 
or a higher serum PrPc level reflects the abundance 
of PrPc in neuro-cellular membranes [8].

Exploratory analysis of 335 healthy volunteers 
revealed that even SNP of the PrPc gene might 
influence cognitive functions in humans, especial-
ly a common polymorphism at codon 129, which 
results in the translation of methionine or valine on 
a short β-sheet region in the C-terminal domain of 
the protein [77]. Methionine at codon 129 is asso-
ciated with lower scores on several subscales of 
HAWIE-R subscales (German version of the Wechsler 
Adult Intelligence Scale Revised), especially with the 
Digit Symbol subtest. Interestingly, PrP-IQ associa-
tion was the strongest in the less educated individ-
uals; as opposed to other studies showing that the 
genetic influence on IQ is higher among higher edu-
cated families [76]. The same polymorphism is asso-
ciated with the reduction of white matter in a group 
of healthy volunteers and patients with schizophre-
nia [78]. However studies on long-term memory 
revealed that healthy subjects presenting the same  
Met129 yielded the highest effect size, recalling  

17 percent more words twenty four hours after the 
list-learning task than carriers of Val129 gene type, 
but there was no significant difference between 
those groups in short-term memory. Authors of this 
study hypothesize that despite the fact that Met129 
allele may facilitate self-perpetuating conformatio-
nal changes of the human prion protein, it may have 
a beneficial effect on long-term memory by hypo-
thetical prion-based mechanism [66]. Studies men-
tioned above revealed that PrPc and its gene may 
aspire to the role of a potential biomarker of cogni-
tive measurements. The scarcity of investigations in 
humans and a plenty of possible mechanisms limit 
possibilities to draw a definite conclusion as for the 
existence of one causative relation between PrPc 
and cognition. In spite of divergence of its functions, 
subserving somewhat unrelated processes, there 
is a prospect to indirectly indicate common ground 
of its activity. PrPc may act as a protein, involved in 
global protection of the organism in a micro- and 
macroscopic perspective: at the microscopic (cellu-
lar) level – protecting the cell against apoptotic fac-
tors, ROS, excitotoxicity, toxins and at a macrosco-
pic level – affecting the whole organism, by playing 
a significant role in cognition, especially in defensive 
attention, spatial and long-term memory and also 
olfactory physiology and behaviour (crucial for the 
survival chances of an animal).

β-amyloid

β-amyloid is a peptide consisting of 36-43 ami-
no acids which originates from the cleavage of the 
transmembrane glycoprotein called amyloid pre-
cursor protein (APP), by the proteolytic activation 
of α-, β- and γ-secretase [80]. Generation of Aβ 
may occur in the neuronal axonal membranes and 
is preceded by APP-mediated axonal transport of 
β-secretase and presenilin-1 [39]. Amyloid precursor 
protein is cleaved by β-secretase, producing soluble 
and a cell-membrane bound fragment of APP [46], 
which is then cleaved by γ-secretase. This reaction 
produces APP intracellular domain (AICD) associ-
ated with the regulation of gene transcription and 
Aβ, which is released to plasma, cerebrospinal fluid 
and brain interstitial fluid [30,90]. It has been estab-
lished that Aβ39-42 are hydrophobic self-aggregating 
peptides, of which Aβ42 is a major component of 
senile plaques observed in AD, but it still remains 
controversial how those peptides are involved in the 
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cognitive decline observed during this disease [36].  
The “Aβ cascade hypothesis” suggests the major role 
of amyloid plaques, especially fibrillar Aβ ones in the 
aetiology of AD, reporting a correlation between the 
amount of those formations and cognitive dysfunc-
tions [3,24,25,35,67]. Recent studies with the use 
of detailed measures of Aβ pathology suggest an 
opposite explanation. Research on APPswe/PS1ΔE9 
double transgenic mice (well-established model of 
AD) has revealed that hippocampal soluble Aβ1-40 
and Aβ1-42 levels were highly correlated with spatial 
learning and long-term contextual memory impair-
ments. Also, hippocampal soluble Aβ1-40 and Aβ1-42 
levels were strongly correlated with spatial memo-
ry impairments, but no correlations were observed 
between mentioned cognitive functions and amy-
loid plaque formations such as: total Aβ plaque load, 
fibrillar Aβ plaque load and also insoluble Aβ levels. 
Authors of this study revealed that a tiny fraction 
of soluble peptides in the hippocampus and cor-
tex is an independent factor in predicting cognitive 
impairments in this transgenic mice model, suggest-
ing “soluble Aβ hypothesis” as a major mechanism 
of cognitive decline in AD [89]. Consistently with this 
hypothesis, experiments on young domestic chicks 
show that an injection of soluble Aβ 5 minutes prior 
to training caused memory loss, due to the consoli-
dation failure 35 minutes later [31]. Also, reduction of 
soluble Aβ42 or Aβ42 and Aβ40 by γ-secretase modula-
tors (GSMs) ameliorated cognitive deficits in Tg2576 
plaque-free mice model of AD. However, a later study 
suggests that newly synthesized soluble Aβ42 may 
play a more significant role in cognitive impairments 
than plaque-associated soluble Aβ [61]. Injections of 
Aβ to rats result in rapid cognitive disruption, show-
ing a direct interference with the cognitive func-
tions not only through neurodegeneration, but also 
through interruption of their cellular mechanisms 
[17,50,69]. It has been shown that Aβ impairs hippo-
campal long-term potentiation (LTP) by deterioration 
of tetanus-induced activation of guanylate cyclase 
and increase of cGMP. Those changes prevent protein 
kinase G activation and phosphorylation of GluR1, 
finally resulting in impaired translocation of AMPA 
receptors to synaptic membranes [62]. Interactions 
of Aβ with nicotinic, insulin and glutamatergic recep-
tors may also have an impact on synaptic plasticity 
and spine formation [17,50,63]. These mechanisms 
explain why injection of Aβ oligomers before the 
acquisition of new information disrupts the process 

of the consolidation without affecting its retrieval, 
when the information was properly stored [28]. Fur-
thermore, it has been shown that Aβ may have an 
impact on the cognitive function through its influ-
ence on NADPH oxidase enzyme (NOX) activation. 
NOX is responsible for production of free radicals, 
and also it plays a role in neuronal physiology, partic-
ularly in hippocampal electrophysiology [43,83]. Data 
show a significant direct linear relationship between 
NOX activity, cognitive impairment and age-depend-
ed increase in Aβ1-42. This correlation suggests that 
oxidative stress caused by NOX-associated redox 
pathway may be another possible mechanism in 
which Aβ is involved in cognitive decline [10]. Oxida-
tive stress associated with membranes is a possible 
mechanism in which Aβ may cause synaptic dysfunc-
tion and disruption of cellular ion homeostasis [59]. 
Interestingly, mounting research show intraneuronal 
accumulation of Aβ as a possible mechanism of cog-
nitive dysfunction, especially in the early stages of 
the AD [34,45,87]. This accumulation is associated 
with morphological alterations of synapses [81] and 
with a decrease in synaptophysin around the affect-
ed neurons in AD patients [38]. Studies on 3xTg-AD 
mice showed a correlation between the cognitive 
and synaptic dysfunction with the accumulation of 
intraneuronal Aβ which occurred before formation 
of amyloid plaques [7,65]. Also hypercholesterolemia 
accelerates intraneuronal accumulation of Aβ oligo-
mers, resulting in synapse loss and memory impair-
ment [84]. This view of the complexity of the mech-
anisms and forms by which Aβ affects cognitive 
functions will be helpful for proper understanding of 
its possible interactions with PrPc.

Cooperation?

Tellingly, comprehensive studies have shown 
that out of 225 000 proteins screened in a cell mod-
el, only those with PrPc expression were strongly 
binding soluble Aβ42 [49]. It has been proposed that 
PrPc exhibits receptor affinity to β-sheet-rich con-
formers due to its ~95-110 region and the cluster of 
basic residues within the N-terminal 23-27 segment 
[14]. As to the protective functions of PrPc men-
tioned before, one may say that this protein will also 
protect the cell against Aβ, but a growing number 
of research comes with opposite findings and also 
with new controversies. Lauren et al. proposed that 
synthetic oligomeric forms of Aβ impair LTP through 
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their interactions with PrPc [49], but other studies 
did not confirm this result [1,11]. However, more nov-
el findings showed that antibodies against 94-104 
domain of PrPc blocked inhibition of LTP caused by 
soluble extracts of AD brain [2,29]. Also hippocam-
pal slices lacking PrPc were resistant to LTP inhibi-
tion by Aβ. Similar relationships can be observed 
in studies on Aβ-dependent neurotoxicity. Prnp 0/0 
mice are more resistant to neurotoxic effects of Aβ 
oligomers [44] and accordingly, over-expression of 
PrPc in neuronal cell lines increases vulnerability to 
such effects. It has been also shown that deletion of 
PrPc expression in APPswe/PSen1ΔE9 rescues 5-HT 
axonal degeneration, loss of synaptic markers and 
early death, and interestingly, Tg mice containing Aβ 
plaques, but lacking PrPc show no spatial learning 
and memory impairments [33]. APP/PS1 Tg mice, 
treated for 2 weeks with intraperitoneal injections 
of 6D11 anti-PrP antibodies, recovered in cognitive 
learning tasks behaving the same as wild-type mice 
[16]. Surprisingly, mentioned studies revealed not 
only that PrPc is not neuroprotective against Aβ, 
but even it may be necessary for its neurotoxicity 
and its impact on cognitive functions. Nevertheless, 
some authors have reached opposite conclusions. 
Rial et al. showed that Tg-20 mice characterized 
by a five-fold increase in PrPc expression was resis-
tant to a single intracerebroventricular injection of 
400 pmols/mouse of aggregated Aβ1-40, revealing 
no impairments of memory and spatial learning in 
comparison to the wild type and PrPc knockout mice. 
This resistance was accompanied with a decrease in 
activated caspase-3 protein and Bax/Bcl-2 ratio and 
reduced hippocampal cell damage [73]. Calella et al. 
[11] showed that the PrPc level had no effect on LTP 
impairment in APP/PS1 mice, and those results were 
also confirmed by Kessels et al.’s studies [41]. Also 
participation of PrPc in mediation of Ab neurotox-
icity had been challenged by results of studies on 
isolated hippocampal cells from Prnp 0/0 and Prnp 
+/+ mice. Authors concluded that PrPc in specific 
conditions may exert a relevant role in neurotoxicity 
because of sequestration of Aβ oligomers rather than 
a functional activity associated to the protein (for 
review [28]). A more recent study shed a light on the 
interactions of these proteins adding some import-
ant premise to proper understanding of the con-
troversies and the confounding results mentioned 
above. Larson et al. revealed that AD brain-purified 
Aβ dimers are specifically binding PrPc. This complex 

triggers Src Tyrosine Kinase Fyn, which activates the 
kinase and leads towards abnormal phosphorylation 
of Fyn and tau. This reaction occurs in neuronal den-
dritic spines and leads to aberrant tau missorting 
and hyperphosphorylation. Authors also revealed 
that dosage of Prnp regulates these changes. This 
comprehensive study made ex vivo, in situ, and in 
vitro indicates that this PrPc-mediated process may 
play an important role in late stages of AD, when Aβ 
dimers reach their highest level [47].

Proper understanding of this finding is facilitat-
ed by Chen et al.’s study on human neuroblastoma 
cells. They found that over-expression of PrPc down-
regulates tau protein transcription level through Fyn, 
Fyn kinase and MEK pathway. β-amyloid oligomers 
reverse this pathway by binding to PrPc, probably 
by inducing its surface retention that interferes 
with caveolae-mediated PrPc endocytosis and Fyn 
activation. Phosphorylated Fyn level increased in 
a dose-dependent manner 2 hours after Aβ oligomer 
treatment and interestingly it became decreased  
1 day after this treatment. Surprisingly, the murine 
PrPc M128V, which correspond with the high AD risk 
polymorphic human PrPc M129V [74] allele was able 
to bind Aβ oligomers, but it was unable to reverse 
the tau reduction [13]. This may be another expla-
nation why this polymorphism was associated with 
lower IQ and white matter reduction in the study 
mentioned earlier in this article.

The above authors (see ref. [13, 47], and also 
Lar son and Lesne [48]) suggest that confounding 
results about PrPc-mediated impairments, as those 
described previously, may be attributed only to a sub-
set of Aβ oligomers that are mediated through PrPc. 
For example, no dependence in LTP impairments in 
studies of Calella et al. [11] may be a result of low 
levels of Aβ dimers in young aged Tg-mice. A pro-
tective effect of PrPc over-expression against intra-
cerebroventricular injection of Aβ may be a result of 
a low concentration of its assemblies. It has been 
proven that picomolar concentrations of the Aβ did 
not trigger Fyn activation [47]. In our opinion, if PrPc 
downregulates tau protein, and Aβ binds to PrPc, 
reverting this process, it is quite possible that effects 
of Aβ will vary due to Aβ and PrPc ratio. Notewor-
thy, PrPc is not only connected in aetiology of AD by 
its direct interactions with Aβ, but also due to its 
negative modulation of BACE1 activity. PrPc declines 
with age, and is decreased in sporadic AD, but there 
are no alterations in familial AD cases. In sporadic 
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AD, the PrPc level is inversely correlated with BACE1 
activity, Aβ load, soluble Aβ, and insoluble Aβ. It is 
also inversely correlated with the stage of disease, 
as indicated by Braak tangle stages, distinguished 
according to the distribution of the tau pathology, 
especially the neurofibrillary tangles. Authors of this 
study point out that a decreased level of PrPc results 
in a decreased zinc uptake within the synapses. Such 
condition results in an elevated synaptic zinc level, 
which favours binding Aβ oligomers to the NMDA 
receptors, and mediates the excitotoxicity [86]. In 
our opinion, it is more probable that an inverse cor-
relation with Braak stage assessed tauopathy was 
caused by the elevation of Aβ and PrPc ratio, and 
its direct impact on tau expression. A biophysical 
examination of recombinant PrP revealed that this 
protein represents a unique intrinsic feature to form 
multiple non-native isoforms rich in β-sheets, which 
may result in a large spectrum of PrPc in vivo. It has 
been proved that in uninfected human brains PrP is 
presented also in the form of oligomers, and even 
large aggregates, called insoluble PrPc (iPrPc) which 
stand for ~5-25% of total PrP. It is proposed that if 
soluble PrPc can bind to soluble Aβ42, also iPrPc will 
bind insoluble Aβ, modulating its deposition [91]. It 
is therefore consistent with Takahashi et al.’s find-
ings [82] (confirming the prior report of Ferrer et 
al. [27]) indicating that PrPc is present in amyloid 
deposits. Many other related issues remain seeming-
ly untouched. For example, amyloid Aβ deposits are 
formed within vessels and amyloid angiopathy is not 
only limited to arteries, but also affects veins [60]. 
It is interesting whether there is also an interaction 
between Aβ and PrPc in this compartment of brain 
tissue. To summarize, a growing number of research 
indicate new possible functions of PrPc in the field 
of cognition, both in its physiological and patho-
physiological aspects. Considering new data, we are 
compelled to stronger appreciate the role of soluble 
forms of Aβ in the pathomechanism of AD, which 
possibly even prevails over its insoluble deposits. 
This may be regarded as a “paradigm shift” in an 
understanding of cognitive decline in AD. Despite 
the remaining controversies, recent findings prompt 
us to consider that roads of PrPc and Aβ meet at  
the point of tauopathy and moreover, formation of 
PrPc-Aβ complexes may result in the consumption 
of PrPc, what modulates Aβ neurotoxicity, possibly 
depriving nervous tissue of the neuroprotective 
function of PrPc.
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A b s t r a c t

The capillary basement membranes are examined in severe traumatic brain injuries, vascular malformation, con-
genital hydrocephalus and brain tumours. They exhibit homogeneous and nodular thickening, vacuolization, rar-
efaction, reduplication, and deposition of collagen fibers. Their average thickness varied according to the aetiology 
and severity of brain oedema. In moderate brain oedema the thickness ranged from 71.97 to 191.90 nm in width, 
and in patients with severe brain oedema it varied from 206.66 to 404.22 nm. The basement membrane complex 
appears apparently intact in moderate oedema, and shows glio-basal dissociation in severe oedema. In areas of 
highly increased cerebro-vascular permeability, the basement membrane shows matrix disorganization, reduplica-
tion, and bifurcations protruding toward the endothelial cells, and acting as abluminal transcapillary channels. In 
regions of total brain necrosis, its structural stability is lost showing loosening, dissolution and rupture. Basement 
membrane swelling is due to overhydration of its protein-complex glycoprotein matrix. The thickening, rarefaction 
and vacuolization are induced by the increased vacuolar and vesicular transendothelial transport. The degenerated 
basement membrane areas exhibit a finely granular precipitate interpreted as protein, proteoglycan, glycoprotein, 
and agrin degraded matrix.

Key words: basement membrane, brain oedema, electron microscopy.

Introduction

Brain oedema is an appropriate pathological con-
dition for studying the fine ultrastructural alteration 
of capillary basement membrane [16]. This structure 
forms the second line permeability barrier of the 
anatomical and physiological blood-brain barrier [70]. 
In the animal central nervous system, the vascular 
basal lamina appears as a homogeneous structure 
with a density similar to that observed in glomeru-
lar lamina densa [25,29]. Numerous studies based on 
experimental and pathological conditions performed 

in several vertebrates, including man, have reported 
the following alterations of capillary basement mem-
brane: thickening, rarefaction, vacuolization and re-
duplication [4,6,12,17,23,24,28,30,32,34,47-49,54-56, 
58,60,61,67,78,79,83,91]. Deposition of collagen in the 
basement membrane after arterial hypertension was 
reported by Garcia et al. [35], in rats after 10-minute 
cardiac arrest [87], in cerebral hypoperfusion consid-
ered as a risk factor for Alzheimer’s disease [26], and 
after traumatic brain injury in the rat cerebral cortex 
[88]. Thickening of capillary endothelial cell basement 
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membrane has been found as the most characteri-
stic morphologic feature of diabetic microangiopathy 
[12,42,50], in hypertension combined with diabe-
tes [43], and in galactosaemic rats [31]. There also 
is thickening of the basement membrane covering 
a non-vascular cell of nerve, the perineural cells [41]. 
Thickening of the basement membrane of cortical 
capillaries has also been reported in Alzheimer’s 
disease [57,59,68,69,72,74,93], scleroderma and Ray-
naud’s disease [11], and in glomerular diseases [71]. 
In addition, age-related thickening of retinal capillary 
basement membrane was described earlier [64]. Ber-
zin et al. [3] found that agrin is associated with hep-
aran sulphate proteoglycans in the basement mem-
brane, and that agrin and laminin fragmentation 
occurs in Alzheimer’s disease. Inoue [39] and Inoue 
and Kisilevski [40] reported abundant microfibril-like 
β-amyloid in the basement membrane in the cere-
brovascular amyloid angiopathy of Alzheimer’s dis-
ease. Sehba et al. [75] demonstrated an acute loss of 
collagen IV from the cerebral microvasculature after 
aneurysmal subarachnoid haemorrhage.

Plesea et al. [67] found focal or circumferen - 
tial capillary thickening due to densification of the 
type IV collagen material from the basement mem-
brane structure in hypertensive cerebral haemor-
rhage. Schól ler et al. [76] demonstrated basal lamina 
damage correlated with blood-brain barrier dysfun-
ction following subarachnoid haemorrhage in rats. 
According to Wang et al. [86], damage to the basal 
lamina causes the dismantlement of microvascular 
wall structures, which in turn results in the increase 
of microvascular permeability, haemorrhagic trans-
formation, brain oedema and compromise of the 
microcirculation. In animal models, ischaemia reper-
fusion (IR) injury triggers membrane lipid degrada-
tion and accumulation of lipoxidative exacerbations 
in the neurovascular unit, leading to blood-brain 
barrier damage and neurologic deficits [38]. Ura- 
nova et al. [81] found ultrastructural abnormalities 
of capillaries in schizophrenia included thickening 
and deformation of basal lamina. String vessels or 
collapsed empty basement membrane tubes devoid 
of endothelial cells, and considered acellular capil-
laries, are often associated with pathologies such 
as Alzheimer’s disease, ischaemia, and irradiation, 
but are also found in normal human brains from 
preterm babies to the aged. This causes an age-re-
lated decline in cerebral angiogenesis and results in 
neuronal loss. These string capillaries can re-grow by 

proliferation and migration of endothelial cells into 
empty basement membrane tubes, which provide 
a structural scaffold, replete with signalling mole-
cules [7]. Castejón [21] showed thin and fragmented 
basement membranes with areas of focal thicken-
ing in human congenital hydrocephalus. Castejón 
[22] also reported that hypertrophic pericytes induce 
basement membrane splitting in traumatic brain 
oedema.

The purpose of this review is to describe the alter-
ations of capillary basement membrane in vascular 
anomaly, brain trauma, congenital hydrocephalus, 
and brain tumours. The following aspects are sum-
marized: the basement membrane complex in an 
ap parently normal basement membrane, the base-
ment membrane thickness according to aetiology, 
degree of brain oedema, and age of the patients; the 
alterations of the basement membrane complex and 
the pathogenesis of glio-basal dissociation, and the 
transbasal membrane pathway for haematogenous 
oedema fluid. In addition, we have postulated a neu-
robiological interpretation of thickening, rarefaction 
and vacuolization of the basement membrane in the 
light of present knowledge on chemical composition 
of basement membrane, pathogenesis of vasogenic 
brain oedema, and the increased transendothelial 
vacuolar and vesicular transport. It is also import-
ant to make an evaluation of the structural stabil-
ity of basement membrane in severe oedema and 
perivascular total brain necrosis, and to discuss the 
proliferation of collagen fibers into the basement 
membrane.

The normal capillary basement membrane

In human brain capillaries as observed in mod-
erate oedematous regions of cortical biopsies of 
patients with vascular anomalies and congenital 
hydrocephalus, the basement membrane appears as 
a homogeneous, thin and continuous dense lamina 
due to its condensed filamentous pattern, embed-
ded in a homogeneous matrix (Fig. 1).

Basal lamina splitting occurs in apparently normal 
areas, in which the cell body and the pericyte pro-
cesses can be seen enclosed within the basal lamina 
compartments. This apparently normal capillary base-
ment membrane closely resembles that observed in  
normal vertebrate [1,8,25,73], and invertebrate tis-
sue [2]. In humans and in experimental animals, the  
basement membrane thickness varies from capil-
lary to capillary, and even locally within a single  
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capillary [73]. Furthermore, the average thickness 
seems to increase with the aging process [46,64]. 
According to Laursen and Diemer [49], the harmon-
ic mean basement membrane thickness of normal 
cortical capillaries of male Wistar rats is 52.37 nm in 
width.

Basement membrane thickening  
in moderate and severe traumatic  
brain oedema

In patients with traumatic brain injuries, exam-
ination of moderately oedematous regions show 
capillaries apparently not activated by the traumatic 
agent. In such regions, the apparently normal capil-
lary basement membrane width ranges from 71.97 
to 191.90 nm [19] (Fig. 2).

In patients with severe traumatic brain oedema 
the capillary basement membrane appear thick-
ened. The basement membrane width ranges from 
206.66 to 404.22 nm [19]. In addition, the basement 
membrane appears vacuolated (Fig. 3).

Capillary basement membrane 
vacuolization

In patients with severe brain traumatic injuries, 
and loss of consciousness after alcohol ingestion, 
in addition to the increased vesicular and vacuolar 
transendothelial transport, a thickened and vacuo-
lated basement membrane is found [14,16]. The  
me chanisms of increased extravasation of macro-
molecules across the blood-brain barrier exerted 
by ethanol intoxication are obscure. Theoretically, 
changes in vascular tones, vascular perfusion, as 
well as interference with blood coagulation, endo-
thelial biogenic amine metabolism, and endothelial 
plasmalemma, all might contribute to this increased 
extravasation [66].

Fig. 1. Anomaly of the anterior cerebral artery. 
Right parietal cortex. Capillary from a moder-
ate oedematous region showing an apparently 
normal basement membrane (BM) exhibiting 
a homogeneous dense matrix. The endothelial 
cell (EC) and the swollen astrocytic glial end-
foot (A) plasma membranes are closely applied 
to the basement membrane luminal and ablu-
minal surfaces.

Fig. 2. Brain trauma. Right epidural haemato-
ma. Right temporal cortex. Compact and dense 
capillary basement membrane (BM) showing an 
ap parently normal structure in a moderate oede-
matous region. On the contrary, the clear peri-
vascular astrocytic end-foot (A) shows a marked 
oedema. The pericytal cytoplasm (P) enclosed 
within the basement branches, the activated 
endothelial cell (EC), and the capillary lumen (L) 
are also seen. Note the presence of proteinaceous 
oedema fluid (PEF) in the perivascular space (PS).

http://rcin.org.pl



13Folia Neuropathologica 2014; 52/1

Ultrastructural alterations of human cortical capillary basement membrane in human brain oedema

Endothelial vacuoles are observed discharg-
ing their content directly into the basement mem-
brane or by means of plasmalemmal vesicles. Clath-
rin-coated and uncoated vesicles have also been 
found connected to the basement membrane sur-
face [14,16] at the endothelial and pericytal mar-
gins. This increased vacuolar and vesicular transport 
induces progressive and slow alteration of the base-
ment membrane matrix resulting in a gradual pro-
cess of hydration, thickening, rarefaction, vacuoliza-
tion and structural matrix disorganization. From the 
damaged basement, the oedema fluid penetrates 
into the astrocytic perivascular end-feet process-
es via the astrocyte cell soma [82]. The basement 
membrane vacuolization observed in very severe 
oedematous areas and in regions of brain parenchy-
ma destruction reveals a complete loss of its diffu-
sion-barrier function. A simultaneous vacuolization 
of endothelial cells, pericytes, astrocytes, and open 
endothelial junctions [17,23] was also encountered 
as the morphological substrate of enhanced trans-
capillary protein transport [14].

If endothelial cells, pericytes and perhaps glial  
cells participate in the elaboration of the normal 
basement membrane [25], the reverse process: the 
degeneration of these cells could induce basement 
membrane degradation and lysis. Basement mem-
brane thickening and vacuolation also were observed 
by Kamyrio et al. [44] after gamma knife irradiation. 
In addition, Li et al. [51] have reported basement 
thickening in rats after simulated weightlessness.

In patients with head trauma and blood hyper-
tension, the possibility exists that, in addition to the 
brain oedema, degenerative changes of capillary 
basement membrane should be present, as part of 
the degenerative changes of smaller penetrating 
cerebral vessels. The development of severe oede-
ma in this case could be due in part to permeability 
changes to protein in penetrating vessels [27].

In several models of animal and human brain 
oedema, in which enhanced permeability to protein 
exists, loosening and swelling of the basement mem-
brane have been earlier described [28,48,58,60,76,78].

In earlier studies [14,16,19], we have shown in - 
creased vesicular and vacuolar endothelial transport 
in cortical capillaries of patients with brain trauma, 
brain tumours, and congenital malformations. These 
morphological features of increased capillary perme-
ability are closely related with the basement mem-
brane thickening [19]. Basement membrane thicken-

ing has also been reported in different non-nervous 
pathological entities. Laursen and Diemer [49] re -
ported an increase in the thickness of the brain 
capillary basement membrane after 30 days of por-
tocaval anastomosis. Enlargement of the basement 
membrane has been described myxedema and poly-
myositis [84]. Basement membrane thickening in 
diabetes is also associated with increased capillary 
permeability which becomes manifest when the 
duration of diabetes exceeds 10 years [59]. Accord-
ing to these authors, the ischaemia could be a con-
tributing factor to the basement membrane thick-
ening. Basement membrane changes seem to be 
more a result than the cause of increased capillary 

Fig. 3. Brain trauma. Right parieto-temporal 
subdural haematoma. Right parietal cortex. 
Thickened and vacuolated (V) basement mem-
brane (BM) of a capillary localized in a severely 
oedematous area. The swollen and vacuolated 
endothelial cell (EC) and astrocytic end-foot (A) 
are also observed.
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permeability. In addition, it has been reported that 
hypoxia causes oedema and disruption of endo-
thelial basement membrane in pulmonary arteries  
[62]. Increased basement membrane thickness of 
skeletal muscle capillary in congestive heart failure 
has been reported by Longhurst et al. [54]. In con-
gestive heart failure a high degree of local hypox-
ia undoubtedly occurs especially during exercise. 
According to these authors, an increased basement 
membrane thickness may be a result of local hypo-
xia and cell death. With the formation of new cell 
components, the new basement membrane material 
may oppose itself to the old lamina leading to signif-
icant thickening.

In an experimental model of brain oedema, such 
as cold injury oedema, one of the most common-
ly used model for traumatic vasogenic oedema [52], 
rarefaction and widening of the capillary basement 
membrane occur almost before any other vascular 
change. Thickening of the basement membrane has 
been also reported in the vasogenic brain oedema 
induced by intraventricular collagenase infusion [36]. 
The collagenase induces blood-brain barrier impair-

Fig. 4. Anomaly of the anterior cerebral artery. 
Right parietal cortex. Severe oedema. Swollen 
and vacuolized (V) capillary basement mem-
brane (BM). Increased pinocytotic activity is 
observed in the endothelial cell and pericytal 
cytoplasm (P) (arrows). The capillary lumen (L) 
and a red blood cell (RBC) are also distinguished.

Fig. 5. Congenital hydrocephalus. Right parietal 
cortex. A swollen, undulated and immature cap-
illary basement membrane (BM) is observed. 
Note the increased pinocytotic activity (arrow) 
in the dark endothelial cell (EC), and the swollen 
perivascular astrocytic end-feet (A).

ment by its action on the vascular basement mem-
brane, not altering the structures in the brain paren-
chyma, and causing oedema formation and protein 
extravasation. Thickened capillary basement mem-
brane is also reported in arterial hypertension [35], 
and diabetes [42]. Hypertension combined with dia-
betes also enhance basement thickening [43]. Similar 
findings are observed in galactosaemic rats [31], and  
in streptozotocin-induced diabetes [6].

Capillary basement membrane thickening in Alz-
heimer’s disease has been widely reported by sev-
eral workers [68,69,74,93]. Berzin et al. [3] and Sal-
loway et al. [72] have implicated agrin, a synaptic 
organizing protein, in basement membrane damage 
in Alzheimer’s disease.

Swollen and vacuolized capillary 
basement membrane in vascular anomaly 
and congenital hydrocephalus

In congenital malformations, such as vascular 
anomalies and congenital hydrocephalus, basement 
membrane thickening and vacuolization is also ob-
served (Figs. 4 and 5).
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Capillary basement membrane thickening 
in brain tumours

In brain tumours the capillary basement mem-
brane also appears notably swollen, rarefacted, and 
exhibiting a dark and finely granular precipitate 
(Fig. 6).

Immunohistochemical expression of laminin 1 and 
2 has been found in brain tumour vessels [80] and 
in breast cancer [33]. A redistribution of aquaporin-4 
channels and loss of agrin has been observed by 
Warth et al. [90] in human glioblastoma.

Basement membrane bifurcations acting 
as abluminal channels

The basement membrane bifurcations enclos-
ing the pericyte processes appear as irregularly 
dilated translucid channels, following a contoured 
course, approaching to the luminal endotheli-
al plasma membrane [13,22]. These expansions 
originate from the basement membrane and 
after a short trajectory applied to the endotheli-
al cytoplasm, converge again onto the basement 
membrane. These expansions lost their matrices 

in large segments, and appear as dilated electron- 
lucid channels, resulting from increased capillary 
permeability (Fig. 7).

The swollen capillary basement membrane bran- 
ches seem to function as abluminally oriented 
transcapillary channels for massive escape of hae-
matogenous oedema fluid. These dilated base-
ment membrane branches have been interpreted 
as basement membrane modifications in response 
to heightened transcapillary exchange in traumat-
ic brain oedema [19]. Such structures, together with 
transendothelial, pericytal and astrocytic channels 
[15,17,19,23] seem to represent the basic morpholog-
ical substrate for massive escape of hematogenous 
oedema fluid in vasogenic brain oedema.

Fig. 6. Cystic craniopharyngioma. Right frontal 
cortex. Swollen capillary basement membrane 
(BM) exhibiting rarefaction and a fine and dark 
granular precipitate. Note the proteinaceous 
oedema fluid (PEF) in the perivascular astrocytic 
end-foot (A) similar to that observed in the cap-
illary lumen (L). The endothelial cell shows deep 
invaginations (arrow) of the luminal surface to 
form protein containing vacuoles.

Fig. 7. Brain trauma. Contusion and fracture of 
the frontal region. Left frontal cortex. Dilated 
and contorted basement membrane branches 
(arrows) approaching to the endothelial cell (EC), 
and acting as abluminal transcapillary channels. 
Note the continuity with the swollen basement 
membrane (BM). P labels the enclosed pericytal 
cytoplasm (P) within the basement membrane.
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The glio-basal dissociation process

In some severe brain oedema areas, the astro-
cytic end-feet limiting membrane appears slightly 
detached from the basement membrane outer sur-
face and follow an undulated trajectory. In these 
areas, the astrocytic glial end-feet are extremely 
swollen and glial filaments are frequently absent. 
The lack of attached glial filaments probably induced 
the glio-basal dissociation process [19] (Fig. 8).

Astrocytic invaginations precede the forma-
tion of astrocytic vacuoles, by means of which the 
oedema fluid seems to be transported to the neigh-
bouring neuropil [16,82]. Apparently in the severe 
oedema, the swollen and fragmented astrocytic 
processes release the already up-taken haematog-
enous oedema fluid in the neighbouring enlarg-
ed extracellular space which, in turn, dissects the 
astrocytic membrane from the basement mem-
brane complex [19]. In areas of total brain tissue 
necrosis due to traumatic alteration of the blood-
brain barrier, evinced by presence of extravasat-
ed erythrocytes, a severe alteration of basement 
membrane is observed consisting of loosening up 
and dissolution of its matrix.

As illustrated in Fig. 9, the denuded basement 
membrane tends to loosen up and shows evidence 

of the actual rupture not preventing the spreading of 
perivascular haemorrhages.

After a long evolution time of a brain trauma, 
the basement membrane and the perivascular glia 
still persist, demonstrating that these structures 
are the most resistant barrier elements of the ves-
sel walls. This fact indicates the high structural 
stability of basement membrane in relationship to 
endothelial cells, pericytes and astrocytic end-feet, 
as it has been previously pointed out by Blinzing-
er et al. [5] in areas of cold-induced total cortical 
necrosis.

Proliferation of collagen fibers in the 
basement membrane

In some cases, the thickened basement mem-
brane exhibits proliferation of collagen fibers (Fig. 10).

Proliferation of collagen fibers has also been 
reported by Long et al. [53] in malignant brain 
tumours, and by Calhoun and Mottaz [10] in ex- 
 perimental cerebral infarction. Nevertheless, these 
authors reported the presence of fibroblast in the peri-
capillary space. Although chemical evidence of a col-
lagenous protein exists in the basement membrane 
[77], electron microscopy has not demonstrated col-
lagen fibrils in the normal brain capillary basal lami-

Fig. 8. Brain trauma. Left parieto-occipital sub-
dural hygroma. Capillary of left parietal cortex.  
The thickened basement membrane (BM) ex- 
hibits matrix rarefaction and a finely granular 
appearance, corresponding to uranyl and lead 
staining of the swollen and degenerated base-
ment membrane matrix. The luminal and ablu-
minal endothelial (E) membranes are structurally 
intact (short arrows). The astrocytic end-foot (A) 
membrane follows an undulated course (long 
arrows) and the glio-basal dissociation process is 
initiated. The capillary lumen is labelled with an L.

Fig. 9. Brain trauma. Subdural hygroma. Left 
parietal cortex. Capillary located in area of brain 
tissue necrosis showing a denuded and vacuo-
lated (short arrows) basement membrane (BM). 
A thin layer of perivascular astrocytic end-foot 
(A) is still appreciated. The long arrows indicate 
swollen basement branches invaginating the 
endothelial cytoplasm, and acting as ablumi-
nal channels. Note the absence of perivascular 
neuropil (PN), the prominent endothelial nuclear 
zone (NZ), and a partial view of an intraluminal 
erythrocyte (E).
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na [25]. Proliferation of collagen fibers at the level of 
the basement membrane coexists with the presence 
of dark neuroglial cells, apparently pericytal microg-
lia [63] attached to its outer surface, replacing the 
astrocytic pericapillary layer. We infer that pericytal 
microglia acquire fibroblastic properties and elabo-
rate collagen properties, as an adventitial reaction. 
If, as considered by Bar and Wolff [1], the basement 
membrane plays a role in regulating the differentia-
tion of adjacent neuroglial cells, it seems plausible 
that the capillary basement membrane could regu-
late the differentiation of this neighbouring pericytal 
microglia. It is also possible that this cell participates 
in the formation and maintenance of the reduplicat-
ed basement membrane. Collagen fibrils have been 
found beneath the basement membrane by García 
et al. [35] after arterial hypertension, by Walski et al. 
[87], and Walski and Gajkovska [88] after traumat-
ic brain injury in rat cerebral cortex, and within the 
basement membrane in aged rats [26]. β-amyloid 
fibrils have been described in the capillary base-
ment membrane in Alzheimer’s disease [39,40]. Ple-
sea et al. [67] encountered densification of the type 
IV collagen material in the basement membrane of 
cerebral vasculature in hypertensive intracerebral 
haemorrhage.

Reduplication of capillary basement 
membrane

Reduplicated capillary basement membranes 
have been also found in our patients with brain 
oedema associated to brain trauma and tumours 
(Fig. 11).

Reduplicated capillary basement membrane has 
been earlier reported by Luse and McDougal [55]  
in allergic encephalomyelitis; by Kiser and Kending 
[47] in the capsule of cerebral abscesses, by Ward  
et al. [89], Ferrer and Lopez-Pousa [30], and McLone 
[61] in brain tumours. According to Vracko and 
Benditt [84], the accumulation and lamellation of 
basement membrane would be a result of repeated 
episodes of cell death and regeneration. Therefore, 
Vracko [85] considers that layering, splitting or lam-
ination of basement membrane is due to cell death 
and cell replenishment. The individual layer has 
been deposited there by new cell generation and 
gives an indication of the number of cell generations 
which have occurred at that particular site. The redu-
plication of the basement membrane could also be 

Fig. 10. Meningioma of the frontal cortex. Cap-
illary of the right frontal cortex. Proliferations 
of collagen fibers (arrows) are observed within 
the basement membrane (BM) surrounding the 
pericytal cytoplasm (P). The endothelial cell (EC) 
is also seen.

Fig. 11. Brain trauma. Right parieto-temporal 
subdural hematoma. Left parietal cortex. Cor-
tical capillary showing reduplicated basement 
membranes (BM) which appear separated by 
thin bands of pericytal cytoplasm (P). The vacu-
olated endothelial cell (EC), and dark perivascu-
lar astrocytic end-foot (PA) are also seen.
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a phenomenon induced by pericyte cell hypertrophy 
[15]. A multilayered basement membrane has been 
described by Yoshida et al. [92] in the repair process 
of cerebral infarction in rats, in subarachnoid hae-
morrhage [56], and in capillary vessels of neurohy-
pophysis after focal ischaemia of cerebral cortex [32].

Basement membrane thickening  
and the aging process

We have studied a group of patients with congen-
ital hydrocephalus whose age ranges from several 
months up to ten years, which exhibit focal swell-
ing of basement membrane [18,21], and in patients 
with traumatic head injuries up to 80 years of age 
[20]. We have tried to establish a correlation between 
the age of the patient and the basement membrane 
width, in order to elucidate if, besides the patho-
logical basement membrane thickening associated 
to brain oedema, there is also an increase in base-
ment membrane thickness due to the aging process, 
as earlier suggested by Kilo et al. [46], and Nagata 
[64]. An increased basement membrane thickness 
is found up until 60 years of age. However further 
changes were not detected between 60 and 80 years 
[19]. Bruns et al. [9] have earlier reported an increased 
basement membrane thickness of cortical capillaries 
with increasing age in the cerebral cortex of the aging 
primate, Macaca nemestrina. The authors reported an 
increased basement membrane thickness between  
4 and 10 years, but no further changes between 10 
and 20 years. According to these authors, a regres-
sion analysis revealed no significant increase in thick-
ness of the basement membrane with increasing 
age. In our study we have considered that only 45% 
of the variability of basement membrane width is 
due to the aging process, and the remaining 55% of 
the variability is related to the associated brain oede-
ma [19]. A further study should be done in normal 
old subjects to really evaluate the possible changes 
of basement membrane thickness during aging. This 
study is obviously limited for ethical reasons in the 
normal human central nervous system.

A neurobiological interpretation  
of capillary basement thickening

We have considered the basement membrane 
enlargement in brain oedema as an unspecific 
reaction due to overhydration of its protein poly-
saccharide matrix. According to Hall [37] and Spiro 

[77], the basement membrane can be conceived 
as a network of collagen molecules having positive 
charges, surrounded by negatively charged mucopo-
lysaccharides. According to Pease [65] in the pres-
ence of water, polysaccharides occupy large areas 
or domains compared to the weight of the molecule 
and not only water may penetrate these polysaccha-
ride domains, but ions and small molecules. Berzin 
et al. [3] demonstrated that agrin is associated with 
heparan sulphate proteoglycans in the basement 
membrane. These biochemical data could explain 
the basement membrane thickening in human brain 
oedema. As we have previously postulated [16,19], 
the increased transcapillary passage of ions and 
water in brain oedema would produce a high state 
of hydration of the basement membrane matrix. 
Since the fundamental alteration in vasogenic brain 
oedema is an increased transcapillary transfer of flu-
ids, ions, proteins and small molecules, we infer that 
the enlargement of the basement membrane can be 
initially considered as a state of overhydration of its 
protein – polysaccharide matrix or anionic sites. Con-
sequently a notable loss of the role of the basement 
membrane as a semipermeable filter [45] or permea-
bility-barrier function occurs in brain oedema. A dis-
continuity in the distribution of anionic sites can be 
associated with an increased capillary permeability, 
as observed in scrapie-infected mice [83].

Through the effect of cerebral oedema, collagen 
or proteins similar to collagen, proteoglycans and gly-
coproteins of the basement membrane are degrad-
ed, presumably producing a selective precipitation 
of uranyl and lead salts in these areas, as observed 
in the transmission electron microscopic images 
stained by these electron staining techniques [19]. 
Fragmentation of agrin, a synaptic organizing pro-
tein, found in the basement membrane [3,72] could 
also be implicated as the molecular substrate for 
basement membrane granularity.

Concluding remarks

The capillary basement membranes are exam-
ined in severe traumatic brain injuries, vascular 
malformation, congenital hydrocephalus and brain 
tumours. The capillary basement membrane exhibits 
homogeneous and nodular thickening, vacuolization, 
rarefaction, reduplication, and deposition of colla-
gen fibers. Their average thickness varied according 
to the aetiology and severity of brain oedema. In 
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moderate brain oedema the thickness ranged from 
71.97 to 191.90 nm in width, and in patients with 
severe brain oedema it varied from 206.66 to 404.22 
nm. The basement membrane complex appears 
apparently intact in moderate oedema and shows 
glio-basal dissociation in severe oedema. In areas of 
highly increased cerebro-vascular permeability, the 
basement membrane shows matrix disorganization, 
reduplication, and bifurcations protruding toward 
the endothelial cells, and acting as abluminal tran-
scapillary channels. In regions of total brain necrosis, 
its structural stability is lost showing loosening, dis-
solution and rupture. Basement membrane swelling 
is due to an overhydration of its protein-complex 
glycoprotein matrix. The thickening, rarefaction and 
vacuolization are induced by the increased vacuolar 
and vesicular transendothelial transport. The degen-
erated basement membrane areas exhibit a finely 
granular precipitate interpreted as protein, proteo-
glycan, glycoprotein, and agrin degraded matrix.
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A b s t r a c t

Genetic variants that confer susceptibility to Parkinson’s disease (PD) show unbalanced distribution among different 
populations; genetic predisposition to either familial or sporadic forms of PD in Mexican-mestizo population has not 
been comprehensively studied. The aim of the present study was to analyze genetic variants in six PARK genes in PD 
patients. In total 381 individuals (173 patients, 208 controls) were genotyped for p.Gly2019Ser and p.Gly2385Arg vari-
ants of LRRK2. The p.Gly2019Ser variant was present in two patients and one healthy control; the p.Gly2385Arg variant 
was not found. In a subgroup of early-onset PD (EOPD), MLPA analysis was done for PARKIN (PARK2), PINK1 (PARK6), 
DJ-1 (PARK7), LRRK2 (PARK8), SNCA (PARK1/4) and ATP13A2 (PARK9). We found a heterozygous deletion of exon 2  
in PARK2 in the youngest patient of the early-onset group, who showed limited response to antiparkinsonian therapy. 
Although the changes Gly2019Ser and Gly2385Arg of LRRK2 are associated with PD in different populations; they may 
be a rare cause of PD in our population. Novel population-specific variants may underlie PD susceptibility in Mexican 
mestizos. Our study suggests that the heterozygous deletion of exon 2 in the PARK2 gene is a risk factor for EOPD.
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Introduction

Parkinson’s disease (PD) is a chronic progressi
ve neurodegenerative disease that affects 12% of 
the population older than 65 years [14], diminishes 
quality of life and autonomy of patients [30]. Parkin
son’s disease is characterized by exacerbated loss  
of dopaminergic neurons of the substantia nigra pars 
compacta, which clinically expresses through tremor, 
rigidity, bradykinesia, postural instability and pro
gressive impairment of the cognitive function [34].

Genetic factors that confer susceptibility to PD 
are still unclear although genetic variants in mito
chondrial and nuclear genomes have been involved 
in this disease [17,37]; however, genetic variants in 
sezzzveral candidate genes (PARK genes) have been 
investigated in relation to both late and early onset 
presentations of the disease [lateonset PD (LOPD) 
and earlyonset PD (EOPD), respectively). Among 
these genes, LRRK2 and PARK2 are the most associ
ated to LOPD and EOPD forms, respectively [31].

LRRK2 encodes a multidomain protein, “dard
arin” with kinase and GTPase activities. One of the 
most widely studied genetic variants within LRRK2 
is rs34637584 (c.6055G>A), (p.Gly2019Ser) located 
in the kinase domain [14,26]. In vitro studies showed 
an increased phosphotransferase activity due to this 
change [9]. It is worth noting that p.Gly2019Ser is the 
most common genetic variant of LRRK2 in Caucasians; 
whereas another SNP, rs34778348 (p.Gly2385Arg)  
is considered a risk factor for PD in Asians [6,18].  
The p.Gly2385Arg change in the Cterminal domain 
of LRRK2 was shown to render neurons more suscep
tible to apoptosis under oxidative stress [35]. Thus, 
both variants are considered pathogenic although 
with different magnitude and biochemical effect.

On the other hand, PARK2 encodes a protein 
named “PARKIN”, a component of an enzyme complex 
within the ubiquitinproteasome system, which tar
gets proteins for degradation [39]. Mutations in PARK2 
are highly associated to familial EOPD; up to 18% of 
patients present mutations in this gene, and only 5% 
of them present in the homozygous state [21,27].

Interestingly, a skewed distribution of genetic 
variants of PARK genes was previously described; 
some authors suggested that ethnicity may play  
a role as a modifying factor of pathogenicity of LRRK2 
variants [13,19,36]. Interestingly, some mitochondri
al variants and haplogroups are thought to mod
ify the risk of developing PD [15,38] by decreasing 

or increasing the penetrance of genetic variants in 
nuclear diseasegenes (PARK genes). In this regard, it 
is known that the Mexican population was a result of 
genetic admixture among Amerindians, Caucasian 
and in a lesser extent, Africans [29] and, as in other 
Latin American populations [1], genetic factors pre
disposing to PD in Mexicanmestizos remain largely 
unknown [23,28,40]. Therefore, the aim of this study 
was to analyze the possible association between 
variants in PARK genes and PD by multiple screening 
as well as the weighing of their clinical relevance in 
Mexicanmestizo patients with sporadic PD (sPD).

Material and methods

Study population

The study was approved by the Human Research 
Committees of the participating institutions and 
informed written consent was obtained from all 
individuals. This is a crosssectional study in which 
twohundred fifteen Mexicanmestizo patients with 
sPD were consecutively recruited from February 2009 
to June 2010, from four tertiarycare level hospitals 
in Mexico (Neurology Departments from Centro 
Médico Nacional “20 de Noviembre”ISSSTE, Centro 
Médico Nacional Siglo XXIIMSS, Instituto de Cien
cias Médicas y de la Nutrición “Salvador Zubirán”, 
Mexico City; and División de Genética, Centro de 
Investigación Biomédica de OccidenteIMSS, Jalisco, 
Mexico); nevertheless, 42 patients were eliminated 
because of incomplete data. The diagnosis of sPD 
was performed by an experienced neurologist, based 
on the Queen Square Brain Bank criteria [16]. Ear
lyonset PD was defined as onset at the age of 20 to 
40 years. Two hundred and eight healthy individuals 
(controls) were analyzed; all were of Mexicanmesti
zo ethnic origin, and were blood bank donors and/or 
healthy spouses of PD patients without family histo
ry of PD or other neurological diseases. Cases with 
secondary parkinsonism were excluded.

Mutation analysis

Peripheral blood samples were obtained from 
patients and genomic DNA was isolated by the 
CTABDTAB method [11]. Realtime polymerase 
chain reaction (PCR) allelic discrimination TaqMan 
assay (AB) was used for genotyping LRRK2 var
iants. Briefly, PCR reactions contained 1020 ng 
of DNA, 5.0 µl of Maxima Probe qPCR Master Mix 
(2X), 0.25 µl of primers and probes (10X) and H2O 
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to 10 µl, including the appropriate negative con
trols in all assays. For the p.Gly2019Ser variant, the 
assay was available from Applied Biosystem (assay 
ID: C_63498123_10), whereas for thep.Gly2385Arg 
polymorphism a novel hydrolysis probe assay was 
designed by our group. Primers sequences were as 
follows: forward 5’GAAGTGTGGGATAAGAAAACTG3’ 
and reverse 5’AGATGG TGCTGAGAAGCATTAC3’. The 
probe for each allele was: wildtype VIC 5’CTCTGT 
[G] GACTAATAGACTGCGTGCAC3’ and mutant FAM 
5’CTCTGT [A] GACTAATAGACTGCGTGCAC3’. Realtime 
PCR was performed on a LightCycler 480 II (Roche Dia
gnostics GmbH, Switzerland). Conditions for p.Gly2019S
er and p.Gly2385Arg p.Gly2385Arg polymorphisms were 
95°C for 10 min, and 40 cycles of amplification (92°C 
for 15 s and 60°C for 1 min). For each cycle, the soft
ware determined the fluorescent signal from the VIC or 
FAMlabelled probe (Roche Applied Science, Mannheim, 
Germany). In order to confirm results of realtime geno
typing, DNA was amplified by PCR and then sequenced 
(conditions and sequence of primers can be found in 
supplementary material).

For the EOPD subgroup, MultiplexLigation Depen
dent Probe Amplification (MLPA) was used to detect 
genetic variants in PARKIN (PARK2), PINK1 (PARK6), 
DJ-1 (PARK7), LRRK2 (PARK8), SNCA (PARK1/4) and 
ATP13A2 (PARK9) genes. The assay also detects gross 
gene deletions/duplications (P051kit MRCHolland) 
by direct hybridization and ligation of exonspecif
ic half probes to DNA, ligated probes were further 
amplified by fluorescent multiplex PCR and capillary 
electrophoresis to reveal the altered copy number in 
the gene of interest. Data were analyzed with Gene
Marker® software (SoftGenetics).

Data analysis

Sample size was estimated according to Armitage 
trend test taking into account allele risk frequency in 
Mexican mestizo population, prevalence of PD and 
the risk conferred by the pathogenic variant (http://
ihg.gsf.de/cgibin/hw/power2.pl [20/04/2013]) [32]. 
Age, age at onset, Hoehn & Yahr scale and drug 
therapy requirement were analyzed through non
paired Ttest. Categorical variables such as gender, 
PD symptoms and antiparkinsonian drugs evalua
tion were analyzed through χ2. Deviations from Har
dyWeinberg equilibrium (HWE) were tested using 
the χ2 Pearson test (http://ihg.gsf.de/cgibin/hw/
hwa1.pl [20/04/2013]), p value < 0.05 was consid

ered as statistically significant. SPSS software v. 18.0 
(SPSS Inc., Chicago, IL, USA) was used for statistical 
analyses.

Results

In total 381 individuals were included, 173 
patients with sPD constituted the study group (139 
males and 34 females, aged 62.8 ±11.06 [mean 
± standard deviation] years old, age at onset 57.8 
±14.27), whereas 208 healthy individuals constituted 
the control group (87 males and 121 females, aged 
68.3 ±6.75 years old; showing differences in gender 
proportion and age, p < 0.0001 vs. the study group). 
The screening of LRRK2 revealed the presence of the 
p.Gly2019Ser variant in two male patients with sPD 
with the age at onset at 66 and 56 years old and in 
one 66yearold male from the control group (vari
ants submitted to the Parkinson’s disease Mutation 
Database, http://grenada.lumc.nl/LOVD2/TPI/home.
php?select_db=LRRK2 [01/06/2012]). Genotype fre
quency was similar to expected values, according 
to HardyWeinberg equilibrium (HWE) test in both 
groups (HWE P values p = 0.93 for cases, p = 0.97 
for controls). Additionally, there was no case in our 
cohort carrying the p.Gly2385Arg variant, although 
DNA sequencing elicited the identification of a syn
onymous change p.Gly2385Gly in one patient (Fig. 1).

Since the prevalence of mutations in PARK genes 
is thought to be higher in young patients, we explored 
likely associations in a subgroup of 19 patients with 
EOPD showing particular clinical features, such as 
tremor 26.3%, mental impairment 5.2% (p < 0.0002 
vs. the study group); more frequently prescribed 
with amantadine (89.5%), antihistamines (78%) and 
tricyclic acid antidepressants (78.9%) (p < 0.002 vs. 
the study group); although with similar PD progres
sion rate and treatment response (Hoehn & Yahr 
scale “onstate” = 2.5 ±1.26, p = 0.37; “offstate” = 
3.2 ±0.83, p = 0.11; “poor” response 10.5%, p = 0.54). 
MLPA screening of six PARK genes revealed a deletion 
of exon 2 in PARK2, the carrier was a female, and she 
was the youngest patient of this subgroup (30 years 
old with 2 years of PD symptoms), no tremor or men
tal impairment were found, but “poor” response to 
antiparkinsonian drug therapy was present in this 
case (LDopa, dopamimetics, anticholinergic and 
MAO inhibitors). The mutation p.Ala30Pro was also 
absent in all MLPA screened patients as revealed by 
the absence of peak signal.
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Discussion

Parkinson’s disease is a complex neurodegenera
tive disorder in which genetic and environmental fac
tors are involved. Ethnicity is thought to modify the 
effect of allelic variants associated to complex dis
orders; therefore, searching for prevalent mutations 
in PARK genes within specific populations is crucial 
to estimate susceptibility to PD [8]. This holds true 
especially for LRRK2 gene variants that have shown 
differential distribution among populations [18]. This 
also has potential in the pharmacogenetic field; since 
LRRK2 protein has been proposed as a therapeutic 
target for PD [4,41]. Nevertheless, biological mech
anisms linking LRRK2 polymorphisms to neurode
generation are still unclear. Interestingly, LRRK2 is 

expressed by immune cells and upregulated follow
ing recognition of microbial structures [12]; allelic var
iants in LRRK2 and PARK2, have been associated to 
leprosy [3], celiac disease [7], Crohn’s disease [20] and 
PD [2]; thus, there is a possible role for the immune 
system in the neurodegenerative process conferring 
populationspecific susceptibility for PD.

It is worth mentioning that the highest frequency 
and penetrance of the LRRK2 p.Gly2019Ser change 
was found in North African Arabs (NA) and Ashkena
zi Jewish (AJ) [13], in which mitochondrial haplogroup 
H carrying the m.4336T>C change associated to PD 
is also common [5]. Interestingly, a high frequency of 
celiac disease was also described in North Africans 
[10]. Thus, it is likely that the combination of the 
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Fig. 1. A) MLPA peaks showing the p.Gly2019Ser mutation of LRRK2 as control. B) Sequencing of p.Gly2385Gly 
synonymous change. C) MLPA ratio analysis for PARK genes in a normal subject. D) MLPA ratio analysis 
showing a heterozygous deletion of exon 2 of PARKIN gene.
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changes m.4336T>C (haplogroup H) and p.Gly2019S
er confer susceptibility LRRK2 related diseases 
including PD. It is worth noting that all patients (with 
the exception of one – see supplementary material) 
and controls analyzed in this study did not have the 
variant m.4336T>C (unpublished data), which may 
result in a low penetrance of the variant p.Gly2019S
er of LRRK2, and a possible reason for the presence 
of this variant in an individual without PD.

A prior study of PARK2 and PD in Mexicanmesti
zos showed the absence of homozygous p.Arg366Trp 
and p.Asp394Asn polymorphisms; interestingly, two 
polymorphisms p.Ser167Asn and p.Val380Leu were 
in HWE disequilibrium; authors suggested a compet
ing risk of death of variant carriers to explain such 
finding [23]. We speculate that HWE disequilibrium 
could be reminiscent evidence of prevalent diseases 
such as leprosy and tuberculosis in native popula
tions of Mexico (http://www.salud.gob.mx/docprog/
estrategia_2/salud_y_nutricion.pdf [20/04/2013]). 
This would further support the involvement of PARK 
genes in immune response, although more indepth 
research on this matter is required.

Although p.Gly2019Ser and p.Gly2385Arg are 
commonly found in Caucasians and Asians, respec
tively, our study showed a low prevalence on these 
variants in Mexicanmestizos; similarly to other 
reports of p.Gly2019Ser in our population [40] and 
from a population of the South of Spain [24]. This is 
concordant with the fact that first immigrants who 
arrived from Europe to Mexico came from the South 
of Spain [29]. Regarding the p.Gly2385Arg, it remains 
unexplored in most Latin American populations; 
here we showed the absence or very low frequen
cy of this variant in our group of patients. We also 
found the p.Gly2385Gly synonymous change and 
despite it is not linked to PD, pathogenicity could 
not be excluded; some apparently neutral variants 
may have an impact on disease development [17]. 
Our results indicate that p.Gly2019Ser mutation may 
be a rare cause of PD in patients with different eth
nical origin from NA and AJ; especially in the absence 
of mitochondrial variants associated to PD. Indeed,  
a recent study in Argentina showed that approximate
ly 5.45% (3/55) of PD patients had the p.Gly2019Ser 
heterozygous change and AJ ancestry, interesting
ly one of them presented also celiac disease [7].  
Although the frequency of p.Gly2019Ser change was 
present in two patients and one control, it should 
be taken into account that the cumulative risk of 

PD for carriers of that variant is 51% at 69 years old 
[13], thus the 66yearold individual from our control 
group still carries a remaining risk of developing PD. 
We strongly believe that genetic variants involved 
in the immune system and neurodegenerative dis
eases deserve further exploration. We speculate 
that the inner toxicity of dopamine production [37], 
exposure to pesticides that increase reactive oxygen 
species [33], plus increased oxidative stress caused 
by mitochondrial dysfunction may possibly cause 
protein oxidation and misfolding, and the subse
quent formation of neoepitopes that trigger immune 
response mediated by LRRK2 and PARK2. Conver
gent biological mechanisms and evolutive stories of 
populations could potentially contribute to elucidate 
genetic factors influencing PD susceptibility.

With regard of the analysis of the EOPD subgroup, 
after the screening of six PARK genes, mutation vari
ants were rarely identified. However, our results sup
port that PARK2 is the most common gene mutated 
in the EOPD group, and also supports the notion 
that the lower the age at onset, the more likely  
a gene mutation can be found in PARK2, as suggest
ed by genetic screenings [22]. We cannot rule out  
a potential influence of the genotype since the 
patient carrying the PARK2 mutation was the young
est one affected of the EOPD subgroup, achieving 
a limited therapeutic response, although slow clin
ical progression. The mechanism responsible for 
this phenotype may be related to the disruption of 
the reading frame of PARK2 gene, conferred by the 
deletion of exon 2 (c.8?_171+?del); and although the 
deletion was heterozygous, this may be considered 
a risk factor for PD [25]. Thus, haploinsufficiency in 
PARKIN production could lead to a hampered turno
ver of damaged mitochondrion, due to inappropriate 
engagement of the autophagy pathway, caused by 
abnormal interactions between PINK1/PARKIN [39].

Conclusions

In the Mexicanmestizo population, the p.Gly2019S
er change could be a rare case of PD. The combina
tion of variants p.Gly2019Ser and m.4336T>C was 
not present in any case and the p.Gly2385Arg was 
also absent. To our knowledge, this is the first work 
exploring the prevalence of pathogenic variants in 
various PARK genes in the Mexicanmestizo pop
ulation. Our data support that PARK2 is the most 
common gene involved in EOPD and deletion of 
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exon 2 even when heterozygous may be a risk fac
tor. Although the most common pathogenic variants 
were scarce in our population, different nucleotide 
changes with similar biochemical properties cannot 
be excluded. The search for populationspecific path
ogenic variants in the PARK genes and in other relat
ed diseaserelated genes such as SNCA, MAOB, and 
COMT [37] is important either to elucidate genetic 
unrevealed risk factors or to provide genetic coun
selling and discover novel therapeutic targets for PD.
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Supplementary material –  
A novel genotyping assay for the m.4336C>T

We designed a novel TaqMan probe for geno
typing this mitochondrial change since RFLP is time 
consuming and sequencing is expensive compared to 
real time PCR.

In order to obtain a viable assay for genotyping of 
the mitochondrial change m.4336T>C, we searched 
for repetitive sequences (http://www.repeatmasker.
org/). After that, appropriate conditions were chosen 
using Primer 3. Oligonucleotide sequences are shown 
below. The allele specific hydrolysis probes were:
5’ (VIC)-TTCGATTCTCAT[A]GTCCTAG-3’ (wild type) 
and 5’(FAM)-CGATTCTCAT[G]GTCCTAG-FAM (mutant).

The expected size of the amplified fragment is 
88bp. Conditions for the reaction were: 1 µl (10-20 ng) 
of DNA, 5.0 µl of Maxima Probe qPCR Master Mix 
(2X), 0.25 µl of primers and probes (40X) and water 
for a final volume of 10 µl, including the appropriate 
negative controls in all assays. Real-time PCR was 
performed on a LightCycler 480 II (Roche Diagnostics 
GmbH, Switzerland). The conditions for the reaction 
are 95°C for 10 min, and 40 cycles of amplification 
(92°C for 15 s and 62°C for 1 min). For each cycle, 
the software determined the fluorescent signal from 
VIC or FAM-labeled probes (Roche Applied Science, 

Germany). Only one late-onset PD patient had the 
4336C allele.
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A b s t r a c t

Alzheimer’s disease (AD) leads to generation of β-amyloid (Aβ) in the brain. Alzheimer’s disease model PS/APP mice 
show a markedly accelerated accumulation of Aβ, which may lead to apoptosis induction e.g. in cells expressing 
wild-type p53. The TP53 gene is found to be the most frequently mutated gene in human tumour cells. There is 
accumulating evidence pointing out to the contribution of oxidative stress and chronic inflammation in both AD and 
cancer. The purpose of this study was to analyze exon 7 mutations of the murine Trp53 gene and Aβ/A4 and p53 
protein levels in PS/APP and control mice.
The studies were performed on female double transgenic PS/APP mice and young adults (8-12 weeks old) and age-
matched control mice. The Trp53 mutation analysis was carried out with the use of PCR and DNA sequencing.  
The Aβ/A4 and p53 levels were analyzed by Western blotting.
The frequency of mutations was almost quadrupled in PS/APP mice (44%), compared to controls (14%). PS/APP mice 
with the A929T and A857G mutations had a similar p53 level. In cerebral gray matter of PS/APP mice the level of 
p53 positive correlated with the level of Aβ protein (RS = +0.700, p < 0.05). In younger control animals, the T854G 
mutation was related to p53 down-regulation, while in aging ones, G859A substitution was most likely associated 
with over-expression of p53. In silico protein analysis revealed a possibly substantial impact of all four mutations on 
p53 activity. Three mutations were in close proximity to zinc-coordinating cysteine residues.
It seems that in PS/APP mice missense Trp53 exon 7 mutations may be associated with the degenerative process by 
changes of p53 protein function.

Key words: Trp53 mutations, p53, Aβ/A4 proteins, PS/APP mice.

Introduction

Alzheimer’s disease (AD) is characterized both cli- 
nically by the decline of cognitive functions, such as 

memory, and pathologically by the presence of nu - 
merous senile plaques (SPs) and neurofibrillary tan-
gles (NFTs) [2,3,28,40,46,51]. Neurofibrillary tangles 
consist of hyperphosphorylated tau protein, whereas 
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SPs are composed of amyloid β-protein (Aβ). Trans-
genic PS/APP mice carrying mutant amyloid precursor 
protein (APP) and presenilin-1 (PS1) show a markedly 
accelerated accumulation of the 42 amino acid long 
form of Aβ (Aβ42) into visible deposits [26]. Transgen-
ic PS/APP mice can therefore be used as experimental 
AD models. Ohyagi et al. [43] have shown that intra-
cellular Aβ42 directly activates the TP53 promoter, 
resulting in p53-dependent apoptosis. Accumulation 
of both Aβ42 and p53 was found in degenerating neu-
rons in transgenic simulated AD mice and in humans 
with AD [32,43]. Aging subjects and AD patients show 
an increased level of a mutant-like conformation state 
of the p53 protein in peripheral blood cells [33]. Lan-
ni et al. [33] have shown that a conformation change 
of p53 may lead to a partial loss of its activity and 
dysfunction of cell cycle proteins. Moreover, tumour 
suppressive p53 is critical in preventing cancer due to 
its ability to trigger proliferation arrest and cell death 
upon the occurrence of a variety of stressful condi-
tions [15].

Human p53 contains 393 amino acids, encoded 
within the TP53 gene, located at the 17p13.1 locus 
[7]. The TP53 gene is found to be the most frequent-
ly mutated in human cancers with the occurrence 
level of about 50%. Deletions, rearrangements, and 
retroviral insertional inactivations of the Trp53 ana-
logue gene have been found in mice. Furthermore, 
p53+/– and p53–/– mice have been found to develop 
a broad spectrum of tumours, including lymphomas, 
osteosarcomas, fibrosarcomas, and medulloblasto-
mas [22,29].

There is accumulating evidence pointing out to  
the contribution of oxidative stress and chronic in-
flammation in both AD and cancer [19]. Lanni et al. 
[34] suggested that p53 protein may play a significant 
role in the degenerative process and cancerogene sis. 
The study by Serrano et al. [50] has shown an elevat ed 
expression of a mutant p53 in elderly AD mice. Fiorini 
et al. [18] have shown that p53 defects may alter the 
expression of mitochondrial proteins in murine brain. 
On the other hand, transgenic mice with truncated 
p53 exhibit enhanced resistance to spontaneous 
tu mours, but show reduced longevity [54].

The presence of mutations in exons 4 to 8 of the 
TP53 gene has been found in a variety of neoplasms, 
including chronic lymphocytic leukaemia (17.3%) [10],  
colorectal cancer (42.3%) [57], lung cancer (39.4%) 
[9], bladder cancer (36.2%) [24], and head and neck 
carcinoma (22%) [38]. Furthermore, mutations in the 

TP53 gene have been found more often in higher 
malignancy grade scores (5.9% in grade I compared 
to 53.9% in grade III) in bladder tumours, while the 
mutation rate was sex and age independent [24].

The purpose of the study was to analyze muta-
tions in exon 7 of the murine Trp53 gene and esti-
mate the levels of Aβ/A4 and p53 proteins in about 
7-month-old PS/APP mice. The results were com-
pared to control mice of similar age and to a group 
of younger mice (8-12 weeks old).

Material and methods

Animals

The study involved nine about 7-month-old double 
transgenic PS/APP female mice (B6.Cg-Tg(APP695) 
3DBo Tg(PSEN1dE9)S9DBo/J strain, Jackson Labo-
ratory, USA). PS/APP mice deposit neurotoxic Aβ at 
6-8 months of age. The control group consisted of 
fourteen females (C57BL/6J strain, Jackson Laborato-
ry, USA), including six young adults (8-12 weeks old) 
and eight moderately old mice (7 months old).

Murine brains were isolated and divided into 
cerebral grey matter (GM), subcortical white matter 
(WM) and cerebellum (C).

This study was approved by local research ethics 
committees and the Polish Ministry of Environment.

DNA analysis

DNA for genotyping and racial purity checks was 
isolated from murine blood by standard methods. Racial 
purity was confirmed by PCR. Doubled 20 ng genomic 
DNA (gDNA) samples were amplified with the use of 
primers targeting exon 7 (NM_011640.3, 5’-GTGAGG-
TAGGGAGCGACTT-3’; 5’-CCTACCACGCGCGCCTTCCT-3’), 
yielding a 175 bp product. The PCR was carried out in 
25 μl of the mixture containing: 13.7 μl of Mili-Q water, 
2.5 μl of Laemmli Sample Buffer (Bio-Rad, USA), 2 μl 
of primers solution, 2 μl of dNTPs (Novazym, Poland), 
0.8 μl of Allegro Taq polymerase (Novazym, Poland), 
and 2 μl of tested DNA. The annealing temperature 
has been optimized to 62°C, the PCR was carried out 
for 30 cycles. The quality of the product was estimat-
ed by standard gel electrophoresis.

Polymerase chain reaction (PCR) product was puri-
fied and sequenced according to the standard proto-
col in the external unit: the Laboratory of Molecular 
Biology Techniques at the Faculty of Biology, Adam 
Mickiewicz University, Poznan, Poland. The samples 
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were analyzed with sequencer 3130xl Genetic Ana-
lyzer (Applied Biosystems HITACHI, USA). All samples 
showing the presence of mutations were re-ana-
lyzed to confirm the presence of specific changes.  
The sequencing results were analyzed using the 
BioEdit software based on a reference sequence.

Western blotting

Dissected brain tissues were lysed and homoge-
nized with the use of a radioimmunoprotein assay 
(RIPA) buffer (50 mM Tris-HCl, pH 7.2; 150 mM NaCl; 
1% IGEPAL CA-630; 0.05% sodium dodecyl sulfate; 
1% sodium deoxycholate), supplemented with a pro-
tease inhibitor cocktail for mammalian cell extracts 
(Sigma, USA) [16 : 1] and phenylmethylsulfonyl flu-
oride (Sigma, USA) in isopropanol (10 mg/100 μl).  
The samples were then centrifuged and the pellet 
was discarded [42].

Protein aliquots (40 μg/lane) were electropho-
resed in 7.5% polyacrylamide gels and transferred 
onto nitrocellulose filters. The filters were exposed 
to anti-p53 goat polyclonal antibodies (Ab) (C-19, IgG, 
200 μg/ml, Santa Cruz, USA) or to anti-Aβ/A4 murine 
monoclonal Ab (B-4, IgG2a, 200 μg/ml, Santa Cruz, 
USA), at dilutions of 1 : 500.

Subsequently, the filters were incubated with 
secondary Abs, either murine anti-goat IgG-HRP  
(400 μg/ml, Santa Cruz, USA) or goat anti-mouse 
IgG-HRP (400 μg/ml, Santa Cruz, USA) respective-
ly, at dilutions of 1 : 2000. Peroxidase Boehringer 
Mannheim blocking reagent (BMB) was added (BM 
Blue POD Substrate, Roche-Applied Science, Germa-
ny) to stain the immunoreactive bands. The Aβ/A4 
and p-53 protein levels were analyzed on separate 
nitrocellulose filters. The band area was registered 
using a Quantity One densitometer (GC-710, Bio-
Rad, USA). The quantification was performed by 
measuring the area of registered immunoreactive 
bands.

Subsequently, the stripping of Aβ/A4 and p-53  
filters was performed with the stripping solution 
(62.5 mM TRIS/HCl with 2% SDS and 0.7% 2-merka-
ptoethanol in Mili-Q water) to remove the primary 
and the secondary Abs. Then, the filters were incu-
bated with the anti-β-actin murine monoclonal Ab  
(C-4, IgG, 200 μg/ml, Santa Cruz, USA), at dilution of 
1 : 500. Subsequently, the processes of incubation 
with secondary Ab and staining were performed.  
The uniform β-actin bands confirmed the validity of 
the method.

Statistical and in silico analysis

Differences in protein levels were assessed with 
the use of the nonparametric Kruskal-Wallis test for 
unlinked variables. Spearman’s ranked correlation 
test was used for correlation analysis.

BioEdit, CLC Sequence Viewer, Protein Workshop 
[39], and IARC TP53 R15 Database [31,45] were used 
for in silico analysis.

Results

Trp53 exon 7 sequencing showed the presence of 
4 different missense mutations in blood of the mice. 
One mutation was found in a 7-month-old control 
mouse, another in an 8-12-week-old one. Two muta-
tions were found in PS/APP mice. Both were repeat-
ed twice, thus 44% of PS/APP mice were found to 
carry a missense mutation, compared to only 14% of 
the control mice (Table I, Figs. 1A-D).

The 8-12-week-old control mouse showed the 
presence of a T854G mutation, resulting in Tyr233Asp 
substitution (Fig. 1A). The 7-month-old control mouse 
showed a G859A mutation, causing Met234Ile sub-
stitution (Fig. 1B). The 7-month-old PS/APP mice 
showed the presence of two other mutations: A929T, 
resulting in Ser258Cys substitution; and A857G, 
re placing Met to Val also at position 234 (Figs. 1C, D).

Table I. Identified Trp53 exon 7 mutation: a summary

Mice DNA mutation Amino acid substitution Mutation frequency

n/N n/N/%

Control 8-12 week old T854G Tyr233Asp 1/6 2/14/
14%

Control about 7 month old G859A Met234Ile 1/8

PS/APP about 7 month old A929T Ser258Cys 2/9 4/9/
44%

A857G Met234Val 2/9

n – number of animals with mutations, N – total number of animals in the group, % mice with mutations
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Fig. 1. Identified Trp53 mutations. (A) T854G (8-12-week-old control mouse), (B) G859A (7-month-old control 
mouse), (C) A929T (about 7-month-old PS/APP mice), (D) A857G (about 7-month-old PS/APP mice).

A

B

C

D
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However, analysis of p53, Aβ and Aβ/A4 proteins’ 
level were carried out in tree structures of the mice 
brain: GM, WM and C (Tables II and III, Fig. 2). PS/
APP mice showed tendency to a slightly lowered p53 
level in GM and WM compared to controls of the 
same age and tendency to a greater increase in this 
protein level in these analyzed structures as com-
pared to young controls (Table II). In PS/APP mice 
the increased level of p53 protein was shown also in 
C as compared to controls (Table II).

All mice stained positive for the Aβ/A4 protein 
precursor but only PS/APP mice were Aβ positive 
(Fig. 2). In GM of PS/APP mice, a positive correlation 
between the levels of p53 and Aβ proteins (Spear-
man’s test, Rs = +0.7000, p < 0.05) was shown.

In GM of the 8-12-week-old control mouse with 
the Trp53 T854G mutation we found a lower level of 
p53 as compared to non-mutant mice of the same 
age (Table III, Fig. 2). On the other hand, in the older 

control mouse with the Trp53 G859A mutation, the 
p53 level in the GM was substantially elevated com-
pared to respective non-mutant mice. The GM of PS/
APP mice with the Trp53 A929T and A857G muta-
tions showed only moderate changes in p53 and Aβ 
levels.

The study also revealed varying band staining 
intensities for the Aβ/A4 precursor. In all PS/APP and 
control mice there were triple bands, which were 
more intensive in GM and/or WM than in C (Fig. 2).

Due to the overwhelming sequence similarity 
between human and murine p53, especially within 
the DNA-binding core domain, we tried to estimate 
the potential influence of these four mutations on 
the protein activity with the use of the human IARC 
TP53 database that compiles TP53 variations iden-
tified in human populations and tumour samples 
[31,45]. Tyr233Asp, Met234Ile and Met234Val gener-
ated possibly non-functional or partially functional 

Table II. P53 protein levels in cerebral structures of PS/APP and control mice

Cerebral structure Controls
8-12 week old

Controls
about 7 month old

PS/APP mice
about 7 month old

p value

Grey matter of the cortex (GM) 27.4 ± 11.2 47.9 ± 23.7 44.5 ± 15.7 0.0804

White matter (WM) 29.6 ± 6.6 49.6 ± 21.2 44.3 ± 15.8 0.1342

Cerebellum (C) 32.5 ± 5.8 40.6 ± 16.9 45.2 ± 10.7 0.1182

Results presented as the mean percentage area of immunoreactive bands ± SD. Statistically insignificant differences in Kruskal-Wallis test (p > 0.05).
Spearman’s test: Positive correlation found between p53 levels in GM and WM in 7-month-old control mice (Rs = +0.9762, p < 0.001).
Positive correlation found in GM between Aβ and p53 proteins level in PS/APP mice (Rs = +0.7000, p < 0.05).

Table III. β-amyloid and p53 protein levels in cerebral structures of PS/APP and control mice

About 7 month old PS/APP mice

Trp53 A929T (Ser258Cys) Trp53 A857G (Met234Val) No detected mutations in Trp53

GM WM C GM WB C GM WM C

Aβ [43.2-74.1] [64.1-64.3] [44.6-57.9] [64.1-67.1] [48.6-73.4] [43.0-44.6] [47.2-82.8] [53.0-72.2] [21.4-73.7]

p53 [32.7-43.8] [24.1-59.0] [45.8-46.1] [35.0-45.9] [27.9-41.7] [36.0-45.4] [25.0-65.1] [26.3-67.7] [27.8-68.0]

8-12 week old control mice

Trp53 T854G (Tyr233Asp) No detected mutations in Trp53

GM WM C GM WM C

p53 [10.7] [26.5] [38.9] [20.3-40.5] [19.1-38.2] [24.6-36.0]

About 7 month old control mice

Trp53 G859A (Met234Ile) No detected mutations in Trp53

GM WM C GM WM C

p53 [97.3] [66.7] [34.6] [23.9-60.5] [21.5-83.4] [24.2-75.1]

Results presented as the mean percentage area of immunoreactive bands.
The range between minimum and maximum values or a single value is presented.
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proteins. Met234Val generated a possible new donor 
splice site, while Ser258Cys might abrogate the exon 
7-8 splice site (Table IV, Figs. 3 and 4).

Discussion

Neuronal dysfunction in AD is correlated with 
the deposition of fibrillar aggregates of Aβ in brain 
parenchyma and blood vessel walls [36,46]. Double 
transgenic PS/APP mice show a rapid accumulation 
of both fibrillar and non-fibrillar (diffuse) forms of 
Aβ from 12 weeks of age onwards [16,26]. In PS/APP 
mice, the number of fibrillar Aβ deposits increases 
with age, whereas the changes are less marked in 
terms of the deposit numbers in the diffuse forms. It 
has been shown that in elderly mice, Aβ is deposited 
in the cortex, hippocampus, thalamus and amygdala, 
but is additionally deposited in cerebellar cortex and 

WM of AD patients [16,25]. Our study performed on 
PS/APP mice, along with the studies of Cummings 
et al. [13] in dogs and Feng et al. [17] in rats, demon-
strates that Aβ is deposited in the GM of the cortex 
but also the in C and WM. Due to its deposition in 
the C, Aβ may lead to learning and memory impair-
ments [4]. The study in aged canines has shown that 
Aβ deposition is strongly associated with deficits 
of discrimination, reversal and spatial learning [13]. 
Cummings et al. [13] suggest that Aβ deposition may 
be a contributing factor to age-related cognitive dys-
function prior to the onset of NFTs formation.

The neurotoxic 42-43 amino acid long Aβ pep-
tide is a breakdown product of a much larger pro-
tein, the Aβ/A4 protein precursor – APP [30]. It is 
known that the 4-4.5 kDa Aβ/A4 polypeptide is the 
major protein component of SPs [36]. The formation 
of Aβ/A4-containing plaque-like structures has been 

GM – grey matter of the cortex, WM – white matter, C – cerebellum, Aβ – β-amyloid, Aβ/A4 – amyloid A4 precursor

Fig. 2. Western blot analysis of p53, Aβ and Aβ/A4 protein precursor in three cerebral structures of exper-
imental mice.
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found in GM and WM [5]. It has also been shown 
that Aβ/A4-related peptides may occur in both 
AD and normal subjects, while their production is 
increased in familial AD, where the disease devel-
ops much earlier compared to sporadic AD [12,36]. 
It seems that pathological Aβ/A4 with numerous 
extracellular Aβ deposits, together with different 
levels of its precursor in GM and WM, may be includ-
ed in the pathogenesis of AD [20,30]. Arendt et al. 
[5] have shown that Aβ/A4 deposition is a result of 
a chronic disturbance of phosphorylation balance, 
which may lead to a reduction of both GM and WM 
in the AD brain. Moreover, it has been indicated that 
intraneuronal Aβ may be a cause of mitochondrial 
[8], lysosomal [23,52] and synaptic [53] dysfunctions 

possibly leading to p53-dependent apoptosis [43] 
and reverse [18].

AD patients, p53-dependent apoptosis leads di - 
rectly to neuronal loss through Aβ42 binding and 
activation of the p53 promoter. The accumulation of 
both Aβ42 and p53 is manifested in some degener-
ating-shape neurons in both transgenic mice and AD. 
Our study demonstrated the presence of Aβ in PS/
APP mice, along with a high p53 level compared to 
younger mice, which may indicate a possible induc-
tion of apoptosis. It has been shown that p53-de-
pendent neuronal apoptosis may also result from 
a decreased activity of anti-apoptotic PS1 caused 
by p53 protein-protein interactions or by pro-apop-
totic presenilin-2 (PS2), which down-regulates PS1 

Table IV. Analysis of corresponding mutations in the human IARC TP53 database

Murine mutation found Trp53 Tyr233Asp Trp53 Met234Ile Trp53 Met234Val Trp53 Ser258Cys

Corresponding human 
mutation

TP53 Tyr236Asp TP53 Met237Ile TP53 Met237Val TP53 Ser261Cys

Mutation type missense missense in 
DNA-binding loops

missense in 
DNA-binding loops

missense

Assessment of transacti-
vation capacities in yeast 
assays by Kato et al. [31]

non-functional non-functional partially functional functional 

Predicted effect on protein 
function and structure

deleterious,  
non-functional 

deleterious,  
non-functional

deleterious,  
non-functional 

neutral, functional 

Predicted effect on p53 
protein isoforms

all altered all altered all altered all altered

Dominant negative activity yes yes NA NA

Reported mutations  
in human tumors

9 185 12 1

Reported germline mutations 0 1 0 0

Predicted effect on splicing no significant change no significant change acceptor:  
no significant change

donor: new site

sites broken or no 
significant change

NA – not applicable

TP53 zinc-coordinating residues: Cys176, His179, Cys238, Cys242.
Trp53 zinc-coordinating residues: Cys173, His176, Cys235, Cys239.
Trp53 identified mutated residues: Tyr233, Met234, Ser258.

Fig. 3. Human and murine p53 sequence alignment. Mutant and zinc-coordinating residues are shown.
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expression [1,44]. It seems that the elevated p53 
level influences the PS1-mediated abnormalities of 
intracellular calcium levels [14]. As a result, Aβ, PS1, 
PS2 and p53 may all increase the risk of p53-depen-
dent apoptosis in AD.

P53 is a key regulator of multiple cellular process-
es, and depending on the cell type it is activated by 
different stressors to induce apoptosis, autophagic 
cell death, but is also responsible for both, reversible 
and irreversible cell cycle arrest, or senescence [49]. 
The induction of cellular aging by elevated p53 levels 
in response to stress is designed to prevent prolifer-
ation of damaged cells.

Two main groups of signals change p53 acti-
vation. These include DNA damage and oncogenic 
stress as result from cancer and/or aging and may 
be an effect of p53 mutation [34]. Experimental PS/
APP mice have shown 44% of Trp53 gene mutations.

Loss of heterozygosity and TP53 mutations are 
commonly associated with a variety of tumours 
in humans and in experimental animals [6,22,27]. 
Mutations abrogating p53 function and allelic loss of 
its locus were among the first genetic lesions identi-
fied in glioblastoma multiforme [41]. TP53 mutations 
are also present in all grades of human astrocytoma 
[55] and in the murine model of astrocytoma [48].

A TP53 exon 7 missense mutation has been found 
in an adrenocortical carcinoma patient. Although  
the phenotype was not clinically distinct, authors 
suspect a hereditary background due to an early 
onset of the disease [56]. In this study we showed 
two missense mutations in PS/APP mice: A929T 
(Ser258Cys) and A857G (Met234Val), possibly alter-
ing p53 function as both are located within the cen-
tral DNA-binding core domain (DBD). The DBD is 
responsible for binding LIM domain only protein 3 
(LMO3), which is a confirmed human neuroblasto-
ma oncogene [35]. Reverse Val→Met substitutions 
at codons 216 and 272 have also been demonstrat-
ed in brain carcinoma, and this mutation is partic-
ularly important in mediating the normal function 
of p53 [41]. Mineta et al. [38] have demonstrated 
a TP53 exon 7 Ser241Cys substitution in head and 
neck tumours. Moreover, patients with p53 missense 
or nonsense mutations survived an average of only  
12.5 months after diagnosis, while non-mutated sub-
jects survived more than 160 months after diagno-
sis, and 43% of these examined tumours presented 
a low p53 level and 32% had increased p53 levels. It 
seems that also mutant Trp53 tends to impact the 

p53 expression level in all analyzed structures of 
experimental PS/APP mice.

Our study also demonstrated a missense muta-
tion (T854G) in a young control mouse, resulting 
in a Tyr233Asp substitution, along with a tendency 
to a low p53 expression in the GM. Reilly et al. [48] 
have shown that the TP53 gene is often mutated in 
a subset of astrocytomas that develop at a young 
age and progress slowly to glioblastoma [55]. None-
theless, one of our 7-month-old control mice showed 
a G859A (Met244Ile) missense mutation, which 
seems to be related with an increased p53 level in 
GM. Overexpression of p53 in the process of aging 
has been shown by Tyner et al. [54], Garcia-Cao et al. 
[21] and Mendrysa et al. [37], and is accompanied by 
decreased longevity, osteoporosis, generalized organ 
atrophy, and diminished stress tolerance.

All of the aforementioned mutations, apart from 
the Tyr233Asp substitution, involve either removal or 
introduction of sulphur atoms into p53. Three of our 
mutations (Tyr233Asp, Met234Ile, Met234Val), along 
with the mutation found by Mineta et al. [55] (Ser-
241Cys in TP53, corresponding to Ser238Cys in Trp53), 
are located in or neighbour loop 3 – a region rich in 

Zinc-coordination: Cys173, His176, Cys235, Cys239. Identified 
mu tated residues: Tyr233, Met234. Zinc (Zn) atom is indicated by 
an arrow. Not all atoms are shown for clarity of image.

Fig. 4. Coordination of zinc in p53. Based on 1HU8 
crystal structure by Zhao et al. [58].
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methionine and cysteine residues. It has been found 
that two of these residues, i.e. Cys235 and Cys239, 
along with Cys173 and His176, coordinate a zinc 
atom forming a structure crucial for DNA binding 
[11,47]. The Ser238Cys substitution [55] is therefore 
located one residue upstream of a zinc-coordinating 
cysteine. The identified Met234Ile and Met234Val 
substitutions are also located one residue upstream 
of such a cysteine, while the Tyr233Asp is just two 
residues upstream [58]. Although the Ser258Cys 
substitution is located downstream of the zinc- 
coordinating domain, not only does it disturb a dou-
ble serine motif, but more importantly it spans across 
the exon 7-8 junction. The corresponding A929T 
substitution decreases the mathematical score of 
the 5’ splice site, but its impact on the site stabili-
ty remains undetermined. Although both mutations 
found in PS/APP mice could possibly inactivate p53, 
their effect on p53 and Aβ levels is not so apparent, 
most likely due to heterozygosity and the fact that 
a faulty p53 could still bind its antibody. Similarly, 
the reason that the Met234Ile and Tyr233Asp substi-
tutions would impact p53 levels in the GM of control 
mice remains unsolved.

In conclusion, the transgenic PS/APP mice, which 
simulate AD, carry a missense Trp53 exon 7 mutations 
about four times more frequently than controls. In  
PS/APP mice, the A929T (Ser258Cys) and A857G  
(Met234Val) mutations may alter p53 expression in 
a similar manner. However, in the GM of the control 
younger mouse, the Trp53 T854G (Tyr233Asp) muta-
tion may be connected with a decreased level of p53, 
while in the same structure of the brain of the con-
trol 7-month-old mouse, the Trp53 G859A (Met234Ile) 
mutation may be associated with increased the p53 lev-
el as compared to non-mutated mice of the same age. 
Moreover, the GM of PS/APP mice has shown a positive 
correlation between levels of p53 and Aβ. Trp53 muta-
tions found in this study may impact the murine p53 
function as shown by the in silico analysis and possibly 
also be associated with the degenerative process.
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A b s t r a c t

The proteins’ ubiquitination and their further degradation by proteasomes are crucial for cell cycle regulation, trans-
cription and DNA replication, inflammatory response, and apoptosis. Proteasome inhibitors have recently become 
considered as a promising method in cancer and inflammatory disease therapy. In this study, utilizing the rat model,  
we try to establish the influence of proteasome inhibitor MG-132: (1) on the basis of spontaneous and evoked loco-
motor activity and (2) on the condition of nigrostriatal projections eight weeks after MG-132 intraperitoneal admini-
stration. We also discuss the current status of knowledge about intraperitoneal administration of MG-132, a labora-
tory method that is being used more and more. Our results revealed a lack of motor abnormalities, but significant 
loss (20%) of substantia nigra pars compacta dopaminergic neurons after systemic MG-132 administration. This loss 
was accompanied by a corresponding decrease (8%) of density of dopaminergic terminals in dorsolateral striatum. 
Moreover, evidence of very limited but ongoing fibre degeneration within the dorsal striatum suggests that MG-132 
severely disturbed the nigrostriatal pathway.
In summary, intraperitoneal application of proteasome inhibitor MG-132, despite the encouraging results of experi-
mental treatment and prevention of many pathological processes, should be used with caution because of the 
potential adverse effects on the structure of the central nervous system, especially elements of the nigrostriatal 
pathway.

Key words: Mg-132, proteasome inhibition, rat, striatum, substantia nigra, tyrosine hydroxylase.

Introduction

The ubiquitin-proteasome system is the main path-
way of intracellular protein degradation within eukary-
otic cells. The proteins’ ubiquitination and their further 
degradation by proteasomes are crucial for cell cycle 
regulation, transcription and DNA replication, inflam-
matory response, and apoptosis. The proteasome inhi-
bition leads to intracellular accumulation of misfolded 
or unfolded proteins and, in consequence, activation 

of numerous cell signalling pathways resulting in heat-
shock proteins expression increase, nuclear factor-κB 
(NFκB) and antiapoptotic cytokines decrease, mito-
chondrial protein expulsion into the cytoplasm, and 
caspase cascade activation [10,48]. Fast proliferating 
cells are more susceptible to ubiquitin-proteasome 
system disturbances. This is the reason why a new 
group of chemicals, called proteasome inhibitors, has 
recently been considered as a promising method in 
cancer and inflammatory disease therapy.
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MG-132 (Cbz-Leu-Leu-Leu-aldehyde, Z-LLL-H) is the 
most common and so far the most widely tested and 
best representative of both the peptide aldehydes 
and the entire group of proteasome inhibitors. It is 
a reversible inhibitor that gives a very quick response. 
MG-132 has a high degree of selective inhibition of 
proteasome chymotrypsin-like activity. A ten-fold 
higher concentration of the MG-132 inhibitor is need-
ed to inhibit other enzymes (calpain and cathepsin), 
which indicates a specific inhibition of the protea-
some. MG-132 properties, such as antiproliferative, 
anti-inflammatory, and induction of heat shock pro-
teins, also make it the most widely used in the clini-
cal impact of proteasome inhibition on the course of 
many processes at the cellular and tissue level, as well 
as having a link with studies of new proteasome inhib-
itors [15]. Literature reports indicate that under exper-
imental conditions, intraperitoneal administration of 
MG-132 may play a beneficial role in the prevention 
and therapy of inflammatory diseases such as acute  
pancreatitis [9,24,50], inflammatory bowel disease [19],  
severe acute respiratory syndrome [28], and intesti-
nal damage caused by ischaemia/reperfusion [1,21], 
and also partially prevents muscle atrophy associated 
with disuse [20]. However, data obtained on animal 
models are very controversial. Some authors [31,33] 
indicate that systematically administered proteasome 
inhibitors may penetrate the intact blood-brain barrier 
and cause pathological changes in the central nervous 
system (CNS), leading also to locomotor dysfunction 
and behavioural disturbances. It has also been report-
ed that MG-132-induced hemiparkinsonism in the rat 
model mimics the daytime somnolence and sleep dis-
turbance during the night observed in patients with 
the Parkinson’s disease [26]. To date, there have been 
no reports describing the long-term effects of MG-132 
on the CNS structures after its administration by intra-
peritoneal route. In this study utilizing the rat model 
we try to establish the influence of MG-132: (1) on the 
basis of spontaneous and evoked locomotor activity 
and (2) on the condition of nigrostriatal projections 
eight weeks after MG-132 intraperitoneal administra-
tion. We also discuss the current status of knowledge 
about intraperitoneal administration of MG-132, which 
is being used increasingly as a laboratory method.

Material and methods

Forty adult male Wistar rats (initial weight bet-
ween 230 and 270 g) were used in the study. They 
were kept under standard laboratory conditions: at 

22°C temperature under an artificial light/dark cycle 
(12/12 h), with ad libitum access to tap water and 
standard laboratory food, three animals per large 
cage. Handling and care of the animals were in ac- 
 cordance with the National Institute of Health Guide-
lines for the Care and Use of Laboratory Animals. For 
all procedures prior approval from the local Bioethics 
Commission was obtained. All efforts were made to 
reduce the number of animals and to minimize their 
suffering.

In the first stage of the experiment, selection of 
the animals on the basis of their spontaneous loco-
motor activity was performed.
A. Spontaneous activity – open field (automated)

Measurements of spontaneous activity was per-
formed in accordance with well-established protocols 
[12]. For assessing both exploratory and locomotor 
activity of the rats, the Video Track v.2.5 Automated 
Behavioural Analysis System (View Point Life Scienc-
es Inc, Canada) was used. For open-field study, a qui-
et room with controlled ventilation and temperature 
was used. The animals were placed in the centre of 
white experimental boxes of adequate size – square 
arena (50 × 50 cm) – surrounded by walls to prevent 
the animal from escaping. For ease of cleaning and 
to reduce behavioural response related to olfactory 
stimuli the experimental boxes were composed of 
plastic. At the same time, the activity of eight ani-
mals was video monitored. Initially, the rats were 
habituated to the apparatus during three sessions 
(10 minutes each) to reduce baseline activity. Then, 
spontaneous activity during light (with dimmed light-
ing) and dark phase (no lighting) – each one lasting 
60 minutes, was recorded by the computer applica-
tion Video Track VID 282 (View Point Life Sciences 
Inc, Canada). Image acquisition began 1 minute after 
the rats were placed in the box. Data were collected 
continuously and recorded each 30 seconds. The fol-
lowing parameters were evaluated:
–  summary distance of exploratory movements [cm],
–  summary duration of exploratory movements [s],
–  summary distance of locomotor movements [cm],
–  summary duration of locomotor movements [s],
–  average velocity of locomotor movements [cm/s].

Due to the fact that differences in behaviour 
naturally occurring among animals divide them into 
those that exhibit greater motor activity in a novel 
environment (high responders – HR) and those that 
are less reactive (low responders – LR) [46], for fur-
ther study only animals with a comparable activity 
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as an average were selected, animals with high and 
low locomotor activity were excluded.
B. Evoked motor activity – Rotarod test

Selected animals (n = 30) underwent the Rotarod 
tests for balance and coordination assessed pre-op-
eratively at five speeds of rotation: 10, 12, 14, 16 and 
18 rpm, to establish a baseline performance. For this 
test, the apparatus comprised of a rotating drum 
(Ugo Basile, Italy) was used. Four rats were placed on 
the revolving drum, one per testing station, and once 
they were balanced the stepper motor was started. 
The speed of the motor was increased to 10 rpm  
for 10 seconds and then progressively to 12, 14, and  
16 rpm for 10 seconds each. The highest speed,  
18 rpm, was maintained for 300 seconds until the 
5-minute test period elapsed. To evaluate motor func-
tion the measurement of latency (time in seconds) 
to fall from the rotating drum was taken. The timer 
began automatically when the motor was switched 
on and stopped when the animal fell down to the 
floor of the apparatus. Each animal had three conse-
cutive trials, the longest time on the drum being used 
for analysis. The animals were exposed to the Rotarod 
each day for 3 days to adapt the rats to the appa-
ratus. The rats were then intraperitoneally injected 
with 10% DMSO or MG-132 solution according to the 
protocol described below and tested once per week 
during eight weeks of observation on the Rotarod for 
periods of 300 seconds. The means of the test results 
were used for statistical analysis.
C. MG-132 administration

The animals were randomly divided into three 
groups: control (n = 10), which received an intraperito-
neal injection of 10% DMSO solution and two groups 
of rats that received a reversible proteasome inhib-
itor – MG-132 (lot # 3570428, Boston Biochem Inc., 
USA) dissolved in 10% DMSO. Protocol applications 
for both groups were based on the protocol proposed 
by McNaught et al. [33] for the application of other 
compounds from the group of proteasome inhibitors. 
Briefly, the rats received intraperitoneal injections of 
MG-132 every other day (total of 7 doses) for a period 
of two weeks. The first group of MG-132 rats (n = 10) 
received a higher dose (10 µg/g of body weight) of 
the inhibitor, while the second group (n = 10) received 
a lower dose (0.5 µg/g of body weight). Both doses 
administered to the animals were based on the those 
previously reported in the literature. The higher dose 
was used in the studies of [9,24,50], and the lower 
dose in the studies of [1,21].

Tissue collection and preparation

Eight weeks after first MG-132 administration the 
rats were deeply anaesthetized intraperitoneally with 
lethal doses of Nembutal (80 mg/kg of body weight), 
and then they were transcardially perfused with 0.9% 
saline containing 10,000 units of Heparin, followed  
by 4% solution of paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4; 4°C). Directly after perfusion, 
the brains were taken out of the skulls, postfixed in 
4% paraformaldehyde for 3-4 hours, and then cryo-
protected initially in 10% (overnight at 4°C) and sub-
sequently in 30% sucrose phosphate buffer solution 
(pH 7.4; 4°C). After the brains soaked in the solution 
(1-3 days), each left hemisphere was marked by slight 
damage of the neocortex, and then the brains were 
cut on a cryostat (Microm HM 525, Thermo Scientific) 
into 40 µm thick coronal sections. For further studies, 
sections were collected and preserved in a cryopro-
tective solution containing glycerol.

Immunohistochemistry

To evaluate the possible changes made by MG-132 
administration in the population of dopaminergic 
neurons in substantia nigra pars compacta (SNc), im-
munohistochemical staining with primary antibody 
against tyrosine hydroxylase (TH), a well-established 
marker of dopaminergic neurons, was performed. To 
evaluate all populations of SNc neurons double stain-
ing with anti-TH antibody and Neuro Trace 500/525 
green fluorescent Nissl Stain (lot # 649182, Invitro-
gen, Molecular probes, USA) was performed.

Briefly, free-floating sections were blocked in a 3% 
normal goat serum (NGS) and 0.3% Triton X-100 in 
0.01 M PBS (pH 7.2) for 1 hour at room temperature. 
Next, they were incubated with primary antibodies: 
mouse monoclonal anti-TH (Chemicon, USA; 1 : 500) 
in 0.01 M PBS (pH 7.2) containing NGS and 0.1% Tri-
ton X-100 at 4°C. After 48 hours the sections were 
washed with PBS and incubated (2 hours, room tem-
perature) with secondary goat anti-mouse antibody 
coupled with Cy3 (Jackson, USA; 1 : 800). Finally, they 
were washed with PBS, mounted onto gelatine-coat-
ed slides, air-dried and coverslipped with Keiser Gel-
atin (Merck, Germany). Omission of the primary anti-
bodies during control experiments resulted in a lack 
of signal.

For the unequivocal qualitative detection of both 
gross and fine scale neuronal degeneration, staining 
with Fluoro-Jade® B (Chemicon; Millipore) was used. 
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The manufacturer’s “Protocol for using Fluoro-Jade® B” 
was applied for the single and double (with anti-TH 
antibodies) sections staining.

Qualitative analysis

The low-magnification images and initial analy-
sis of immunostained sections were performed on 
an MVX10 MacroView research Macro Zoom Fluo res-
cence Microscope (Olympus, Japan) equipped with 
a XC50 digital camera (Olympus, Japan). The high- 
magnification images and co-localization study were 
performed using a confocal laser scanning micro-
scopy (CLSM) system (Radiance 2100, Bio-Rad UK) 
mounted on a microscope (Eclipse 600, Nikon, Japan). 
The CLSM images were obtained with 40× and 60× 
oil immersion objective lenses of N.A. = 1.3 and 1.4, 
respectively. The optimal iris diameter was used for 
each magnification. The CLSM images were analysed 
with LaserSharp 2000 and LaserPix v. 2.0 software 
(both Bio-Rad, UK).

Quantitative analysis

The CellSense Dimension 1.5 (Olympus, Japan) im- 
age analysis system was employed to assess the 
den sity of TH-ir positive cells in the substantia nigra 
pars compacta. The area of interest was outlined and 
computer-aided estimation was used to calculate the 
amount of TH-ir cells in the SNc. The number of TH-ir 
positive cells counted for both SNc on a separate slice 
was estimated individually for each animal. Represen-
tative sections of SNc were selected (between Bregma 
–4.80 and Bregma –6.04) [35]. All cells visible on the 
outlined area of a given section were analysed. Quan-
tification of intensity of TH-staining within the stria-
tum was performed according to the following me th-
od. The micrographs obtained with the aid of an image 
analysis system, CellSense Dimension 1.5 (Olympus, 
Japan), were converted into greyscale images (256 
shades of grey) for measurement of TH fluorescence 
intensity. For morphometric analysis, greyscale inten-
sity (GI; range 0-255: black = 0, white = 255) of TH-ir 
and background area were simultaneously measured 
using ImageJ 1.46R analysis software (NIH, USA) on 
a personal computer. The intensity of proportional 
TH-stained areas within dorsomedial, dorsolateral, 
and ventral striatum were measured through the ros-
trocaudal axis of the striatum. To compare the inten-
sity of the sections the data are presented as propor-
tional values of staging intensity (measured from 0 to 

255) of a given area versus intensity of TH-ir-negative 
background. Calculation of the density of SNc dopa-
minergic and non-dopaminergic neurons, as well as 
total number of SNc neurons, was also performed by 
analysis with LaserPix v. 2.0 (Bio-Rad, UK) CSLM imag-
es obtained with a 40X lens and zoom set to 1.9 from 
double stained sections. The size of the testing area 
was 165 × 165 µm. At least ten areas from each animal 
were studied. The first test area within SNc was cho-
sen randomly and the remaining ones were selected 
by systematic random sampling.

Measurements were carried out in 5 animals from 
each studied group (at least 3 sections/animal).

Statistical analysis

Data are expressed as mean ± standard errors of 
mean (SEM). To test the results for statistical signif-
icance, the following were used: (a) for data obtain-
ed from open field test – a nonparametric test Steel-
Dwass: Pairwise Comparisons for One-Way Layout 
Design; (b) for data obtained from Rotarod test – 2 × 2 
contingency table and Fisher test; (c) for TH-ir profiles 
distribution comparison – χ2 test for normality; (d) for 
the rest of the parameters – statistics were perform ed 
with original data via unpaired t-test. Differences were 
considered significant when p < 0.05.

Results

In the group of rats after intraperitoneal admini-
stration of MG-132 at a dose of 10 µg/g of body 
weight, the mortality was 40% during 24 hours after 
the first dose, and then an additional 40% during 
the next 24 hours. Therefore, we did not pursue fur-
ther experiments in this trial group.

In the group of rats that were given an intraper-
itoneal injection of MG-132 at a dose 0.5 µg/g of 
body weight and in the control group, mortality was 
not observed. There were no significant differences 
between the control group and MG-132 group in the 
changes of body weight during eight weeks of obser-
vation.

Intraperitoneal injection of MG-132 
does not affect exploratory activities 
and locomotor activity adequate to  
the circadian rhythm

A week after the last administration of 0.5 µg/g 
MG-132 dose, the first evaluation of spontaneous 
activity in an open field test was performed (Fig. 1). 
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We found that in the control group and in the group 
treated with MG-132 adequate to the circadian 
rhythm, locomotor activity was maintained. There 
were no significant differences between the groups 
in the studied parameters of locomotor activity. 
During the light phase of open field test, the aver-
age summary distance of locomotor movements in 
the control group was 93.2 ± 26.4 cm while in the 
MG-132 group it was 148.9 ± 90.6 cm. In both groups, 
the value of this parameter was significantly higher 
(p < 0.05) during the dark phase of the open field 
test: 779.7 ± 200.0 cm and 774.7 ± 82.3 cm, respec-
tively. The summary duration of locomotor move-
ments during the light phase in the control group 
was 12.4 ± 2.3 seconds while in the MG-132 group it 
was 17.3 ± 11.1 seconds, and during the dark phase 
it was 91.6 ± 23.6 and 88.8 ± 8.9 seconds, respec-
tively. The average velocity of locomotor movements 
did not differ significantly in both groups between 
the light and dark phases. In the control group,  
the values of this parameter were (light phase) 8.3 ± 
0.2 cm/s and (dark phase) 8.2 ± 0.2 cm/s, while in 
the MG-132 group they were 8.5 ± 0.1 cm/s and 8.8 ±  
0.1 cm/s, respectively.

There were also no significant differences between 
the control group and MG-132 group in the studied pa-  

rameters of exploratory movement. During the light 
phase of the open field test, the average summary 
distance of exploratory movements in the control 
group was 183.3 ± 26.4 cm while in the MG-132 group 
it was 494.8 ± 192.3 cm. The value of this parameter 
was higher during the dark phase of the open field 
test: 843.4 ± 217.2 cm and 1300.2 ± 249.7 cm, respec-
tively. The summary duration of exploratory move-
ments during the light phase in the control group was 
48.8 ± 11.1 seconds while in the MG-132 group it was 
129.3 ± 21.3 seconds, and during the dark phase it was 
200.2 ± 51.6 and 319.3 ± 70.1 seconds, respectively.

Very similar results were obtained during a sec-
ond open field test performed eight weeks after the 
start of the experiment (after the first dose, MG-132 
intraperitoneal administration).

Intraperitoneal injection of MG-132 
does not influence motor activity  
and coordination

Evaluation of forced motor activity and coordi-
nation of animals was performed at the end of each 
eight consecutive weeks of observation. Only in 
the third week were there any observed differenc-
es between the control group and MG-132 group. 
Whereas all control rats could remain on the rotating 

Fig. 1. Representative graphs of spontaneous activity recorded during light (with dimmed lighting) and dark 
phase (no lighting) of the experiment in control and MG-132 i.p. administered rats. Red colour represents 
locomotor movement, green colour represents exploratory movement.

Control – light phase

Control – dark phase

MG-132 – light phase

MG-132 – dark phase
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rod for close to the full 300 seconds duration of the 
test, 40% of the rats from the MG-132 group fell off 
the rod sooner, but it was not statistically significant. 
During the remaining Rotarod tests the average re-
sults obtained in both groups were almost equal.

Intraperitoneal injection of MG-132 
causes quantitative and qualitative 
changes in the population of rats 
substantia nigra pars compacta  
TH-ir neurons

The rats were sacrificed eight weeks after the be- 
 ginning of the experiment – first intraperitoneal 
administration of MG-132 in DMSO or 10% DMSO 
(for control). Dual immunohistochemical staining 
followed by image analysis and cell counting reveal-
ed that the number of neuronal profiles within the 
SNc of the rats administered with MG-132 was sig-
nificantly decreased by 17.1% (p < 0.01) as compared 
to the control animals (Fig. 2). A similar significant 
loss – of 20.1% (p < 0.01), of TH-positive neurons 
within the SNc of the rats administered with MG-132 
as compared to control animals was also observed. 
There were no significant changes between the 
number of non-TH-ir nigral neurons between the 
studied groups of rats (Fig. 2). These results indicate 
that dopaminergic neurons within the SNc undergo 
degeneration, not just the loss of possibility for TH 
expression. It also shows that populations of SNc 
non-dopaminergic neurons were not as susceptible 
to MG-132 as dopaminergic ones were.

Within the population of SNc TH-ir neurons, in 
addition to quantitative, qualitative changes were 
also observed. Image analysis of SNc TH-ir cell pro-
files from controls (n = 952) and MG-132 adminis-
tered rats (n = 839) revealed that distribution of 
those cells profiles differed significantly (χ2 = 115.116, 
p < 0.0001) between the studied groups. As is shown 
on the comparative distribution graph (Fig. 2), with-
in the SNc of MG-132 administered rats there was 
a marked decrease of large (bigger than 200 µm2) 
TH-ir neurons.

Intraperitoneal injection of MG-132 
induces TH-ir elements loss in rat 
striatum

In the rat striatum, the immunohistochemical 
study revealed the presence of TH-ir fibres locat-
ed predominantly within the matrix (Fig. 3A). Their 

diverse morphology closely corresponded to that 
reported by Gerfen and colleagues [16]. The most 
frequently observed were relatively thin (0.1-0.4 µm), 
smooth fibres with small varicosities (0.25-0.65 µm). 
These fibres were present within the matrix. They 
correspond to Gerfen’s type A fibres, being axon  
terminal dopaminergic cells from the dorsal tier of 
SNc (dorsal A9 cell group). Much less frequently, 
thicker fibres (0.2-0.65 µm) with larger varicosities 
(0.4-1.0 µm) were present. They were predominant-
ly located in the proximity of striosomes. Their mor-
phology and localization corresponded to type B 
fibres, being axon terminals dopaminergic cells from 
the ventral tier of SNc (ventral A9 cell group) and the 
ventral tier of substantia nigra reticulata (displaced 
A9 cell group).

The intensity of TH-staining in the striatum of the 
rats after intraperitoneal administration of MG-132 
compared to the density of TH-ir fibres in the con-
trol animals (Fig. 4) revealed that in the dorsomedial 
part of the striatum and ventral striatum no signifi-
cant differences were observed (values of calculated 
intensity factors were 1.57 vs. 1.63 and 1.53 vs. 1.55, 
respectively). A significant, 8% decrease (p < 0.05) 
of TH-ir in the dorsolateral part of the striatum (1.28 
in the MG-132 group vs. 1.39 in the control group,  
Fig. 4) was observed. A decrease in TH staining due  
to the loss of dopaminergic fibres was similar along 
the rostrocaudal axis of the striatum. This localiza-
tion of TH-ir loss may indicate that while limbic and 
associative areas of the striatum are relatively resis-
tant, the sensorimotor areas are more susceptible 
to damage caused by MG-132 administration. Fluoro- 
Jade B staining, detecting both gross and fine-scale 
neuronal degeneration, showed the presence of 
de generating fibres in the dorsal striatum (Fig. 3B). 
Those fibres were present in both striatal compart-
ments, within the matrix and striosomes, but only 
on brain sections from animals after MG-132 admin-
istration. Features of degenerating fibres morphol-
ogy were very similar to those present on TH-con-
taining axons innervating the striatum (Fig. 3). In 
addition to the fibres corresponding to type A and 
type B, occasionally (1-2 per section), a third catego-
ry of fibres in the matrix were observed. They were 
thicker (0.45-1.05 µm), and possessed vesicular, 
much larger varicosities (1.5-2.9 µm). Their morphol-
ogy and localization corresponded to type C fibres, 
being axon terminals of non-dopaminergic cells from 
SN. Double-labelling Fluoro-Jade B/tyrosine hydro-
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Fig. 2. Loss of TH-ir neurons in SNc in response to MG-132 administration. Normal density of TH-ir A, C (red),  
E (yellow) and non TH-ir E (green, marked with arrows) neurons in SNc in control animals. Loss of TH-ir F, I (red), 
H (yellow) and non TH-ir H (green, marked with arrows) neurons in SNc in MG-132 animals. Graph B shows a sig-
nificant loss of all neurons and TH(+) neurons, but not TH(–) in SNc of rats administered with MG-132. Graph J 
shows distribution of TH(+) profiles according to their size within SNc of studied groups. Scale bar 200 µm.
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Control

MG-132 FluoroJade B

MG-132 TH

A

B

Fig. 3. Morphology of the fibres within the striatum. A) Distribution and morphology of TH-ir type A fibres 
(small arrows) and type B fibres (large arrows) within the striatum of studied groups. B) Morphology of 
degenerating fibres revealed by Fluoro-Jade B staining. Type A fibres (small arrows), type B fibres (large 
arrows), type C fibres (asterisk) within the striatum of MG-132 rats – detailed description in the text.  
(s) – striosome; (m) – matrix. Scale bar 10 µm.
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lateral striatum but not in dorsomedial striatum 
and ventral striatum of rats administered with 
MG-132. Scale bar 1 mm.
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Fig. 5. Fluoro-Jade B/tyrosine hydroxylase (TH) double-labelling in the dorsal striatum of MG-132 administer-
ed rats. Degenerating fibres, Fluoro-Jade B positive, showed various morphologies – corresponding to type A  
of normal TH-fibres (A), fibres with large varicosities, type B of normal TH-fibres (B) up to the type C fibres 
with a collection of vesicular varicosities (C). Very low intensity of TH immunoreactivity (indicated by 
arrows) were detected in degenerating fibres with type A and B morphology (A, B). At the type C fibres (C) 
Fluoro-Jade B and TH positive elements comprised two separate populations. It is also visible on the 2D 
colocalization plots (with intensities of red colour plotted against intensities of green colour) corresponding 
to the confocal images (A-C). Scale bar 10 µm.
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xylase (TH) revealed that in the dorsal striatum of 
MG-132 administered rats’ degenerating fibres, very 
low intensity of TH immunoreactivity (Fig. 5) was 
detected in degenerating fibres with type A and B 
morphology. In the type C fibres, Fluoro-Jade B and 
TH positive elements comprised two separate popu-
lations. This has also been confirmed by co-localiza-
tion studies.

Discussion

After Alzheimer’s disease, Parkinson’s disease is 
the second most common neurodegenerative disor-
der. It affects more than 1% of the world population 
aged 65 years. Clinical symptoms of Parkinson’s dis-
ease (PD) include non-motor signs: olfactory deficits, 
sleep disturbances, depression, psychosis, and cog-
nitive impairment as well as more spectacular motor 
signs: muscular rigidity, bradykinesia, resting trem-
or, and postural instability. The latter result from the 
destruction of the substantia nigra dopaminergic 
neurons projecting to the striatum, and loss of dopa-
mine transmission in the motor loops of the basal 
ganglia. To date pathogenesis of PD has remained 
largely elusive and the general consensus is that PD 
is a multifactorial disease: a combination of genetic 
inheritance, aging and some unknown environmen-
tal factors. A growing number of reports provide evi-
dence that inhibition of the ubiquitin-proteasome 
system (UPS) plays a role in the pathogenesis of PD 
[49]. Confirmation of UPS impairment in the brains 
of PD patients given by findings of accumulation of 
UPS components and its substrates in Lewy bodies, 
reduced proteasome activity in substantia nigra, 
and the presence of PD in patients with mutations 
in gene encoding for several UPS-related key mole-
cules.

A great deal of possible information about the 
pathogenesis of PD has been obtained due to in vivo 
results from various animal models of this disease 
[3,5,40,44]. Among them, degenerative models with 
MPTP and rotenone are the most commonly used. 
However, recently it has been postulated that direct 
administration into elements of the nigrostriatal 
system [14,25,45] or systemic administration of pro-
teasome inhibitors may serve as a new animal mod-
el of PD. The basis of this theory was the results of 
animal studies indicating that systemically admin-
istered (intraperitoneally) proteasome inhibitors like 
PSI and epoxomicin may, after absorption into the 

bloodstream, penetrate the intact blood-brain bar-
rier and cause lesions at the substantia nigra, locus 
coeruleus, and the Meynert nucleus, and in conse-
quence, lead to an impairment of the motor function 
[32,33,38]. This allowed the researches to hypothe-
size that the use of proteasome inhibitors could  
be used to obtain a new animal model of Parkin-
son’s disease. It should be noted that not all groups 
of researchers were able to obtain the same results 
[6,23].

However, there are two previous reports describ-
ing the influence of MG-132 on the nigrostriatal path-
way [41,49]. According to our knowledge, the current 
report is the first to estimate the influence of systemic 
administration of MG-132. The results we have shown 
in this report reveal a significant loss of SNc dopa-
minergic neurons in rats six weeks after the end of 
systemic, intraperitoneal MG-132 administration. This 
loss was accompanied by a corresponding decrease 
in density of dopaminergic fibres within the dorso-
lateral striatum. Moreover, evidence of very limited 
but ongoing TH-ir fibre degeneration within the dor-
sal striatum suggests that MG-132 severely disturbed 
the nigrostriatal pathway. Our observation that the 
number of SNc TH-ir cells in the rats intraperitoneal-
ly injected with small doses of MG-132 decreased by 
20.1% corresponds to the results shown by Xie et al. 
[49]. They found that injection of 0.4 mg of MG-132 
into the medial forebrain bundle in mice decreas - 
ed the number of nigral TH-ir cells by 24.5%. The 
degree of SNc dopaminergic neuron loss observed by 
us is smaller than that produced by direct injection of  
0.4 µg MG-132 in 4 µl 1% DMSO into the substantia 
nigra reported by Sun et al., which was approximately 
40% [41]. Those discrepancies suggest that the differ-
ent administration routes of the same proteasome 
inhibitor may lead to different consequences. This was 
also recently shown for another proteasome inhibitor 
– lactacystin. A unilateral, intranigral injection of lac-
tacystin at doses of 0.5, 1, 2.5, and 5 µg/2 µl produced 
after 7 days, distinct decreases in the concentrations 
of dopamine (DA) and its metabolites (DOPAC, 3-MT, 
HVA) in the ipsilateral striatum. Such alterations were 
not observed in the striatal DA content and catabolism 
either 7, 14, or 21 days after a unilateral, intrastriatal 
high-dose lactacystin injection (5 and 10 µg/2 µl) [25].

The results of a previous study evaluating the 
influence of systemic administration of proteasome 
inhibitors on behavioural and neuropathological 
features of Parkinson’s disease are ambiguous. In 
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some experimental conditions, mainly after subcuta-
neous administration of PSI, a loss of SN dopaminer-
gic neurons was observed and varied between 40%  
[38] and 50% [51], and even exceeded 50% [33]. Four 
other groups of researchers, despite the fact that 
they tried faithfully to follow the experimental pro-
tocol proposed by McNaught et al., failed to replicate 
the results described earlier [6,22,23,30]. Our results 
support the theory of McNaught et al.

The striatum is responsible for integrating in com-
ing information from all areas of the cerebral cortex 
and creating motor patterns based on past knowl-
edge (procedural memory) and on the recent envi-
ronment and desires [11]. The striosome/matrix 
cytoarchitectonic structures of the striatum play 
a crucial role in its functional organization. Afferent 
connections present in the matrix, especially in the 
lateral part of the dorsal striatum, are related to sen-
somotor areas of the cerebral cortex. Matrix located 
more medially and striosomes have predominant 
associative- and limbic-related connections, respec-
tively [11]. Similarly to data from previous success-
ful demonstration of systemic proteasome inhibi-
tors’ effect on damage of nigrostriatal connections 
[32,33,38,51], we observed a loss of dopaminergic 
terminals within the striatum. Previous reports indi-
cated a decrease in dopaminergic innervations of 
the striatum by 30 to 40%. We observed that after 
intraperitoneal MG-132 administration the decrease 
of TH staining, due to the loss of dopaminergic 
fibres, was similar along the rostrocaudal axis of the 
striatum, but significant by 8% only in the lateral 
part of the dorsal striatum. The changes observed 
by us in the distribution of the striatal TH-ir fibres 
correspond to previous data obtained under other 
experimental conditions [39]. After MPTP adminis-
tration in monkeys the smallest loss of striatal TH-ir 
fibres named as “mild stage” was observed in the 
dorsolateral striatum. It suggests that the sensori-
motor areas of the striatum in the rat are more sus-
ceptible to damage, including damage caused by 
MG-132 administration, while limbic and associative 
areas are relatively resistant.

Under our experimental conditions, the loss of 
nigral TH-ir neurons in the SNc and dopaminer-
gic terminals in the dorsolateral striatum was not 
accompanied by the presence of motor abnormal-
ities, as shown by a series of behavioural tests of 
spontaneous and forced locomotion. The lack of sig-
nificant differences in spontaneous and forced loco-

motor activity observed by us appears to result from 
a relatively high amount (80%) of dopaminergic neu-
rons (TH-ir), which remained in substantia nigra pars 
compacta and 92% of dopaminergic terminals in 
striatum. According to earlier reports, during Parkin-
son’s disease at the onset of symptoms, putamenal 
dopamine is depleted by approximately ≈80%, and 
approximately ≈60% of SNc dopaminergic neurons 
have already been lost [13]. The results of other stud-
ies showed that motor signs of PD manifest after 
the loss of approximately 50% of nigral neurons and 
80% of striatal dopamine [4,47]. Two postmortem 
studies using more rigorous quantitative methods, 
such as using a tessellation method [17] and dissec-
tor-based neuromorphometry [27], found that about 
30% of nigral neuronal loss appeared sufficient to 
cause motor symptoms in PD [2]. However, recent 
research suggests that the first symptoms of Parkin-
son’s disease may manifest after just a 20% decrease 
in the number of dopaminergic neurons SNc, which 
has been shown in animal models where a reduction 
of about 14 to 23% of nigral neuron count or 14% to 
37% of striatal dopamine was sufficient to induce 
mild parkinsonism [43].

Systemic administration of proteasome 
inhibition

In rats with 50% loss of SNc dopaminergic neu-
rons after systemic PSI administration no bradyki-
nesia or akinesia was observed, but they did exhibit 
a reduction by 30 to 40% of exploratory behaviour. 
The 20% loss of dopaminergic cells in SNc and 8% 
loss of dopaminergic terminals in striatum, as ob-
served by us, may not be sufficient to produce motor 
symptoms of PD. 

Intraperitoneal administration of proteasome 
inhibitor Mg-132 is a method known for almost 
ten years; however, it is not applied universally. It 
is worth noting that attempts were made to use 
MG-132 for the treatment and prevention of a wide 
range of pathologies in animal models. The influ-
ence of intraperitoneal injection MG-132 has been 
studied in two aspects: (1) its immediate influence, 
evaluated in hours after administration and (2) its 
delayed influence, evaluated in days and weeks (up 
to 12) after administration.

Injected intraperitoneally, a single dose of MG- 
132, varying from 0.5 to 10 mg/kg b.w., was able to 
successfully act on the elements of the digestive 
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system. Observations made after intraperitoneal 
MG-132 administration have become the basis for 
a theory of the beneficial role of proteasome inhib-
itors not only in prevention, but also in the therapy 
of acute pancreatitis [9,24,50]. This beneficial effect 
is dependent on the induction of the expression of 
cell-protective heat shock proteins (Hsp72), modula-
tion of DNA-binding of nuclear NFκB, suppression of 
the elevation of pancreatic myeloperoxidase activi-
ty, tumor necrosis factor α (TNF-α), and intracellular 
adhesion of molecule-1 and serum amylase. Intra-
peritoneal administration of MG-132 also decreases 
inflammatory response, by lowering the increase 
in interleukin 1 (IL-1), TNF-α, and IL-10 levels in the 
caecal ligation and puncture model of sepsis [36]. 
Studies by Alexandrova et al. showed that intraper-
itoneal MG-132 treatment activates the liver anti-
oxidant enzyme system e.g. superoxide dismutase, 
catalase and glutathione peroxidase [1]. They pos-
tulated that MG-132 might play a preventive role 
in the development of cell and tissue injury. It was 
recently confirmed [21] in the rat model that intra-
peritoneal administration of MG-132 has a signifi-
cant effect in protection against liver injury induced 
by intestinal ischaemia/reperfusion, most probably 
due to modulation of NFκB and Aryl hydrocarbon 
receptor pathways. A single intraperitoneal dose of 
MG-132 appears also to act effectively on the struc-
tures belonging to systems other than the gastro-
intestinal. According to Chen et al., intraperitoneal 
administration of MG-132 shows a protective effect 
on lung injury in rats by significantly decreasing pul-
monary myeloperoxidase activity [9]. However, the 
most comprehensive study of immediate response 
to intraperitoneal MG-132 administration was pub-
lished by Holecek et al. [18]. They reported a signif-
icant increase in protein synthesis not only in the 
digestive system (liver), but also in the kidney and 
skeletal muscle. In addition, they observed a signifi-
cant decrease in proteasome-dependent proteolysis 
in skeletal muscle and the increase in protein turn-
over associated with a significant increase in prote-
asome-dependent proteolysis in the liver and kidney.

Authors more often indicate a possible systemic 
toxic effect and even an increase in the mortality risk 
in the reports where there were late effects of MG-132 
and the effects of multiple doses of the MG-132 stud-
ied [29,37]. A dose of 10 mg/kg of body weight (cumu-
lative dose of above 30 mg/kg) provided intraperi-
toneally seems to lead to high mortality, although 

rats can survive a cumulative dose of 105 mg/kg 
[7] delivered in 14 doses during seven days subcu-
taneously. After prolonged MG-132 administration, 
its delayed influence has been reported on more 
numerous structures from many systems. It has been  
reported that [19] in experimental inflammatory bo w-
el disease MG-132 in vivo reduced T cell-mediated  
intestinal inflammation but significantly suppressed 
cell migration and epithelial cell proliferation. MG-132 
also has an influence on the cardiovascular system 
[8,29,34]. In a low dose (0.1 mg/kg) MG-132 admin-
istered intraperitoneally once per day even for 2 or 
8 weeks may effectively prevent cardiac remodelling 
and dysfunction in pressure-overloaded hearts with-
out marked drug toxicity [29]. The effects of intra-
peritoneal injection of MG-132 was also studied on 
urinary [37], musculoskeletal [20,42], and respiratory 
systems [28]. The study revealed that MG-132 is not 
an adequate treatment to prevent endotoxin-in-
duced diaphragmatic dysfunction [20,42] but partial-
ly prevents muscle atrophy associated with disuse 
[20]. MG-132 administered in relatively large doses 
(4 mg/kg, repeated seven times) did not ameliorate 
tubulointerstitial fibrosis in rat unilateral ureteral 
obstruction [37]. Positive effects of MG-132, namely 
attenuation pneumonitis and cytokine gene expres-
sion in vivo by reducing coronavirus were observed 
[28].

In summary, intraperitoneal application of pro-
teasome inhibitor MG-132, despite the encouraging 
results of the experimental treatment and preven-
tion of many pathological processes, should be used 
with caution because of the potential adverse effects 
on the structure of the central nervous system, espe-
cially elements of the nigrostriatal pathway.
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A b s t r a c t

Traumatic/surgical brain injury can initiate a cascade of pathological changes that result, in the long run, in severe dam-
age of brain parenchyma and encephalopathy. Excessive scarring can also interfere with brain function and the glial 
scar formed may hamper the restoration of damaged brain neural pathways. In this preliminary study we aimed to 
investigate the effect of dressing with an L-lactide-caprolactone copolymer nanofiber net on brain wound healing and 
the fate of the formed glial scar. Our rat model of surgical brain injury (SBI) of the fronto-temporal region of the sen-
sorimotor cortex imitates well the respective human neurosurgery situation. Brains derived from SBI rats with net-un-
dressed wound showed massive neurodegeneration, entry of systemic inflammatory cells into the brain parenchyma 
and the astrogliosis due to massive glial scar formation. Dressing of the wound with the nanofiber net delayed and 
reduced the destructive phenomena. We observed also a reduction in the scar thickness. The observed modification of 
local inflammation and cicatrization suggest that nanofiber nets could be useful in human neurosurgery.

Key words: brain injury, L-lactide-caprolactone copolymer nanofiber net, glial scar, neurodegeneration.

Introduction

Traumatic brain injury (TBI) and its sequels con-
stitute a serious, critical public health and socioeco-
nomic problem throughout the world. It is the most 
important cause of mortality and disability mostly 
among young population in the world because of 
different causes of trauma, i.e. the rising number 
of motor vehicle accidents [4,5,14,18,21]. This is the 
problem not only in the highly developed countries, 
but in other countries, too. There are short- and long-

term aspects of clinically visible consequences of 
TBI. The instant or early posttraumatic consequences 
are monitored and treated after hospital admission; 
many of them are caused by neurosurgical interven-
tions. Long-term consequences of TBI, or so-called 
posttraumatic syndrome, was divided to three major 
categories, physical, cognitive and psychological [17]. 
The progress of posttraumatic long-term consequenc-
es of the above mentioned diseases is unpredictable. 
It is known that even very minor brain damages can 
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result in the most severe symptoms, conditions and 
consequences [13,23,31,33,34].

Another aspect to discuss is the potential trauma 
of post-surgical interventions due to the changes in 
the region of preparation, described as an oedema-
tous or vascular lesion. Obviously, the neurosurgi-
cal interventions to the brain should be minimally 
invasive, which means avoiding additional brain 
trauma, using safety entrance region to the lesions, 
avoiding inappropriate microsurgical manoeuvres. 
However, the posttraumatic brain injury and micro 
trauma after surgery can induce and initiate patho-
logical machinery into parenchyma and possible 
potential cascade of changes that result, in the long 
run, in progressive tissue damage [24]. After trauma, 
unfortunately there is no efficient neuroprotective 
treatment avoiding inflammatory response and this 
information is crucial for developing preventive and 
new treatment strategies. 

It is known that the scar tissue can be formed 
as a consequence of injuries or damages such as 
tumour or traumatic brain injury. Brain scar tissue 
can obstruct proper healing and brain function and 
may slow the nerve regeneration in the brain. It is 
known that disrupted nerve growth results in neu-
ral dysfunctions. This is the cause of symptoms in 
patients with brain damage involving the scar. Addi-
tionally, untreated scar can further worsen the brain 
function.

One of the possibilities to remove brain scar tis-
sue is to eliminate it by surgery. However, depending 
on where the scar tissue is located and how much it 
is, not all of it may be removed. New technologies, 
such as nanotechnology, provide a variety of differ-
ent treatment options of getting rid of the brain scar 
tissue as well as encouraging brain nerve regrowth. 

In our earlier studies we used a rat model of 
surgical brain injury (SBI) for investigating the con-
sequences of brain damage and scar formation [9]. 
In this animal model, the SBI is done by excising 
a moderate-sized piece of sensorimotor cerebral cor-
tex. This model imitates well the respective human 
neurosurgery situation in that it involves the most 
typical early consequences of TBI, such as brain 
oedema and neuronal death. The changes are very 
similar to those observed following brain ischemia 
[15,35]. 

The electrospinning has been known since the 
1930s. It is a comparably cheap and versatile method 
of production of micro- and nanofibers of a diameter 

ranging from a few micrometers to a few nanome-
tres. In the process, a fluid filament is stretched in 
a strong electric field and produces material that is 
collected as a nonwoven mat of micro- and nano-
fibers. Biomedical applications of nanofibers are 
concentrating on a unique property of micro- and 
nanofibers – they can mimic extracellular collagen 
matrix (fibrils size of 50-500 µm) [1]. The membranes 
are colonized by cells and nativized. If nanofibers 
are produced from biodegradable material they can 
serve as a temporary scaffold for externally pro-
duced implants seeded by cells. In such case, artifi-
cial nanofibrous scaffold is gradually digested by the 
cells and replaced by a native collagen matrix. 

Implantable devices made of micro-nanofibers are 
supporting guided cells growth for the use in re gen-
erative medicine to rebuild damaged, worn or aged 
tissue. For such types of applications, electrospun 
nanofibers have been tested for the urinary bladder 
wall regeneration, bone scaffold coatings, scaffolds  
for skin regeneration, post-surgery barrier material  
[e.g. 3]. Nanofibers are manufactured at a room tem-
perature that enables to produce membranes made 
of temperature-sensitive materials (e.g. polyhydro-
xyesters or proteins) [19]. Different types of drugs or 
even living cells can be incorporated into the material. 
Materials of biological significance are produced by 
the electrospinning process [11,25].

The aim of our present study was to examine  
the influence of the wound dressing material made 
of electrospun nanofiber membrane (nanofiber mat/
net) on injured brain parenchyma in an SBI rat model.

Material and methods

All applied routines involving animals were au tho-
rized by the 4th Local Animal Experimentation Eth-
ics Committee and were compatible with European 
Union regulations governing the care and use of lab-
oratory animals. Animals were kept in precisely spec-
ified and controlled conditions: in 60-70% relative 
humidity and temperature 20°C at 12 h/12 h light/
dark cycle (lights on at 7 a.m.), and were fed on stan-
dard food for laboratory rodents (Ssniff M-Z, ssniff 
Spezialdiäten GmbH, Soest, Germany) and pu rified 
tap water ad libitum. Experiments were carried out 
on adult Wistar male rats, weighing at the beginning 
of the experiment 200-250 g. Animals were divided 
into five experimental groups:
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1)  control, intact animals (sacrificed in the following 
time points: 4, 7, 14 and 30 day of the experiment; 
7 animals for each investigated time point), 

2)  animals with applied biodegradable nanofiber 
dressings on the surface of undamaged cerebral 
cortex (sacrificed in the following time points:  
4, 7, 14 and 30 day of the experiment; 7 animals for 
each investigated time point), 

3)  animals with the surgical injury of the cerebral cor-
tex made (sacrificed in the following time points: 
4, 7, 14 and 30 day of the experiment; 7 animals for 
each investigated time point), 

4)  sham-operated animals (full procedure of the scull 
trepanation was conducted) sacrificed in the fol-
lowing time points: 4, 7, 14 and 30 day of the exper-
iment; 7 animals for each investigated time point,

5)  animals with the surgical injury made with applied 
biodegradable nanofiber dressings on the surface 
of postoperative wound (sacrificed in the follow-
ing time points: 4, 7, 14 and 30 day of the experi-
ment; 7 animals for each investigated time point).
Nanomaterials used in our study were produced 

by electrospinning of poly (L-lactide-co-caprolac-
tone) (PLCL, containing 70% L-lactide and 30% 
caprolactone units) purchased from Purac Biochem 
BV, Gorinchem, the Netherlands, and dimethylfor-
mamide (DMF) purchased from POCH, Poland. All of  
the materials were used without any further purifi-
cation. The electrospinning process was performed 
according to the procedure described in detail earlier 
[19]. Briefly, the electrospinning solution was made  
of 9% of PLCL dissolved in 1:9 (wt/wt) mixture of  
DMF and CHCl3. The solution flow rate was fixed at 
500 µl/h, positive electric potential of the 0.75 kV/
cm was applied to the needle and spinning distance 
was 20 cm. The resulting polymer nanofibers were  
collected on a rotating drum (3000 rpm) covered with 
aluminium foil. The structure of the mat was exam-
ined by the Scanning Electron Microscopy (SEM, 
Jeol, JSM 6390 LV, Japan). Fibers were sputtered with 
a gold (mini sputter coater SC 7620, Polaron, Unit-
ed Kingdom) and the thickness of fibers and whole 
mats were analyzed. The thickness of fibers was 0.5- 
2.3 µm and the size of investigated mats was 80- 
120 µm. Porosity of the material was calculated by 
dividing the density of the nanofibrous mat (net) by 
PLCL density (1.17 g/cm3), according to the method 
presented by Lee, it was 69% [22]. 

Neurosurgical damage of some part of the so ma-
tosensory cerebral cortex was performed ac cording 

to the procedure described previously [7]. In short, 
the operation of surgical injury of the cerebral cortex 
was performed under deep anaesthesia (20 mg/kg 
ketamine hydrochloride). After the skin was incised, 
the frontal bone was trepanned 2 mm laterally from 
the bregma and 2 mm anteriorly to the coronal 
suture and the meninges was incised. The operated 
cortex (a 2 × 2 × 2 mm region of the somatosenso-
ry cortex) was hemisected with a small scalpel and 
the wound was closed. The skin wound was sutured. 
After the operation, the animals were placed in stan-
dard animal house conditions under the experiment-
er’s care. After the above specified survival times the 
animals were perfused and material collected from 
their brains was evaluated using techniques of light 
and electron microscopy (see below).

All animals were deeply anesthetized using Ne m-
butal (80 mg/kg b.w., i.p.) and perfused by the as- 
 cending aorta, initially applying 0.9% NaCl in 0.01 M 
sodium-potassium phosphate buffer pH 7.4 (PBS), 
and afterwards with ‘regular’ ice-cold fixative (with 
4% formaldehyde in 0.1 M phosphate buffer pH 7.4 
for light microscopy or with 2% paraformaldehyde 
and 2.5% glutaraldehyde in 0.1 M cacodylate buf-
fer, pH 7.4 for transmission electron microscopy), 
as described earlier [7]. Following the perfusion, 
the brains were taken away from the sculls to be 
immersed for 2 h in the same fixing agent. After-
wards, the brains were saturated with sucrose 
through immersing in 10, 20 and 30% (w/v) sucrose 
solutions in PBS and cut to 40 µm-thick free-floating 
coronal sections applying a cryostat (CM 1850 UV, 
Leica, Germany). In the next step, the sections were 
prepared for immunohistochemical (IHC) studies. 

Free-floating brain sections were preincubated 
with 3% normal goat serum solution in PBS sup-
plemented with 0.2% Triton X-100 (PBS+T). Sub-
sequently, the sections were incubated for 1 h at 
37°C with PBS+T containing 1% normal goat serum 
and following primary antibodies (Abs): 1) murine 
monoclonal Ab against NeuN (Chemicon, USA, dil. 
1 : 1000); 2) murine monoclonal Ab against GFAP 
(Chemicon, USA, dil. 1 : 1000); 3) murine monoclonal 
Ab against Vimentin (Santa Cruz, USA, dil. 1 : 400) 
and 4) murine monoclonal Ab against macrophages 
(Santa Cruz, USA, dil. 1 : 400). The reaction was ter-
minated by washing the sections with PBS+T. Next, 
the sections were incubated for 1 h at 37°C with  
the respective secondary Abs. The secondary Abs 
used were as follows: 1) goat anti-mouse antibody 
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conjugated with Alexa Fluor 594 (Invitrogen, USA, 
dil. 1 : 100) or 2) goat anti-mouse antibody conju-
gated with HRP (Bio Rad, USA, cat. no. 170-5047, dil.  
1 : 1000; and the reaction was visualized using DAB 
as a chromogen). Finally, the sections were rinsed 
with PBS+T, mounted on silanized glass slides (Sig-
ma) and covered with Vectashield mounting medi-
um for fluorescence microscopy (Vector Labs Inc., 
Burlingame, CA, USA). 

Immunostaining was detected with a model 
Op  tiphot-2 Nikon fluorescent microscope (Japan) 
equipped with the appropriate filters, and record ed 
with a model DS-L1 Nikon camera (Japan). Specificity 
of the immunostaining was verified by performing 
a control (“blank”) staining procedure with primary 
antibodies omitted in the incubation mixture. No 
staining was observed in these control sections.

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, No 33258, 
B-2883, Sigma; prepared in PBS) for 2 min at room 
temperature. The stain was then drained off and 
cover slipped with PBS for visualization.

Tissue specimens for electron microscopy analy-
ses were collected from rats anesthetized and per-
fused as above. The tissue specimens for electron 
microscopy analyses were collected from the cere-
bral cortex bordering the surgical cortical injury in 
the operated rats and from the related cortex part in 
the control rats. The specimens were handled with 
the typical ice-cold fixative (see above) post-fixed 
in 1% (w/v) OsO4 solution in deionized water, dehy-
drated in an ethanol gradient, and at last encased 

Fig. 1. Hoechst labelling of cell nuclei. The control cortex shows the presence of numerous nuclei with 
unchanged morphology (left panel). The lesioned cortex shows many cells with pyknotic nuclei revealed  
by intense fluorescence (middle panel). Application of the poly-caprolactone nanofiber mat at the time of 
the lesion (right panel) hampers the changes in the nuclear morphology.
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in epoxy resin (Epon 812). Ultrathin (60 nm) sections 
were prepared as described earlier [8]. Material  
was examined in a transmission electron microscope 
(JEM-1200EX, Jeol, Japan).

GFAP-positive structures (processes and soma-
ta) forming the glial scar on the wound were exam-
ined using the Scion Image software (Scion Corp.).  
The GFAP-positive structures are reduced to a single 
pixel in width.

Results

Brain sections of intact control animals (experi-
mental group 1) from all investigated time points 
revealed a proper morphological structure of all com-
posing elements of the neurovascular unit: neurons, 

astrocytes and capillary blood vessels (Figs. 1-5).  
Similar results were obtained in the respective sam-
ples from sham-operated animals – experimental 
group 4 (data not shown). 

Analysis of samples from the rats with nanofiber 
net dressing placed on the surface of intact neocor-
tex (experimental group 2) has demonstrated no 
major changes in the examined structures (data not 
shown). In particular, there were neither neurode-
generation nor inflammatory reaction in the brain 
cortex as evidenced by the absence of macrophages. 
We also did not detect any activated astro- and 
microglial cells, only a slight increase in the number 
of GFAP-positive astrocytes was found in the vicini-
ty of the dressing, but the cells showed no signs of 
hypertrophy (data not shown).

Fig. 2. NeuN immunostaining of rat cerebral cortex. Cortical sections derived from control animals (left 
panel) show the presence of numerous intensively stained neurons. Material from the damaged cortex 
(middle panel) shows a major decrease in staining intensity and in the number of labelling cells. Sections 
from brains dressed with nanofiber nets (right panel) show many neurons revealing intense immunosignal 
in all investigated time points.
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Brain sections from rats subjected to the surgical 
lesion of the cerebral cortex (experimental group 3) 
showed massive death of neuronal cells (Figs. 1 and 
2), which was most intense between 4 and 14 days 
post-surgery, and were associated with macrophage 
influx from the site of the trauma (Figs. 5C and 6). 
Electron microscopic data confirmed and extend-
ed that result. We found many macrophages local-
ized in the vicinity of the lesion. We also detected 
numerous neurons dying via apoptosis and only few 
apoptotic astrocytes (data not shown). 

Starting from the early post-surgery times (4 days 
post-lesion) a massive hypertrophy of astrocytes 
was seen in the perilesional cortical area (Fig. 7). 

The same phenomenon was observed in the area 
located at some distance to the injured tissue (Fig. 3). 
The scar-forming GFAP-immunoreactive (GFAP-IR) 
cells observed in the later post-operative time points 
were highly hypertrophied (Fig. 7), and some of the 
scar-forming astrocytes were vimentin-positive (Fig. 8). 
Some of the astrocytes located in the distance to 
the damaged cortical region were vimentin-positive 
too (Fig. 4). The activation of astroglial cells and glial 
scarring were associated with the formation of new 
capillary blood vessels in the perilesional area (Fig. 9). 
Thirty days post-lesion the scar formed at the site of 
the trauma showed signs of destabilization and sec-
ondary degeneration (Fig. 9B). 

Fig. 3. GFAP immunostaining within the cerebral cortex area located distant to the lesion. Sections from the 
control cortex show scanty GFAP immunoreactivity (left panel). In the lesioned cortex, a massive increase 
in GFAP signal and astrocyte activation is visible (middle panel). Following the application of the nanofiber 
mat, the number of astrocytes and the intensity of GFAP signal were smaller than those observed in the 
injured animals (right panel).
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The analysis of brain sections from the rats 
subject to surgical neocortex lesion that has been 
dressed with the nanofiber net (experimental group 5)  
showed only weak inflammatory signs. In particu-
lar, no macrophage infiltration or only single mac-
rophages were found in the investigated brain area 
(Figs. 5D and 6). 

There was also no formation of new blood ves-
sels and no massive glial scarring (Fig. 5D). Several 
induction of astroglia (GFAP- or vimentin-positive 
cells) (Figs. 3, 4 and 7, 8) and formation of a sub-
tle, barely visible glial scar on the surface of the 
lesioned neocortex were observed. Additionally, the 
glial scar was much thinner than that observed in 
the lesioned brains without dressing with nanofiber 
mat. Its structure was also much more “orderly” (see 
Figs. 5D, 7 and 8). 

The GFAP immunoreactive structures (perikarya 
and cell processes) were analyzed with use of the 
Scion Image software, where these structures were 
reduced to a single pixel in thickness (Fig. 10). 

Discussion

Membranes manufactured using the electrospin-
ning method have bounded permeability, particu-
larly for cells, however, permanent drainage of their 
decomposition products is kept. Besides, nutrient, 
oxygen and metabolites diffuse with ease through 
the membrane. The above membranes were made of 
micro- and nanofibers, which – because of their sim-
ilarity to the Extracellular Collage Matrix – are treat-
ed as a natural environment by cells. The electro-
spun membranes are composed of polyester which 
gained medical approval: poly(L-lactide-co-caprolac-

Fig. 4. Vimentin immunostaining within the cerebral cortex area located distant to the lesion. In the control 
cortex, negligible vimentin immunoreactivity was observed (left panel). The injured cortex revealed increase 
in the staining intensity (middle panel). Application of the nanofiber mat (right panel) counteracts the change.
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tone) (PLCL). PLCL is a copolymer of lactic acid and 
6-hydroxyhexanoic acid. The electrospun mat was 
used to protect damage brain tissue from further 
progressing injury in the SBI rat model. Gradual 
biodegradation (12-24 months) of the mat was sup-
posed to promote the correct healing process.

There are two kinds of products of membrane 
degradation: natural metabolite (lactic acid) and 
its analogue (6-hydroxyhexanoic acid). By reason 
of chemical character, both of acids in high con-
centrations have an irritating action to tissue. Lac-
tic acid (pKa = 3.83) is eight times stronger than its 
non-toxic analogue – 6-hydroxyhexanoic acid (pKa = 
4.75). Although the fibrous mat maintained strength 
comparing to the solvent-cast membrane, it was 
created from far less material. Thanks to contact of 
the damaged tissue with far less irritating hydroxy 
acids (produced during hydrolysis), inflammation is 

presumed to be much lower. Solvent-cast polymeric 
membranes accumulate hydroxy acids which were 
formed during the in vivo hydrolytic degradation of 
polyhydroxy acid (PHA), monomeric hydroxy acids. 
These acids play an autocatalytic role, that is they 
accelerate the process of hydrolytic degradation 
what in consequence causes faster degradation of 
thicker materials. The fibrous structure is also a key 
issue for the stability of the membrane. The nanofi-
brous mat is easily emptied by biological fluids and 
do not accumulate hydroxy acids. A class of biopoly-
mers, aliphatic polycarbonates, which was widely 
studied by the authors before [26-29], creates a very 
weak carbonic acid during the hydrolytic degrada-
tion and therefore is free from the problem of auto-
catalytic hydrolysis. 

Nanomaterials have a huge potential for the new 
techniques in the tissue engineering. The aim of tis-

Fig. 5. Electronograms of the control (sham-operated, A) and lesioned cerebral cortex (B-D); 4 days post-lesion.
Electronogram B reveals massive glial scarring observed in the absence of the nanofiber net in the corti-
cal molecular layer. The zone above the lesion (C) shows the presence of macrophages (m) and probably 
lymphocytes (e). Nanofiber net application at the time of the lesion attenuates the scarring and prevents 
infiltration of morphotic blood elements (D). Electronogram D shows a part of the cortical molecular layer.

A
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sue engineering and regenerative medicine is to pro-
duce a biological substitute in order to restore, main-
tain or repair damaged tissue and organ functionality. 

Our preliminary research employs the electro-
spun nanofiber mat in order to prevent nervous 
tissue from cicatrization after surgical injury. Glial 
scar formed after brain injury is an effective barri-
er preventing regeneration of the damaged area of  
the brain. Moreover, delayed consequences of such 
injuries are reported [31]. Prevention of nervous tis-
sue from cicatrization leads to its better post-dam-
age condition.

Our model imitates well the respective human 
neurosurgery situation and involves the most typ-
ical consequences of SBI, such as brain oedema 
and neuronal death. The model makes it possible to 
study various processes accompanying the course 

of repairing and rebuilding the damaged area of the 
brain at different time intervals after the injury. 

The results obtained from intact animals (exper-
imental group 1) analyzed at all experimental time 
points show proper morphology of all neurovascular 
unit components. Similar data were obtained from 
the brains derived from animals of experimental 
group 2 (animals with the nanofibrous mat applied 
on the undamaged cerebral cortex). These data let 
us to suppose that the nanofiber nets did not evoke 
inflammation, e.g. they meet the first criterion to be 
used as a material for medical applications. 

Results of analysis of material harvested from 
animals of experimental group 4 (sham-operated 
rats) were similar to results of the control group.

Results of experimental group 3 (animals with 
performed surgery) revealed that surgical injury 

Fig. 6. Macrophages immunostaining. Macrophages in the cerebral cortex. In the control cortex we did not 
find any macrophages (left panel), but numerous macrophages were detected in the lesioned cortex (mid-
dle panel). Tissue dressed with the nanofiber mat (right panel) show only few macrophages at the early 
experimental time point.
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of the cerebral cortex leads to degeneration and 
death of cells close to the wound. Afterwards, it also 
affects areas distant to the lesion [32]. In the cor-
tex of animals of this group we detected numerous 
dying neurons with features indicating apoptosis 
(highly condensed nuclear chromatin, the presence 
of apoptotic cells) as well as necrosis (cells bloating, 
defecting of cell organelles). Our data confirmed the 
results of other investigators [6]. 

The trauma also disrupted the blood-brain bar-
rier (BBB), which enabled massive migration of 
blood cells and serum into the wound area. Disrup-
tion of the BBB was an early feature of lesion for-
mation leading to oedema, excitotoxicity and entry 
of serum proteins and inflammatory cells [11]. It is 
known that damage to the endothelium of blood 
vessels is a known pathway for initiation of inflam-

mation. Monocytes from the bloodstream enter 
peripheral tissue and transform into macrophages, 
which are the primary phagocytes of the immune 
system [12]. 

At four days after the surgery we registered 
a considerable number of macrophages on the ana-
lyzed area of the cerebral cortex. 

Astrocytes take part in all forms of CNS insults 
(e.g. trauma or ischemia) by a process common-
ly referred to as reactive astrogliosis. This process 
results in scar formation [30]. Reactive astrogliosis 
plays an essential role in orchestrating the (brain) 
injury response as well as in regulating inflamma-
tion and repair. In the analyzed model of brain dam-
age as early as 4 days after injury, a massive astro-
gliosis appears and at later post-lesion time points, 
glial scar formation starts at the place of damage [7]. 

Fig. 7. GFAP immunostaining of the cortical region adjacent to the lesion. The control cortex shows scanty 
GFAP immunoreactivity (left panel). The cortical lesion induces massive increases in the staining and astro-
cyte activation (middle panel). Application of the nanofiber mat (right panel) counteracts the changes.
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Electron-microscopic (TEM) observations confirmed 
the light microscopic findings.

Numerous active astrocytes were part of the glial 
scar (GFAP- positive and Vim-positive) and possess-
ed distinct attributes of hypertrophy. Astrocytes were 
ar ranged randomly and form a thick multilayer struc-
ture on the surface of the damaged cerebral cortex. 
Recent studies indicate the ambiguous role of reac-
tive astrocytes in the formation of glial scars after the 
injury. On the one hand, it forms an effective barrier 
precluding the regeneration of nerve fibers on the 
damaged area, but on the other hand, it also precludes 
penetration of blood elements, which could addition-
ally deepen the processes of degeneration through 
intensification of inflammatory processes in the tis-
sue [16]. The contribution of immature (Vim-positive) 
astrocytes, occurring in the scar, in the promotion of 

regeneration after damage is also postulated. Never-
theless, our experiments conducted for an extended 
time after injury demonstrated that the glial scar is 
not a stable structure at this scale of time. Just 30 days 
after the operation, the initiation of scar decomposi-
tion and delayed degeneration in the area adjacent to 
the scar was observed. Considering these results we 
believe that the inhibition of reactive astrogliosis may 
be a useful therapeutic target in some situations.

At early postoperative time (4 days), the forma-
tion of new blood vessels in the area adjacent to 
the damage was observed. Nascent blood vessels, 
however, were morphologically anomalous to a high 
degree, which indicates its dysfunctionality. Most of 
them showed no pericytes in the vessel wall.

The main target of current research was to exam-
ine if the electrospun nanofiber mat may be useful as 

Fig. 8. Vimentin immunostaining of the cortical region adjacent to the lesion. The left panel shows sections 
from the control cortex with only weak vimentin immunoreactivity, opposite to the heavy immunoreaction 
visible in the injured cortical area (middle panel). Application of the nanofiber membrane (right panel) 
counteracts the changes.
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a barrier material preventing from cicatrization of the 
brain parenchyma. A massive astrogliosis observed 
in the experimental group 3 was not detected in the 
brains derived from animals with the nanofiber mat 
applied on the injured cortex (experimental group 5). 
Observed astrocytes did not show any signs of hyper-
trophy. Interestingly, a glial scar was formed by astro-
cytes organized in a more “orderly” manner than that 
observed in experimental group 3. The scar was also 
much thinner and had an ordered character. No influx 
of macrophages was observed in the area of damaged 
tissue. It suggests that the nanofiber net may protect 
tissue against the cascade of uncontrolled damage 
resulting from excessive proliferation of astrocytes and 

inflammation initiated. We suppose that the structure 
of the nanofiber mat can also simulate the structure 
of extracellular collagen matrix for the damaged tissue 
and have an influence on the lesion to particular com-
ponents of the neurovascular unit. This would mean 
that the material simulating regular environment of 
extracellular matrix may modify the response of cells 
to the surgical injury. Furthermore, the main product 
of the nanofiber mat degradation, lactic acid, is postu-
lated as a neuroprotective factor [2]. 

Conclusions
The nanofiber net used in this study is biocom-

patible and favourably modifies local inflammation 

Fig. 9. Electronograms of the lesioned cerebral cortex. Electronogram A shows a new blood vessel formed 
in the peri-lesion zone, 14 days post-lesion; “vl” denotes vessel lumen. Electronogram B shows the glial scar 
region, 30 days post-lesion. Note signs of scar destabilization: astrocyte (As) and astrocytic processes (a) 
with signs of swelling, “c”s denote cavities formed due to glial scar decay. 

A B

Fig. 10. Skeletonization of GFAP immunoreactive processes and somata. Note the highest density of GFAP- 
positive structures in the lesioned cortex with no nanofiber net application. 

Control Lesion Lesion + nanofiber mat

http://rcin.org.pl



68 Folia Neuropathologica 2014; 52/1

Dorota Sulejczak, Jarosław Andrychowski, Tomasz Kowalczyk, Paweł Nakielski, Małgorzata Frontczak-Baniewicz, Tomasz Kowalewski

and cicatrization. Our results suggest that such 
nanofibers could be useful in neurosurgery.
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A b s t r a c t 

Sphingosine kinases (SphK 1&2) are involved in the regulation of cell survival, differentiation and neurotransmitter 
secretion. Current data suggest potential links between sphingolipid signalling, α-synuclein (ASN) and Alzheimer’s 
disease (AD). Our aim was to investigate the possible role of SphKs and ASN in the regulation of the production and 
secretion of the amyloid β precursor protein (APP). We have previously shown that ASN intensified the secretion and 
toxicity of amyloid β (Aβ) to the point where it caused cell death. Our current results show that APP, the precursor 
protein for Aβ, is also influenced by ASN. The stable overexpression of wtASN in SH-SY5Y cells caused a three-fold, 
significant increase of the cellular APP level. This suggests that the influence of ASN on Aβ metabolism may actually 
occur at the level of APP protein rather than only through the changes of its cleavage into Aβ. To elucidate the mech-
anisms of APP modulation the cells were exposed to S1P and an SphK inhibitor (SKI). 72 h S1P treatment at 5 μM 
caused a nearly 50% reduction of the cellular APP signal. S1P also caused a tendency towards higher APP secretion, 
though the results were insignificant. The inhibition of SphKs decreased medium APP levels in a dose-dependent 
manner, reaching significance at 5 μM SKI with a correspondingly elevated intracellular level. Thus, it is reasonable 
to expect that in fact the influence of SphK activity on APP might be pro-secretory. This would also be in agreement 
with numerous articles on SphK-dependent secretion in the literature. The chronic nature of AD further suggests that 
subtle alterations in APP metabolism could have the potential to drive important changes in brain condition. 

Key words: sphingosine kinase, S1P, SH-SY5Y, Aβ, α-synuclein, neurodegeneration, AD. 

Introduction 

Sphingosine kinases (SphK1&2) and their signal
ling pathways are key regulators of cell survival, pro

liferation and differentiation. Moreover, SphKs influ
ence crucial functions of neurons such as the secretion 
of neurotransmitters or neurite shape. The SphK pro  
duct sphingosine1phosphate (S1P) may play the role 
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of an intracellular second messenger or act through 
cell surface receptors. The extracellular presence of 
S1P is dependent on the translocation of SphK1 to the 
plasma membrane; SphK2 can also undergo intracel
lular translocation, but the compartment and targets 
of S1P produced in such cases are different. 

Accumulating evidence suggests the involvement 
of sphingosine kinases in a number of pathologi
cal conditions. Ageing is the crucial risk factor for 
Alzheimer’s and Parkinson’s diseases (AD and PD, 
respectively). The enhanced neuronal vulnerability 
to oxidative stress in ageing may be a result of the 
dysregulation of membrane lipids including sphin
golipids [15]. Disturbed S1P levels could also poten
tially facilitate neurodegenerationlinked events such 
as ischaemic brain damage. S1P and especially its  
precursor, sphingosine, have already been found to 
possess some protective effects in the ischaemic 
heart model; it is tempting to speculate that it could 
be of interest in the brain ischaemia as well [36]. How
ever, the results are highly unclear as S1P can be both 
cytoprotective [36] and sensitise the cells to oxidative 
stressinduced calcium dysregulation [5]; its chang
es in various organs seem to take different courses. 
The role of S1P in glutamatergic neurotransmission 
constitutes another important aspect of its potential 
influence of neuronal survival. The ischaemic damage 
is largely linked to a wave of uncontrolled neurotrans
mitter secretion. S1P takes part in the regulation of 
neuronal excitability and learning and memory phe
nomena [19]. It has been shown to trigger glutamate 
release and, importantly, to enhance depolarisation 
induced secretion of the neurotransmitter [16]. 

It remains to be explained if conditions such as 
AD or PD can be affected by the agerelated distur
bances of sphingosine signalling and if these chang
es could create vulnerable background for the devel
opment of such diseases. Some results indeed point 
to the possible role of SphKs in AD. Sphingolipid sig
nalling influences amyloid beta (Aβ)induced inflam
mation [18]. Moreover, Aβ inhibits SphK1 activity in 
SHSY5Y neuroblastoma [10] and selectively modu
lates the expression of some S1P receptor subtypes 
in monocytes [18]. Disturbances in sphingolipid me
tabolism are noted in AD starting from the earliest 
stages [20] with the levels of proapoptotic ceramide 
increased and activated catabolism of the usually 
prosurvival compound S1P. Importantly, changes 
observed correlate with cognitive decline. This phe
nomenon may potentially constitute a crucial fac

tor of neuronal death and the resulting dementia.  
The levels of ceramides (Cer16, Cer18, Cer20, and 
Cer24) are changed in AD brains [8] and serum 
d18:1C16:0 and d18:1C24:0 ceramides are associ
ated with an increased AD risk [25]. SphK overex
pression reduces the toxic effect of Aβ [10]. Inhib
itors of selected enzymes involved in sphingolipid 
metabolism may be extremely promising tools in AD 
research. Moreover, ceramide stabilises betasecre
tase and boosts Aβ levels while glycosphingolipid 
depletion inhibits APP maturation and transport 
[29,34]. Thus, the ceramideS1P ‘biostat’ shows vast 
potential as a possible important point of ADrelated 
pathology. 

Amyloid β and its precursor protein (APP) have 
long been viewed among the central elements of 
neuronal survival and death. However, more recent 
research has suggested that αsynuclein (ASN) may 
also be a factor of AD pathology. ASN is a small pep
tide of up to 140 amino acids; β and γsynucleins have 
also been identified. All synucleins are enriched in the 
central nervous system, particularly in the structures 
affected by AD: the neocortex, hippocampus and sub
stantia nigra. 

Despite classically being viewed as an intracellu
lar protein, ASN has recently been found to undergo 
secretion [11] and uptake to the surrounding cells 
[22]. ASN is found in intracellular Lewy bodies pres
ent in Parkinson’s disease and in ca. 60% of Alzhei
mer’s disease (AD) cases. Moreover, a fragment of 
αsynuclein dubbed nonAβ component of AD amy
loid (NAC) is found in Aβ plaques in Alzheimer’s and 
other diseases [35]. The immunoreactivity of ASN it  
self was also found in mature core amyloid plaques 
[3]. αsynuclein enhances amyloid β secretion from 
cells in culture twofold [21]. ASN also potentiates  
Aβ toxicity; this leads to mitochondrial damage and 
programmed cell death in a mode probably depen
dent on the Aβ load [21]. ASN could facilitate Aβ 
aggregation [24], though ASNdeficient models can 
also show accelerated Aβ aggregation [17]. The ASN 
level is increased in AD [3]. Finally, membranebound 
ASN physically interacts with amyloid β [24], though 
its mechanism and exact significance are highly 
unclear. 

The currently available data suggest potential 
links between sphingolipid signalling and αsynucle
in. Moreover, ASN may be engaged in Alzheimer’s 
disease and modify the metabolism and fate of amy
loid β precursor protein. The aim of our work was 
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to investigate the possible link between sphingosine 
kinase signalling, ASN and the production and secre
tion of APP. 

Material and methods 

Dulbecco’s modified Eagle’s medium (DMEM)/
F12 and other cell media as well as inorganic reagents 
were from Wako. Alltrans retinoic acid was from  
SigmaAldrich. AntiAPP (clone# 22C11) antibody was  
purchased from Millipore. SphK inhibitors were from 
Calbiochem; S1P from Biomol. 

The human SHSY5Y neuroblastoma cell line is 
known to be able to both proliferate and differen
tiate in culture and is able to express a number of 
neuronal features including beta dopamine hydro
xy lase activity and cholinergic and glutamatergic 
phenotypes. Lowpassage (< 16), stably transfected 

wtASNexpressing SHSY5Y cells were used for quan
titative studies of S1P and SKI influence. As αsynu
clein undergoes proteolytic degradation in certain 
cell states and alltrans retinoic acid (ATRA)induced 
cell differentiation inhibits this phenomenon [30], we 
treated the cultures for five days with 10 µM ATRA. 
ATRA induced morphological changes towards a more 
arborised phenotype as shown in Fig. 1A. The sur
vival of the differentiated cell line was found to be 
unaffected by the concentrations of S1P or SKI used, 
which differs somewhat from the situation in nondif
ferentiated cells. 

As the endogenous ASN levels were still very low 
(data not shown), a stably transfected cell line was 
prepared for use in the ASN quantification experi
ments. Standard molecular biology methods were 
employed. A fulllength human ASN sequence was 
cloned from total RNA using proofreading RTPCR 
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(Roche Transcriptor HiFi cDNA Synthesis & KODplus  
Neo kits) with primers: 

5’cgaggtaccatggatgtattcatgaaagg3’ (sense); 
5’cagggtaccttaggcttcaggttcgtagtc3’ (antisense),
purified using Promega Wizard SV Gel and PCR 

CleanUp System according to the manufactur
er’s protocol, then inserted into a pCMV5 vector.  
The vector was ligated and amplified in commercial
ly obtained competent DH5α bacteria from TaKaRa, 
PCRchecked using EmeraldAmp MasterMix (TaKaRa) 
and isolated with the Promega Wizard Plus miniprep 
kit. The insert was verified through sequencing us ing 
the BigDye® Terminator v3.1 kit from Applied Bio
systems. The vector was cotransfected into SHSY5Y 
cells with a pSV2 vector using the FuGene 6 reagent 
(Promega). Stably transfected SHSY5Y clones were 
selected with 5 µg/ml blasticidin and used for the 
ex periments. 

The SphK product, sphingosine1phosphate (S1P), 
and the potent, selective sphingosine kinase inhibitor 
(SKI) were both used at concentrations of 0.1, 1.0 and 
5.0 µM, respectively. 

For the measurements of intracellular and secret
ed APP lowpassage, wtASNexpressing cells were 
seeded at 0.8 × 105/well onto sixwell dishes and 
cultured overnight in DMEM/F12 with 10% foetal calf 
serum, penicillin + streptomycin and 5 µg/ml blas
ticidin to achieve ~10% confluence. 10 µM ATRA 
was then added fresh every day for 120 h. After 
differentiation the cells were switched to serum
free DMEM/F12 medium and APP was collected for 
three days. The medium was centrifuged and dena
tured in a Laemmli sample buffer. The cells were 
washed twice with phosphatebuffered saline (PBS), 
scraped in 0.9 ml of PBS, centrifuged and lysed for 
30 minutes at 4°C in 0.25 ml of 50 mM TrisHCl pH 
7.5 containing 150 mM NaCl, 0.5% Nonidet P40.  
5 mM EDTA and Complete™ protease inhibitors.  
The lysates were cleared by centrifugation and dena
tured. After measurements of protein contents the 
denatured medium and cell extracts were resolved 
using sodium dodecyl sulphatepolyacrylamide gel 
electrophoresis (SDSPAGE) together with BioRad 
Precision Plus Protein WesternC standards. After 
transfer to nitrocellulose membranes, the nonspe
cific binding was blocked with 5% skim milk for two 
hours at room temperature and westernblots were 
performed using 1 : 100 “22C11” antiAPP antibody in 
Tween20containing Trisbuffered saline (TTBS) and 
after washes with 1 : 10 000 antimouse horserad

ish peroxidase (HRP)linked secondary IgG together 
with 1 : 10 000 StreptactinHRP conjugate in 0.5% 
milk/TTBS for 1 h. The chemiluminescent (ECL) sig
nal was measured with a LAS1000 apparatus (Fuji) 
and quantitated using ImageJ software. The statisti
cal significance of the obtained results was assessed 
using Student’s t-test. 

Results 

The endogenous level of APP was detectable in 
the SHSY5Y cell line; it was possible to quantitate 
the secretion of APP protein after three days of incu
bation in control conditions. The expression of wtASN 
(Fig. 1A) caused an increase of the cell extract APP 
signal in nondifferentiated SHSY5Y cells to 313% of 
the values observed in nontransfected cells (Fig. 1B). 
Moreover, preliminary results suggest that a similar 
change could occur also in secreted APP (data not 
shown). 

To characterise the molecular mechanisms of APP 
modulation we used the sphingosine kinase product 
S1P and an inhibitor of both SphK isoforms termed 
SKI. The 72 h treatment with 5 µM S1P caused 
a reduction of APP signal in the extracts of differen
tiated SHSY5Y cells to 51% of the control (p < 0.05;  
Fig. 2A) with an insignificant increase in secretion 
(Fig. 2B). The effect of S1P on the APP level in the 
extract was nearly identical (46% of the appropriate 
control, not shown in the figures) when nonASN 
transfected cells were used. 

5 µM SKI administered to the differentiated 
ASNtransfected cells in the same conditions caused 
a significant increase of the cellular APP level (5 µM: 
121%; p < 0.01; Fig. 3A). Correspondingly, the APP 
signal in the medium was reduced (54% of control;  
p < 0.02; Fig. 3B) while lower concentrations did not 
induce significant changes (APP secretion at 98% of 
the control level for 0.1 µM SKI and 80% for 1 µM SKI). 

Discussion 

The dysregulation of membrane lipids takes place 
in ageing, which is the most important risk factor for 
neurodegenerative disorders [15]. Disturbed sphingo
lipid metabolism could also directly affect agerelated 
neurodegenerative diseases such as AD, PD or cere
bral ischaemia. This could take place e.g. through the 
numerous functions of S1P in neuron generation, sur
vival, neurite retraction/extension, neurotransmit ter 
release [1,28], and its ambiguous role in oxidative 
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stresslinked events (glutathione depletion leading 
to H2O2 sensitivity in PC12 cells vs. heart protec
tion against ischaemia/reperfusion injury) [5,36]. In 
the current work, we assessed the role of S1P in the 
ASNdependent expression and secretion of APP in 
SHSY5Y neuroblastoma cells. 

ASN is enriched in the central nervous system 
(CNS) structures particularly affected by AD. Our pre
vious work suggested a link between ASN and Aβ. 
ASN was able to increase the Aβ secretion and tox
icity to a point where it caused cell death [21]. Other 
results suggest that ASN could influence Aβ aggre

gation, though the results are far from clear [17,24]. 
The two proteins can also physically bind each other 
[24]. Our current work shows that the precursor pro
tein for Aβ is also influenced by ASN. The expression 
of wt αsynuclein has led to a significant increase of 
endogenous APP in SHSY5Y cells. This suggests that 
APP level and/or secretion might be positively depen
dent on the intracellular level of ASN. In the study 
by Kazmierczak et al. [21], ASN was added externally 
and it was possible that its action could have been 
mediated by cell surface structures or even occurred 
outside the cell [21]. Our current results suggest that 
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the phenomenon should be linked to the metabo
lism of Aβ precursor protein rather than occurring 
(only) at the level of APP cleavage/Aβ. 

Sphingosine kinases undergo precise regula
tion through posttranslational modifications [6], 
differential subcellular translocation [6,14], binding 
partners [9,12], and have partially different targets 
[14,27,28]. Each may be an important factor of AD 
albeit in different ways. Sphingolipid signalling may 
influence Aβ production [29,32,34] and siRNA/inhi
bition of SphK1/SphK2 reduces βcleavage of APP 
leading to lower the secretion of Aβ and sAPPβ [33]. 
SphKs and sphingolipids may also modulate Aβ tox

icity [7,10] and the inflammation it causes [18] as 
well as the resulting brain tissue damage [2]. In turn, 
Aβ inhibits S1P production [10] and modulates S1P 
receptors [18]. A correlation of sphingolipid distur
bances with cognitive decline was observed in AD 
[20] and the protective influence of SphKs in Aβ tox
icity has been reported [10]. 

We found that the SphK product S1P lowered 
the cellular level of APP. The influence of S1P on the 
secretion of APP showed a tendency towards acti
vation, though the results were insignificant. SKI 
caused a dosedependent decrease of medium APP 
levels, reaching a statistical significance at 5 µM. 
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The cellular level of APP was significantly elevated. 
Based on these results it is reasonable to suggest 
that in fact the influence of S1P on APP might be 
prosecretory. Such a conclusion would be consis
tent with the ubiquitous [4,16,26] and physiological
ly relevant [19] prosecretory influence of S1P [28]. 
Results suggesting the influence of the ceramide/
sphingolipid signalling on the processing of APP have 
been published [23]. It is thus reasonable to expect 
that its actual influence on APP secretion will follow 
the general trend despite the fact that the various 
examples seem to employ an array of somewhat dif
ferent mechanisms. S1P has been found to directly 
bind (probably the transmembrane and intracellular 
domains) and modulate the activity of BACE1, the 
ratelimiting enzyme for Aβ production [33]. The ten
dency towards higher APP levels in the medium and 
the reduction of its cellular content in the SHSY5Y 
line strongly suggest that the secretion of whole APP 
probably masks the reduction that would stem from 
the mentioned increased cleavage. This is analogous 
to some degree to the situation in hamster ovary 
cells where the secretion of Aβ142 follows the profile 
of APP secretion [31]. In these cells the influence of 
sphingolipids seemed to be different from its role in 
neuroblastoma (and probably the brain). Sphingoli
pid deficiency enhanced the secretion of the products 
of nonamyloidogenic αcleavage of overexpressed 
human APP75 (with amyloidogenic cleavage prod
ucts unchanged or reduced), an effect mediated by 
the MAPK/ERK pathway and rescued by sphingosine 
treatment [31]. This suggests that the various steps 
of the sphingolipid pathway may influence different 
aspects of APP/Aβ metabolism in opposite ways; 
moreover, sphingolipid action may differ significant
ly between the CNS and the periphery. The chronic 
nature of AD and the extremely elongated period 
of changes preceding its clinical manifestation fur
ther suggest that even very subtle changes in APP 
metabolism could have tremendous effects on the 
state of CNS either taken alone or in combination 
with simultaneously occurring pathological changes. 

Although both ASN and APP undergo regulation 
by the SphK pathway, APP does not appear to fol
low the S1P metabolisminduced changes of ASN. We 
observed rather unexpected results regarding the 
influence of the S1P pathway on ASN secretion. Both 
S1P and SKI elevated the ASN signal in the medi
um without affecting the cellular level significantly 
(unpublished own results). Somewhat analogous re

sults were obtained by Takasugi et al. [33] in a study 
on APP cleavage suggesting differential roles of cellu
lar vs. exogenous S1P in these processes. It is possi
ble that the influence of sphingolipid metabolism on 
ASN (which is limited to its secretion) does not mod
ify the production of APP, which could be dependent 
mainly on the intracellular ASN level. Another expla
nation is that APP might undergo an additional level 
of SphKrelated regulation working between ASN 
and APP production, as suggested by the different 
types of effects of SKI and S1P on APP vs. ASN. 

Our results suggest a potentially important link 
between ASN and APP/Aβ. The interactions between 
these proteins may open new views on the devastat
ing pathologies and possibly lead to a more compre
hensive understanding of these processes. 
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A b s t r a c t 

Introduction: The microRNA, miR-210, is frequently associated with hypoxia induction, and an increase in its levels 
is often correlated with poor prognosis in many solid tumours. The present study examines the levels of miR-210 in 
glioma tumours of multiple origins to determine if an association can be established with disease progression. 
Material and methods: Tissue samples were acquired from normal brain tissue, oligodendroglial tumours and astro-
cytic tumours. The astrocytic tumours were further divided by grade: diffuse astrocytomas (WHO grade II), anaplastic 
astrocytomas (WHO grade III), and glioblastoma (WHO grade IV). The expression of miR-210 was examined by real-
time quantitative RT-PCR. The correlation of the expression of miR-210 and astrocytic tumour grade was analyzed by 
the Spearman correlation test.
Results: MiR-210 presents a differential expression depending on the origin of the glioma. Oligodendroglial tumours 
exhibit a significantly reduced level of miR-210 as compared with normal brain tissue. In contrast, astrocytic tumours 
demonstrate significantly increased levels of miR-210. Furthermore, the expression of miR-210 is positively correlated 
with the grade of astrocytic tumour, in the following order: grade IV > grade III > grade II > normal brain tissue (p < 0.05).
Conclusions: MiR-210 levels can be potentially established as a biomarker for pathological diagnosis of malignant 
astrocytic tumour progression. In addition, the expression of miR-210 can be utilized as an additional identification 
measure of glioma tumour origin.

Key words: astrocytic tumour, oligodendroglial tumour, miR-210, glioma, real-time quantitative RT-PCR.

Introduction

Gliomas are tumours that start in the brain or 
spine and arise from glial cells. They are characterized 
by the cell type (ependymal cells, astrocytes, oligo-
dendrocytes, or mixed cells), grade (I-IV), and location 

(cerebrum or cerebellum). Malignant gliomas account 
for approximately 70% of the 22 500 malignant prima-
ry brain tumours diagnosed each year. Of the ma lig-
nant gliomas, 60-70% are glioblastomas [37]. Gliomas 
are characterized by high invasiveness, high recur-
rence, poor clinical prognosis, and are associated 
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with a disproportionately high morbidity and mortal-
ity [40,46]. According to the World Health Organiza-
tion (WHO) classification scheme established in 2007 
[18], astrocytic tumours are further sub-divided into 
grades: pilocytic astrocytoma (WHO grade I), diffuse 
astrocytoma (WHO grade II), anaplastic astrocytoma 
(WHO grade III), and glioblastoma (WHO grade IV). 
Oligodendroglial tumours are divided into oligoden-
droglioma and anaplastic oligodendroglioma.

MicroRNAs (miRNAs) are small (17-24 nucleoti-
des) non-coding single-stranded RNAs, which regu-
late the expression of multiple target genes either 
by degrading specific mRNA or inhibiting translation 
[20]. To date, more than 2000 human miRNAs have 
been identified (http://www.mirbase.org/). They are 
involved in the regulation of multiple cellular and 
developmental processes, including cell prolifera-
tion, cell differentiation, cell cycle regulation, and 
epithelial-mesenchymal transition. miRNAs also play 
a role in the molecular pathology of cancer, includ-
ing tumorigenesis, differentiation, proliferation, cell 
cycle regulation, angiogenesis, adhesion, migration, 
invasion and apoptosis of tumour cells [11]. miRNAs 
are often regarded as highly stable molecules but 
can undergo accelerated decay under certain envi-
ronmental conditions allowing for maintenance of 
homeostasis through both biosynthetic and decay 
processes. Mitotically active cells, cells exposed to 
growth factors, and increases in neuronal activity are 
physiologic triggers known to induce a rapid decay 
of associated miRNA molecules. For example, the 
half-life of miR-29b is 4 hours in cycling cells but > 12 
hours in mitotically arrested cells. Rapid degradation 
only affects certain subsets of miRNAs but appears 
to be a prevalent characteristic of miRNAs involved 
in neuronal activity [30]. Five different miRNAs test-
ed in primary human neuron cultures were observed 
to all have half-lives less than 3.5 hours [3,30,32]. In 
multiple studies, miRNA expression levels have been 
analyzed as potential biomarkers for specific diagno-
sis and disease progression [17,36].

The miRNA, miR-210, is consistently identified 
in hypoxic events in both normal and transformed 
cells [5]. It was originally identified in cardiac cells 
undergoing a cardiac infarction. MiR-210 is up-reg-
ulated under hypoxia, which has been observed 
to increase angiogenesis and inhibit apoptosis [5]. 
MiR-210 has also been observed to be up-regulat-
ed in tumours. Hypoxia is a predominant feature 
of the tumour microenvironment of gliomas with 

more aggressive tumours leading to an increase in 
hypoxia. It has been demonstrated that miR-210 
plays an important role in regulation of cell growth, 
angiogenesis, invasion and apoptosis in differ-
ent human tumour models [5,11]. MiR-210 expres-
sion is frequently up-regulated in a variety of solid 
tumours, including breast cancer [12], non-small cell 
lung cancer [29], head and neck cancer [8], pan-
creatic cancer [4], oral tumours [31], hepatocellular 
cancer (HCC) [42], adrenocortical carcinoma (ACC) 
[23], glioblastoma [26], colon cancer [24], ovarian 
cancer [9], malignant melanoma [22] and renal cell 
cancer [27]. The expression of miR-210 is found to 
be down-regulated in human esophageal squamous 
cell carcinoma (ESCC) tissues and derived cell lines 
[34]. Because of the consistency of the presence 
of miR-210 in hypoxic environments, it is often uti-
lized as a biomarker for glioma detection [16,21,41]. 
The aim of this study was to determine if there is 
a correlation between the grade of astrocytoma and 
miR-210 expression and if the origin of the glioma 
affects miR-210 expression.

Material and methods

Clinical samples

This study complied with the requirements of  
the Research Ethics Committee of Nanjing Medical 
University, P.R. China. 

Eighty-one glioma samples were obtained from 
February 2010 to January 2013 in the Department of 
Neurosurgery of Wuxi Second People’s Hospital. The 
diagnosis of primary gliomas was re-reviewed histo-
logically by the experimental neuropathologist. Each 
sample was classified and scored based on the WHO 
standard for tumour classification [18] by two neu-
ropathologists to ensure accuracy, with differences 
resolved by careful discussion. Fifty-eight of the 81 
gliomas were classified as astrocytic tumours [10 
diffuse astrocytomas (WHO grade II), 17 anaplastic 
astrocytomas (WHO grade III), and 31 glioblastomas 
(WHO grade IV)]. Twenty-three of 81 gliomas were 
classified as oligodendroglial tu mours. 

Glioma types were further confirmed through 
hematoxylin and eosin staining-based microscopic 
investigations after the surgery. Tissue samples were 
quickly resected, immediately snap-frozen in liquid 
nitrogen and stored at –80°C until RNA extraction.  
The study group of patients consisted of 37 wom-
en and 44 men, and the median age was 47 (15-77 
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years). None of the patients had received chemother-
apy or radiotherapy prior to surgery. Ten snap-frozen 
samples of normal brain tissue were obtained from 
internal decompression of patients who underwent 
neurosurgery due to cerebral injury and cerebral hae-
morrhage. Informed consent was obtained before 
the surgery. 

Isolation of RNA

Total RNA was extracted from frozen tissue with 
Trizol reagent (Invitrogen, Carlsbad, CA, USA), accord-
ing to manufacturer’s protocol. The RNA quantity and 
quality were measured by NanoDrop 2000 spectropho-
tometer (NanoDrop Technologies, Houston, TX, USA). 
Only samples with an OD A260/A280 ratio between 
1.8 and 2.0 were utilized for further analysis by RT-PCR.

cDNA synthesis

The miR-210 and U6B (as an internal control)-spe-
cific cDNA was synthesized from 3-4 µg of total 
RNA with a mixture of miR-210-RT primers/U6B-RT 
primers (Genepharma, Shanghai, China) and M-MLV 
reverse transcriptase. 

Real-time quantitative reverse 
transcription-PCR

Analysis of gene expression was performed by  
real time quantitative PCR (RT-PCR). RT-PCR was per-
formed using the miR-210 primer set with the RT-PCR 
Master Mix and analyzed with the DNA Engine Opti-
con 2 Real-Time Cycler (MJ Research, Inc., Waltham, 
MA, USA) according to the manufacturer’s instruc-
tions. Each reaction included 0.8 µl of miR-210 prim-
er set (5 µM) (Genepharma), 20 µl of RT-PCR master 
mix (Genepharma), 0.2 µl of Taq DNA polymerase 
(5 U/µl) (Genepharma) and 4 µl of RT products.  
The quantitative analysis of the change in expres-
sion levels was calculated in triplicate using the 
comparative cycle threshold (CT) method. The raw 
data of target miRNA were normalized to U6B which 
served as an internal control.

Statistical analysis

All data were analyzed using IBM SPSS Statistics 
13.0 for Windows (SPSS Inc., Chicago, IL, USA). The in de-
pendent sample t-test was utilized to determine the 
statistical differences among the groups between 
glioma tissues and normal brain tissues. To deter-

mine the correlation between expression levels of 
miR-210 and histologic grade, the Spearman rank 
correlation test was applied. Differences were con-
sidered statistically significant when p < 0.05.

Results

MiR-210 expression in astrocytic tumours

The expression of miR-210 was detected in 58 as- 
trocytic tumours and 10 normal brain tissues nor-
malized to U6B by quantitative RT-PCR. As shown 
in Fig. 1, astrocytic tumours demonstrated a signif-
icant increase in miR-210 transcript levels compared 
with the mean expression levels observed in normal 
brain tissues (mean ± SD 6.91 ± 1.3 vs. 4.84 ± 0.35; 
p < 0.001). Expression levels of miR-210 in diffuse 
astrocytomas (WHO grade II; mean ± SD 5.69 ± 0.67;  
p = 0.004), anaplastic astrocytomas (WHO grade III; 
mean ± SD 6.46 ± 0.90; p < 0.001), and glioblastomas 
(WHO grade IV; mean ± SD 7.62 ± 1.12; p < 0.001) 
were significantly higher than those found in normal 
brain tissues. 

10
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Fig. 1. MiR-210 expression in 58 astrocytic tu- 
 mours and 10 normal brain tissues detected 
by real-time quantitative RT-PCR. Astrocytic 
tu mours demonstrated a significant increase 
in miR-210 transcript levels compared with the 
mean expression levels observed in normal brain 
tissues (mean ± SD 6.91 ± 1.3 vs. 4.84 ± 0.35;  
p < 0.001). Expression levels of miR-210 in diffuse 
astrocytomas (WHO grade II; mean ± SD 5.69 ± 
0.67; p = 0.004), anaplastic astrocytomas (WHO 
grade III; mean ± SD 6.46 ± 0.90; p < 0.001), and 
glioblastomas (WHO grade IV; mean ± SD 7.62 ± 
1.12; p < 0.001) were significantly higher than 
those found in normal brains tissues.
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Increase in miR-210 expression  
is directly correlated with  
the histopathological grade  
of the astrocytic tumour

Once it was determined that astrocytic tumours 
expressed a significantly higher level of miR-210 
than normal brain tissue, we wanted to determine 
if there was a statistically significant correlation 
between the histopathological grade of the tumour 
and level of miR-210 transcript. There was a signifi-
cant increase in miR-210 expression in glioblastomas 
compared with anaplastic astrocytomas (p < 0.001),  
glioblastomas compared with diffuse astrocytomas 
(p < 0.001), and anaplastic astrocytomas compared 
with diffuse astrocytomas (p < 0.05) (Fig. 1). Accord-
ing to the Spearman rank correlation test, increas-
ing levels of miR-210 expression could be directly 
corre lated with a higher pathological grade. In oth-
er words, there was a positive correlation between  
miR-210 expression and pathological grade (r = 0.646,  
p < 0.001). No statistically significant association 
between miR-210 expression and age at diagnosis, 
size of tumours, gender of patients, or KPS score 
could be identified (p > 0.05, Table I).

MiR-210 expression in oligodendroglial 
tumours

To determine if miR-210 expression was increased 
in gliomas of different origins, the expression level 
of miR-210 was analyzed in 23 oligodendroglial 
tumours and compared to levels in 10 normal brain 
tissues normalized to U6B. The results demonstrat-
ed that the expression of miR-210 was significantly 
reduced in oligodendroglial tumours, compared with 
the mean expression levels observed in normal brain 
tissues (Fig. 2; mean ± SD 3.78 ± 0.76; p < 0.01).

Discussion

Altered expression levels of miRNAs have been 
observed in gliomas, appearing to have both an on- 
 cogenic role as well as a tumour suppressor role. 
More than 1000 studies in cancer and more than 
100 studies in gliomas on associated miRNAs have 
been published to date [44]. Most of these studies 
examine the expression levels, targets and functio-
nal effects of selected miRNAs in glioma cells and 
tissues. Some miRNAs that are highly expressed in  
glioma tumours have been implicated in up-regulat-
ing cell processes such as cell growth and prolifera-
tion, migration, invasion, angiogenesis and cell trans-
formation and down-regulating apoptosis. Examples 
of these miRNA include: miR-21, miR-221/222, miR-

Table I. Association between miR-210 expression 
and different clinicopathological features of astro-
cytic tumours

Clinicopathological  
parameters

No. of 
cases

miR-210  
expression

p value

Sex

Male 32 6.86	±	1.27 0.55

Female 26 7.06	±	1.23

Age

<	55 28 6.93	±	1.21 0.912

≥	55 30 6.97	±	1.30

WHO	grade

II 10 5.69	±	0.67 <	0.001

III 17 6.46	±	0.90

IV 31 7.62	±	1.12

Tumour	size

≥	5	cm 23 6.84	±	1.21 0.58

<	5	cm 35 7.02	±	1.28

KPS

<	90 25 6.90	±	1.15 0.80

≥	90 33 6.99	±	1.33

6
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0

	 N	 Oligodendroglial	tumor

Fig. 2. MiR-210 expression in 23 oligodendroglial 
tumours and 10 normal brain tissues detected  
by real-time quantitative RT-PCR. Oligodendro - 
glial tumours demonstrated a significant decre- 
ase in miR-210 transcript levels compared with 
the mean expression levels observed in normal 
brain tissues (mean ± SD 3.78 ± 0.76 vs. 4.84 ± 
0.35; p < 0.01).
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210, miR-9, miR-10(a,b), miR-15(a,b) and miR-26a. 
MiRNA expression can also be reduced in gliomas, 
acting as tumour repressors, decreasing cell growth 
and proliferation, migration and invasion and increas-
ing apoptosis, such as seen with miR-181(a,b,c),  
miR-128, miR-451, miR-7, miR-34a, miR-124, miR-218 
and miR-326 [1,14,27,33,38,44]. There have also been 
studies profiling miRNA levels in gliomas in order to 
compare and determine potential differences bet-
ween tumour grades. Currently there is an assay to 
analyze a 23-miRNA signature that differentiates 
between glioblastomas and anaplastic astrocytomas 
with 95% accuracy [44]. Changes in miRNA expres-
sion patterns can serve as informative biomarkers 
indicating the functional status of a normal brain as 
well as disease progression and prognosis of brain 
tumours [13,35].

By combining miRNA expression profiles with  
con ventional radio/chemotherapy, treatment effi-
cien cy could be improved leading to a reduction 
in tumour recurrence after surgical resection [20]. 
Recently, a therapeutic scheme involving incorpora-
tion of artificial miRNAs in an oncolytic herpes sim-
plex virus achieved successful silencing of specific 
targets in patients with melanoma and provides 
a new method for using miRNA as a potential thera-
peutic target [1]. In gliomas, down-regulation of miR-
21 increases glioma apoptosis, represses cell growth, 
and induces cell cycle arrest. Anti-sense miR-21 was 
utilized in combination with 5-fluorouracil to target 
the human glioma cell line U251, significantly increas-
ing apoptosis and decreasing cell migration [28]. 

MiR-210 is consistently induced under conditions 
of hypoxia [5], and plays an important role in many 
tumorigenic processes, such as cell proliferation [10], 
metabolism [39], cell migration and angiogenesis [6]. 
A number of targets of miR-210 have been report-
ed, such as vacuole membrane protein 1 (VMP1), 
enzyme glycerol-3-phosphate dehydrogenase 1-like 
(GPD1L), iron-sulfur cluster scaffold homolog (ISCU), 
succinate dehydrogenase complex subunit D (SDHD) 
and MNT [15,19,25,42,45]. 

MiR-210, under hypoxic conditions, is frequently 
increased in HCC and is involved in hypoxia-induced 
HCC metastasis. VMP1, a putative metastasis sup-
pressor in HCC, is identified as a direct and function-
al target of miR-210. Down-regulation of VMP1 by 
miR-210 mediates hypoxia-induced HCC migration 
and invasion [42]. 

A hypoxia-induced positive feedback loop pro-
motes hypoxia-inducible factor 1α (HIF-1α) stability 
through miR-210 suppression of GPD1L [15]. Prevent-
ing degradation of HIF-1α leads to induction of 
a wide variety of genes including those involved in 
energy metabolism, angiogenesis, cell proliferation 
and survival [15]. In addition, HIF-1α stability leads 
to further up-regulation of miR-210 [15,19]. 

In renal tumours, miR-210 expression is increased 
under hypoxia by HIF-1/2. ISCU is repressed in the 
presence of miR-210 leading to a decrease in Krebs 
cycle enzyme activity and mitochondrial function, 
providing a mechanism for handling increases in free 
radical production and a switch to glycolysis affect-
ing cell growth and survival under hypoxic condi-
tions. A decrease in ISCU in cancer patients has been 
associated with a worse prognosis and is therefore 
important as a clinicopathological prognostic factor 
[7,19]. MiR-210’s induction of mitochondrial dysfunc-
tion under hypoxia is further supported by down-reg-
ulation of SDHD in the presence of miR-210, which 
leads to an increase in HIF-1 stability in lung tumour 
cells, A549 [25]. 

MiR-210 constitutes a negative feedback of the 
HIF hypoxic response by reducing MNT and thereby 
increasing MYC transcription factor activity, which is 
known to enhance cell proliferation. An increase in 
miR-210 and therefore a sustained increase in MYC 
activity can be correlated with metastatic behaviour 
in tumours [45]. These examples demonstrate that 
miR-210 plays a key role in tumour progression and 
provides vital information about the tumour micro-
environment. In addition to being a consistent bio-
marker, miR-210 could also be an excellent thera-
peutic target.

The expression of miR-210 has been shown to be 
correlated with a poor outcome in a variety of solid 
tumours, such as breast cancer [12], head and neck 
cancer [8], renal cancer [19], paediatric osteosarco-
ma [2] and acute ischemic stroke [43]. Meta-analy-
sis has found that a high expression of miR-210 was 
an independent factor indicating a poor prognosis 
in 511 cases of breast cancer [12]. MiR-210 up-reg-
ulation showed a strong correlation with tumour 
aggressiveness in paediatric osteosarcoma, with 
a significant reduction in both overall survival and 
progression-free survival [2].

Results of the current study indicate that miR-210 
will also be an appropriate biomarker and disease 
progression indicator for glioma tumours. We had 
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the opportunity to perform a large retrospective 
study to determine if there is a correlation between 
miR-210 expression and pathologic features and the 
clinical outcome of patients with different gliomas. 
By analyzing 81 clinical primary glioma tissues and 
10 non-neoplastic brain tissues, we demonstrated 
that the expression of miR-210 is variable depend-
ing on the origin of the glioma. MiR-210 was found 
to be over-expressed in astrocytic tumour, whereas 
expression was down-regulated in the oligoden-
droglial tumours. We do not currently understand 
the biological relevance of the differential regulation 
between these two types of gliomas. Oligodendro-
glial tumours do possess different upstream regula-
tory genes and proteins and miR-210 may have sim-
ply evolved alternative regulatory targets. Additional 
research will be necessary to determine if miR-210 
is a relevant biomarker for oligodendroglial tumours 
and what its potential role in tumour progression is. 
Moreover, the expression of miR-210 increased as 
the grade of astrocytic tumour increased. 

In conclusion, miR-210 can be used as an auxi-
liary identification method for pathological identi-
fication of glioma origin, as well as a biomarker 
for malignant progression of astrocytic tumours. In 
future studies we hope to determine if miR-210 plays 
a regulatory role in tumour progression and evaluate 
its potential as a therapeutic target. 
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A b s t r a c t

The increasing population of patients treated with immunosuppressive and immunomodulatory drugs, as well as 
growing resistance to anti-retroviral therapy, has caused the reemergence of cerebral toxoplasmosis as a clinical 
problem. Encephalitis caused by Toxoplasma gondii (Tg) is the most common opportunistic infection in patients with 
acquired immunodeficiency syndrome (AIDS). The scarcity of data concerning vessel involvement in cerebral toxo-
plasmosis in AIDS impelled us to examine this process. 
In 15 of 178 cases with AIDS cerebral toxoplasmosis was the only opportunistic infection. In these patients routine 
histological stains and immunohistochemical reactions against T and B lymphocytes, immunoglobulins IgG and IgM, 
and factors C4β and B, involved respectively in classical and alternative pathways of complement activation, were 
performed. Apart from morphological changes typical for cerebral toxoplasmosis, eosinophilic necrosis of the vascu-
lar media, and vascular inflammatory infiltrates containing T and B lymphocytes were seen. In some arterial vessels 
intramural deposits of immunoglobulin IgG and IgM, and complement factors C4β and B were found.
Presence of polyarteritis nodosa-like changes, deposits of immunoglobulins and complement factors in the vessel 
wall, as well as inflammatory infiltrates containing B lymphocytes indicate that vasculitis in cerebral toxoplasmosis 
in AIDS has a very complex pathomechanism involving not only cell-mediated but also humoral-mediated immuno-
logical reactions. 

Key words: AIDS, complement, HIV, toxoplasmosis, vasculitis.
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Introduction

Toxoplasma gondii (Tg) infection in immunocom
petent humans is generally rare and latent. But per
sistent cyst containing latent forms of Tg may be 
responsible for reactivation of the toxoplasmic infec

tion. Although the process of Tg reactivation is poorly 
understood, it is known that Tg cysts are controlled 
by the intact immune system, and only in the case 
of immune suppression CD4+ T cells are unable to 
suppress this latent infection. That dysfunction leads 
to the release of bradyzoites from cysts, their conver
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sion to tachyzoites and toxoplasmosis reactivation. 
Some studies suggest that dendritic cells may act 
as Trojan horses to spread the infection [4,13]. An 
alternative hypothesis assumes that cyst rupture 
and reformation of a new cyst is a constant process 
even in immunocompetent individuals, and the role 
of the immune system is limited to the control of the 
tachyzoites [7]. 

Apart from brain damage, a very common result 
of Tg invasion is ocular involvement. The infection 
affecting various parts of the eyes was described 
both in humans [1,16,17,20] and in experimental ani
mals [21,22]. While in immunocompetent individuals 
Tg infection is frequently asymptomatic, in immuno
compromised patients toxoplasmic encephalitis, reti
nochoroiditis, and uveitis are frequent [16]. Encepha
litis caused by Tg is the most common opportunistic 
infection in patients with acquired immunodeficien
cy syndrome (AIDS) and has been well characterized 
in the literature. But cerebral vasculitis in patients 
with toxoplasmosis and AIDS was described only 
occasionally and mainly in case reports from the 
1980s [3,10]. 

Many components of the host immune response 
to Tg such as production of gamma interferon, 
cellmediated immunity, and control of Tg replica
tion by macrophages participate in development of 
toxoplasmic encephalitis but the exact pathomecha
nism of Tg neuroinfection in AIDS patients is poorly 
understood, especially the pathomechanism of vas
culitis. But not only the scarcity of data concerning 
vessel involvement in Tg infection in AIDS impelled 
us to examine this process. Growing drug resistance 
to antiretroviral therapy and the increasing popula
tion of patients treated with immunosuppressive or 
immunomodulatory drugs caused the reemergence 
of cerebral toxoplasmosis as a clinical problem. 

Material and methods

In the AIDS Brain Collection of the Mossakow
ski Medical Research Centre 178 brains from AIDS 
patients were collected. Among them cerebral 
toxo plasmosis was diagnosed in 32 cases (18%) 
[16]. In 15/32 cases cerebral toxoplasmosis was 
the only opportunistic infection and these brains 
were selected for further investigations. These 
patients died at the age of 3040 years and one 
at the age of 52 years. The investigated material 
was collected between 1992 and 1998 and in none 

of the patients highly active antiretroviral therapy 
(HAART) or immunomodulatory management was 
applied. 

On formalinfixed and paraffinembedded tissue 
samples from cerebral hemispheres routine histolog
ical stains (hematoxylin and eosin [H&E], KlüverBar
rera method), and immune reactions were applied. 
Immunohistochemistry was performed using routine 
microwave antigen retrieval and avidinbiotinper
oxidase methods with antibodies against: Toxoplas-
ma gondii (Novocastra, NCLTG, 1 : 15), fibronectin 
(Santa Cruz Biotechnology, sc69681, 1 : 100), IgG 
(DAKO, A0423, 1 : 500), IgM (DAKO, A0425, 1 : 500), 
B lymphocyte marker (Novocastra, NCLMB2, 1 : 50), 
and T lymphocytes: CD3 (Novocastra, NCLCD3PS1 
1 : 100), and CD8 (Novocastra, NCLCD8295, 1 : 20). 
To define involvement of the complement system in 
vasculitis we performed immunohistochemical reac
tions with antibodies against factor C4β (Santa Cruz 
Biotechnology, sc25816, 1 : 250) participating in the 
classical pathway of complement activation and fac
tor B (Santa Cruz Biotechnology, sc67141, 1 : 500) 
involved in the alternate pathway.

Results

In all examined brains Tg cysts or tachyzoites 
were found. They were visible in brain parenchyma 
(Fig. 1A), vessel lumen (Fig. 1B) or vessel wall. Apart 
from different forms of the parasite, numerous foci 
of coagulative necrosis (“toxoplasmic abscesses”) 
of different size and location were observed. Within 
the necrotic foci, vessels with the lumen occluded by 
thrombosis were often visible. Some of the necrotic 
foci revealed an advanced stage of the breakdown 
process and they were surrounded by inflammatory 
infiltrates (granulomatous ridge) composed of leu
kocytes, lymphocytes, phagocytic cells, histiocytes, 
and infrequent plasmatic cells. In granulomatous 
ridge and nearby parenchyma, inflammatory infil
trates were visible both in the perivascular space 
and within the walls of arteries (Fig. 1C) and veins 
(Fig. 1D). Distinct inflammation was also found in 
tissue distant from the necrotic lesions but in such 
areas inflammatory infiltrates were visible only in 
precapillary and capillary blood vessels (Fig. 1E). In 
routine histopathological assessment, vessel inflam
mation did not demonstrate any characteristic fea
tures distinct from vasculitides observed in other 
neuroinfections. 
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Fig. 1. A) Tachyzoites in brain parenchyma, antiTg, bar – 100 μm. B) Toxoplasmic cyst in vessel lumen, H&E, 
bar – 100 μm. C) Small cerebral artery infiltrated by mononuclear cells, H&E, bar – 100 μm. D) Small cerebral 
vein with inflammatory infiltrates, H&E, bar – 200 μm. E) Infiltrates around precapillary and capillary blood 
vessels, H&E, bar – 200 μm. F) Numerous CD3+ T lymphocytes in vessel wall infiltrates, antiCD3, bar – 100 μm.  
G) Nonnumerous B lymphocytes in vessel wall infiltrates, antiB lymphocyte marker, bar – 100 μm.  
H) Eosinophilic fibrinoid necrosis of the vascular media with occlusion of the vessel lumen, H&E, bar – 
100 μm. I) Strong positive immune reaction to IgG in wall of small cerebral artery, antiIgG, bar – 100 μm.  
J) Moderately positive immune reaction to IgM in vessel wall, antiIgM, bar – 100 μm. K) Intramural depos
its of factor C4β in wall of the white matter artery; antiC4β, bar – 200 μm. L) Granular immunolabel for 
complement factor B in wall of small arterial vessels; visible moderately positive cytoplasmic reaction in 
parenchymal macrophages; antifactor B, bar – 250 μm. M) Immunolabel for fibronectin around small vessel 
in the cerebral white matter, antifibronectin, bar – 200 μm. 
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Immunohistochemical reactions revealed predo
minance of CD3+ T lymphocytes in inflammatory 
infiltrates localized both in granulomatous ridge and 
in vessel wall (Fig. 1F) while CD8+ T lymphocytes and  
B lymphocytes were found infrequently and only with
in vessel wall (Fig. 1G). In five cases, apart from intra
mural inflammatory infiltrates, eosinophilic fibrinoid 
necrosis of the vascular media was observed (Fig. 1H). 
In some of the cerebral blood vessels immunopositive 
reactions to IgG (Fig. 1I) and IgM (Fig. 1J) were observed. 
Deposits of the immunoglobulins were observed in the 
walls of medium and smallsized arterial vessels but 
not in veins and capillaries. The immune reactions for 
compounds of the complement system had a granular 
character and they were moderately positive for factor 
C4β (Fig. 1K) and strongly for factor B (Fig. 1L). Positive 
immunolabel for C4β was observed only in some of 
the parenchymal small arteries while a pronounced 
immune reaction for factor B was seen in numerous 
vessels of different types. Immunoreactivity for both 
complement factors was also noted in macrophages. 
In some cases with coagulative necrosis increased 
perivascular immunolabel for both complement com
pounds and fibronectin (Fig. 1M) was found. 

The vascular changes revealed in immunohis
tochemical reactions and described above were 
observed in vessels not only localized within foci of 
coagulative necrosis and granulomatous ridge but 
also in nearby parenchyma but not in distant preca
pillaries or capillaries with inflammatory infiltrates.

Discussion 

Our investigation on cerebral toxoplasmosis in 
AIDS patients showed, typically for the disease, mor
phological foci of coagulative necrosis and inflam
mation involving cerebral vessels. 

In ischemic vascular diseases coagulative necro
sis due to stenosis or occlusion of the vessel lumen 
is rarely observed because this stage of necrosis 
is usually transient. Normally, after the onset of 
ischemia, damage to the bloodbrain barrier (BBB) 
leads to increased permeability of the vessel wall 
and afflux of leukocytes, lymphocytes and mono
cytes/macrophages. That phenomenon results in 
tissue breakdown and development of colliquative 
necrosis. In AIDS and other immunocompromised 
patients, severe dysfunction of the immune system 
can delay tissue breakdown and maintenance of the 
coagulative changes.

Although in HIV encephalitis perivascular infil
trates disseminated in brain parenchyma are com
mon, involvement of the vessel wall is very rare with 
an incidence of less than 1% [9]. In our material 
intramural inflammatory infiltrates were observed in 
vessels of different type and size localized not only 
within foci of coagulative necrosis but also in adja
cent and distant parenchyma. The affected vessels 
sometimes revealed perivascular immunoexpression 
of fibronectin and complement factor C4β. Since 
complement factor C4β and a fraction of fibronectin 
exist in a soluble form in serum, their perivascular 
occurrence indicates increased permeability of the 
vessel wall. This phenomenon characteristic for dis
turbed BBB may play a key role in Tg spread in the 
CNS [7,12]. 

Apart from intramural inflammatory infiltrates, 
some cerebral vessels also revealed eosinophilic 
necrosis of the muscular layer. Eosinophilic necrosis 
in cerebral vessels has been observed in many dif
ferent diseases from idiopathic arterial hypertension 
to amyloid angiopathy. However, in such patients 
the vessel wall was usually devoid of inflammatory 
infiltrates. 

It is still unknown what factor(s) is directly res
ponsible for development of vasculitis in cerebral 
toxoplasmosis in AIDS. It is known that in ischemic 
vascular diseases presence of coagulative or colli
quative necrosis does not lead to vasculitis. There
fore other factors have to be responsible for vessel 
inflammation. There are two major mechanisms by 
which infection can induce vasculitis: (1) direct inva
sion of the microorganism due to damage to the ves
sel wall, and (2) immunemediated injury.

In cerebral toxoplasmosis both HIV and Tg can 
give rise to development of vasculitis. In HIV positive 
individuals without coinfections with other patho
gens, a wide spectrum of vasculitides has been 
found [9]. But presence of Tg cysts in vessel lumen 
and tachyzoites in vascular wall can also cause ves
sel damage, particularly damage to endothelial cells, 
and triggers not only thrombotic cascade [10] but 
also inflammatory and immune reactions. Results 
of recent investigations confirmed that Tg can mod
ulate gene expression of cerebral endothelial cells 
to promote its own migration through the BBB 
[12]. Among these modulatory changes, prominent 
upregulation of the cell adhesion molecule ICAM1, 
activated leukocyte cell adhesion molecule (ALCAM), 
and vascular cell adhesion molecule 1 (VCAM1) was 
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found [19]. Expression of different classes of adhe
sion molecules observed both in acute and chronic 
toxoplasmic encephalitis [5] not only facilitates Tg 
migration but also supports infiltration of the vessel 
wall by circulating blood cells and development of 
inflammation. 

Another pathomechanism implicated in the in
duction of vasculitis is immunemediated inflam
mation in which vessel damage may be caused by 
cellmediated, immune complexmediated and auto
antibodymediated reactions.

T cellmediated vascular injury has been demon
strated in several types of vasculitides including PAN 
and AIDS. It is known that in HIV infection there is 
an oligoclonal expansion of T cells, especially CD8 
+ cells [8]. But our and some other authors’ immu
nohistochemical studies revealed that lymphocytes 
seen in the vessel wall and perivascular space are 
not exclusively of the T but also of B cell lineage. 

In our material some of the arterial vessels 
showed intramural deposits of IgG and IgM. Although 
immunoglobulin deposits in the vessel wall have 
been described in many disorders, even in some 
genetically determined vascular diseases such as 
CADASIL (cerebral autosomal dominant arteriopa
thy with subcortical infarcts and leukoencephalopa
thy) [18], they are highly indicative for the immune 
complexmediated pathomechanism of vasculitis. 
In patients with Tg infection, specific IgM, IgG, IgA, 
and even IgE antibodies were found [6,15]. In immu
nocompetent individuals with latent Tg infection, 
the parasites inside the brain may be protected 
from circulating antibodies by intact BBB [14]. But in 
immunodepressed patients with toxoplasmosis reac
tivation, damage to the BBB may promote antibody 
accumulation in the vessel wall leading to develop
ment of vasculitis.

Vasculitis induced by the immune complexes is 
identified by the presence of immunoglobulin and 
complement deposits in the vessel wall [11]. In our 
material not only deposits of IgG and IgM were 
found but also complement factors C4β and B. 

Complement is activated by three pathways:  
the classical, the alternative and the lectin pathway. 
Factor C4β is a potent anaphylatoxin that is released 
during the classical pathway of complement acti
vation while factor B is involved in the alternative 
pathway. It is known that in the classical pathway, 
the initiator complex is activated by a wide range of 
targets, including apoptotic cells, some viruses and 

bacteria, and antibodyantigen complexes contain
ing immunoglobulin IgG or IgM [2]. The initiation of 
the alternative pathway does not require presence of 
the immune complexes but starts with spontaneous 
hydrolysis of the C3 component or by its binding to 
specific targets on microorganism and eukaryotic 
cells. The lectin pathway is also independent of the 
immune complexes and is initiated by lectin binding 
to moieties localized on the surface of microorgan
isms or dying cells. The intramural deposits of immu
noglobulins and complement factor C4β in vessels 
observed by us suggest that complement activation 
via the classical pathway is involved in development 
of vasculitis. But the positive immune reaction for 
factor B in some vessels indicates that complement 
may also be activated via the alternative pathway 
which is less specific but more autoaggressive than 
the classical one. 

Vasculitis in AIDS patients with cerebral toxo
plasmosis is a very complex system where many fac
tors are unbalanced. Although it is difficult to estab
lish certainly whether toxoplasmosis itself leads to 
the abovedescribed vascular changes, in the pre
sented study we demonstrated that several distinct 
immunemediated mechanisms may coexist in the 
vasculitis and therefore finding an efficient therapy 
is still a challenge.
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A b s t r a c t

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system, in which 
movement disorders (MD) have been reported very rarely. Anatomopathological studies of MS indicate two main 
processes: inflammation and neurodegeneration. The occurrence of the movement disorders symptoms in MS 
revises the question of aetiology of these two diseases. During the 10 years of observation in our out-patient clinic 
and MS units we examined about 2500 patients with clinically definite MS diagnosed according to the revised 
McDonald’s criteria. Only in 10 cases we found coexistence of MS and MD signs. Below we present rare cases  
of patients with coexistence of MS and chorea, pseudoathetosis, dystonia and parkinsonism. Searching for the 
strategic focal lesion in our case series showed demyelinating plaques placed in the thalamus most often. Detailed 
analysis of the clinical, pharmacological and neuroimaging correlations may help to explain the character of move-
ment disorders in MS.

Key words: multiple sclerosis, movement disorders, dystonia, parkinsonism, chorea, pseudoathetosis.

Introduction

The multiple sclerosis (MS) is an autoimmune 
disorder associated with several pathophysiological 
mechanisms such as inflammation, demyelination, 
axonal/neuronal damage, gliosis, remyelination and 
repair mechanisms, oxidative injury and excitotoxi
city. Heterogeneity in the phenotypic expression 
of MS is related to these processes, which are not 
uniformly represented in patient population, even at  
the same stage of the disease [14].

The clinical symptomatology presenting as tran
sient pyramidal, sensory, cerebellar signs, usually 
is very characteristic in most cases of MS. In this 
study we present rare cases of MS with coexistence 
of a wide spectrum of movement disorders (MD), 
including MD occurring as a presenting symptom 
of MS. The occurrence of the movement disorders 
symptoms in multiple sclerosis revises the question 
of aetiology of these two disorders. After detailed 
clinical and neuroimaging analyses of our patients 
we proposed an algorithm, which can help to find 
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the association between inflammatory or/and neu
rodegenerative damage occurring in MS and MD.

Material and methods

During the 10 years of observation in our outpa
tient clinic and MS units we examined about 2500 pa
tients with clinically definite MS diagnosed ac cord
ing to the revised McDonald’s criteria [10]. Only in 
10 cases we found coexistence of MS and MD signs. 
In all presented patients, the past medical history 
including exposure to neuroleptics, neurotoxin or 
head trauma was negative. Wilson’s disease, neuro
acanthocytosis, thyroid dysfunction and neuroborre
liosis were also excluded. Below we present the cli
nical picture of our patients.

Movement disorders as a presenting 
symptom of multiple sclerosis

Case 1

A 45yearold man complained of involuntary mo  
 vements which appeared in the upper limbs and then 
progressed to the head, trunk and lower limbs, irrita
bility and memory problems, which started insidious
ly. His brother revealed a 24yearhistory of MS with 
relapsing/remitting episodes of cerebellar symptoms 
and lower limb paresis.

Neurological examination revealed increased mood, 
uninhibited behaviour, choreic movement of the face, 
trunk and limbs more remarkable in upper limbs, 
motor tics of the face and arms, bilaterally de creased 

muscle tone and brisk deep tendon reflexes, lower 
limbs ataxia, impaired tandem gait. The choreic move
ment exacerbated during walking or other vo luntary 
movements and under stress.

Genetic tests for Huntington disease and tests 
for metachromatic leucodystrophy and lupus erythe
matosus were negative. The activity of protein C and 
antithrombin III and concentration of protein S were 
within normal limits. Neuropsychological examina
tion showed an early stage of dementia, with fron
tal and subcortical dysfunctions. Finally, the patient 
was diagnosed with a familial, primary progressive 
multiple sclerosis of unusual symptomatology: invo
luntary movements, cognitive impairment (demen
tia) and mood disorder (Fig. 1).

Case 2

A 33yearold man was being examined at a neu
rological department because of persistent involun
tary rotation of the head to the right side and head 
tremor. These symptoms began five years before 
admission and the disease was slowly progressive. 
The symptoms reminded a focal cervical dystonia 
(torticollis).

The neurological examination revealed also lack 
of left abdominal reflexes and bilaterally absent plan
tar responses.

Finally, after 2 relapses of the disease he was 
diagnosed according to the McDonald’s criteria with 
relapsingremitting MS with cervical dystonia as 
a presenting symptom (Fig. 2).

Fig. 1. Case 1. A) Coronal and B) axial T2 MR images show multiple focal periventricular/subcortical hyper
intense lesions compatible with demyelinating plaques.

A B
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Case 3

A 32yearold man complained of involuntary 
movements of the left upper and lower limbs accom
panied by severe pain, lasting for 3 weeks. Symp
toms started insidiously, lasted 510 seconds, usual
ly occurred several times a day initiated by fatigue or 
voluntary movements of the limbs. On neurological 
examination the patient presented with mild left 
side paresis, brisk tendon reflexes in the left lower 
limb, bilateral flexor plantar reflex. Movements first 
appeared in the arm, then slowly progressed to the 
forearm and hand causing painful dystonic posture 

and spread to the left side of the trunk and to the 
left lower limb proximally (the thigh).

We diagnosed MS of an unusual symptomatolo
gy: involuntary movements similar to muscle spasms 
accompanied by dystonia. The diagnosis was con
firmed by MRI with gadolinium and CSF study (Fig. 3).

Case 4

A 39yearold woman was being diagnosed in our 
outpatient clinic because of a 5year history of the 
voice and head tremor. She also noticed excessive 
blinking of the eyes, tendency to the neck rotation 
to the left side and general fatigability. Neurological 
examination showed mild cervical dystonia with rota
tion of 20 degrees to the left side (torticollis), slight 
dysmetria in the left upper limb, lack of the plantar 
and all abdominal reflexes bilaterally. Over the subse
quent year she experienced 3 relapses of the disease 
with cerebellar and motor signs. She was qualified 
to the interferon therapy with marked improvement 
(no relapses during 1year therapy were observed), 
however 3 months after finishing this treatment the 
patient noticed progression of cervical dystonia.

Movement disorders in the course  
of the multiple sclerosis

Case 5

A 37yearold woman with a 5year history of MS 
complained of tremor and disability of the right hand, 
which had started insidiously and slowly progressed. 

Fig. 2. Case 2. A) Axial FLAIR and B) T2 MR images demonstrate demyelinating lesions in the cerebellum, 
left thalamus and periventricular area.

A B

Fig. 3. Case 3. Axial FLAIR MR image shows some 
bilateral, periventricular focal T2 hyperinten
sities localized also in the right thalamus and 
subinsular area.
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On neurological examination the patient presented 
with stiffness, slowness and rest tremor on the right 
side of the body, deep tendon reflexes were very 
brisk, exaggerated on the left side, Babinski sign was 
observed bilaterally.

Genetic tests for earlyonset Parkinson’s disease 
(PARK2, DJ1, PINK) were negative.

She observed improvement after ropnirole 4 mg/
day. After 2 months she stopped the therapy by mis
take without any consequences. Tremor reappeared 
during the next relapse of the disease. She respond
ed very well to corticosteroid therapy (Fig. 4).

Case 6

A 43yearold woman was diagnosed with multi
ple sclerosis in 2006 after an episode of the left ret
robulbar optic neuritis. In May 2010, she had sudden 
onset of involuntary movements in the right hand 
coexisting with pain of the forearm. On her physi
cal examination, there was reduced deep sensation 
in the right hand with associated pseudoathetotic 
movements (Fig. 5).

Case 7

A 51yearold woman with a 28year history of 
MS presented to our unit with dystonia of the left 

hand. She had relapsingremitting MS with sensory, 
motor and visual symptoms and signs.

In 2003, she observed involuntary movements 
and cramp of her left hand, which was diagnosed as 
symptomatic focal dystonia (Fig. 6).

Fig. 4. Case 5. Axial T2 image shows two small 
demyelinating lesions in the putamen of the right 
lentiform nucleus and left subinsular area.

Fig. 5. Case 6. A) Coronal and B) axial MRI T2 images show demyelinating lesions in both thalami, periven
tricular and corticosubcortical area.

A B
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Case 8

A 66yearold woman with a 30year history of 
MS presented with blepharospasm. Treatment with 
botulinum toxin has been effective with a signifi
cant longlasting improvement after transient right 

ptosis 5 days after treatment. Currently, the patient 
experiences only excessive blinking and she does 
not need any additional treatment.

Case 9

A 58yearold woman with a 27year history of 
MS experienced excessive blinking and involuntary 
spasm of both orbicularis eye muscles, diagnosed as 
a blepharospasm. Treatment of blepharospasm with 
botulinum toxin repeated every 5 months was slight
ly effective.

Case 10

A 57yearold woman with an 18year history of 
a very benign course of relapsingremitting MS pre
sented with dystonic tremor of the head with slight 
rotation to the left side and right hand dystonia 
resembling writer’s cramp (Fig. 7).

Results

All details, i.e. MS course, type of MD, MRI find
ings as well as response to the therapy are summa
rized in Table I.

Discussion

Movement disorders symptomatology is rare in 
MS. In some cases, even very experienced physi
cians are diverted from the diagnosis of MS by the 
presence of unusual symptoms derived from basal 
ganglia or autonomic nervous system lesions [11], 
although occasional involvement of the basal gan
glia was reported [810,18].

Moreover, these unusual findings are still very 
challenging in looking for neuropathological basis for 
dystonia, chorea and parkinsonism. In the literature, 
causal or coincidental association of these two dis
orders was discussed. To the best of our knowledge, 
chorea has been reported in only few cases, almost 
always during the course of the diagnosed MS. 
Demyelinating lesions were usually situated in the 
basal ganglia (striatum). In our case 1 with chorea as 
a presenting symptom of MS, neuroimaging revealed 
typical demyelinating changes in the periventricular 
white matter, most remarkable in the frontal and 
parietal lobes and in the left cerebellar hemisphere 
without any significant correlation with the extra
pyramidal tract. Although chorea and ticks did not 
respond to neuroleptic treatment, their severity was 

Fig. 6. Case 7. A) Axial T2 MR image shows mul
tiple foci of hyperintense signal in both thalami 
and periventricular/subcortical white matter;  
B) Cervical MRI revealed few intramedullary de 
 myelinating plaques and discopathy at the C4/
C5 level.

A

B
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Fig. 7. Case 10. A) MR Axial T2, B) Axial FLAIR 
and C) coronal T2 images show multiple hyper
intense focal lesions in the cerebellar peduncles, 
periventricular white matter and pons.

A B

C

slightly temporarily diminished on corticosteroid the
rapy. The positive response to this treatment does 
not allow to exclude causal relationship between 
chorea and MS.

Paroxysmal symptoms (dysarthria, ataxia, pares
thesia, pain, itching, pain, hemiparesis) as presenting 
symptoms were also described in MS. Tuzun et al. [19] 
reported that clusters of paroxysmal symptoms usu
ally tend to occur early in the course of the disease. 
Espir and Millac [2] postulated that “paroxysms re sult 

from a degree of demyelination insufficient to give 
persistent deficit, but rendering axons hypersensitive 
to minor stresses”. Paroxysmal symptoms, especially 
the spasm, probably result from ephaptic transmis
sion between a sensory pathway and the corticospi
nal tract. Response to the corticosteroids observed in 
our case 3 indicates the inflammatory/demyelinating 
mechanism of this disorder.

Cervical dystonia as a presenting symptom of MS 
has been also reported very rarely [13], however spas
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MD are possibly  
related to the MS

MD are secondary to the MS  
(inflammatory process)

Occurrence of MD in MS is  
most probably coincidental

YES

YES

NO

NO

modic torticollis expressed during the course of the 
definite MS is found more frequently [5,17,18]. Sub
cortical grey matter contains myelinated fibers and 
plaques causing movement disorders can be found in 
the striatum, pallidum, thalamus and most common
ly the brainstem. However, in the majority of report
ed cases, a relationship between plaque’s location 
and movement disorders including dystonia was not 
stated [18]. In our group of patients, a possible asso
ciation between location of the lesion and dystonia 
was found in case 2, 4, 7 and 10. In case 8 and 9 only 
diffuse periventricular lesions were found, probably 
not related to the blepharospasm, however clinical 
observation with longlasting improvement in case 
8 may suggest an autoimmune inflammatory origin. 
Brain MRI of patients 7 and 10 with dystonia of the 
upper limb showed lesions located in the periven
tricular white matter as well as in thalamus and pons. 
A hyperintensive focus in the cervical spinal cord was 
found in case 4 (cervical dystonia and voice tremor) 
and 7 (hand dystonia). Magnetic resonance imaging 
of the cervical spinal cord in case 10 revealed only 
discopathy at the level of C4/C5 and C5/C6 presuma
bly not related to the movement disorders.

Pseudoathetosis is also a very rare symptom in 
MS. In our patient, transient involuntary movements 
of the right hand with coexisting loss of propriocep
tion, clinically indistinguishable from athetosis were 
diagnosed as pseudoathetosis. Sharp et al. [15] pos
tulated that this symptom is usually due to lesion 

of the proprioception pathway resulting in the dys
function of the integration of the deep sensation 
with motor function with location in the striatum. 
Magnetic resonance imaging scan of our patient 6 
revealed multiple foci in the basal ganglia, and thal
amus. Location as well as resembling of the symp
toms after 3 months may suggest its autoimmune 
origin.

There are several reports found in historic neuro
logic literature of parkinsonian tremor in the course 
of MS. In two cases reported by Mao et al., no correla
tions between location of demyelinating lesion and 
parkinsonism were observed [5]. Remitting parkin
sonism presented with focal hypersignal in imme
diate vicinity of the extrapyramidal tract strongly 
suggest possibility of a relationship between these 
two disorders. In our case, a suspected lesion was 
located in the right nucleus lentiformis. Response to 
a dopaminergic agonist was very satisfactory in this 
patient but treatment with corticosteroids during 
relapse brought to light complete resolution of par
kinsonian tremor. It could be explained by hypoth
esis that PD symptoms may be aggravated by MS 
plaques, thus explaining the good response to corti
costeroids in reported patients.

Next postulated association between parkinson
ism and MS suggested that repeated perivenous 
demyelination in pigmented neurons may provoke 
chromatolysis and myelinoclastic process in sub
stantia nigra causing PD [7].

Response to the corticosteroids treatment or remission  
of symptoms without any treatment

Response to the corticosteroids treatment or remission  
of symptoms without any treatment

YES NO

Fig. 8. Algorithm of searching for a causal relationship between movement disorders and multiple sclerosis.

Localisation of the hyperintensive foci in MRI
(basal ganglia, midbrain, brainstem, cervical spinal cord – see Table I)

Time of occurrence of the MD in the course of MS  
(as a presenting symptom or after several years of MS duration)
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A recently reported case of dystonia/parkinson
ism as a presenting symptom of primary progressive 
MS syndrome showed one more explanation of the 
association between MD and MS [1,7]. In primary pro
gressive MS both autoimmunological/inflammatory 
as well as neurodegenerative pathomechanisms are 
considered. Delgado et al. [1] found human anti basal 
ganglia antibodies in their reported case. This observa
tion confirmed a possible causal relationship between 
MD and MS. Moreover, during the course of MS, the 
risk of MD occurrence may increase because neuro
degeneration known to be responsible for movement 
disorders start to be much more pronounced compar
ing to the inflammatory process. On the other hand, 
demyelinating lesions are diffuse in time and space 
and progression of the disease is a risk factor for the 
new plaques and new, even atypical, symptoms.

In conclusion, searching for the strategic focal 
lesion in patients with MD and MS might be diffi
cult because of the limitation of the neuroimaging 
methods. Our case series showed demyelinating 
plaques placed in the thalamus most often. In the 
future more accurate methods of magnetic reso
nance imaging may help find even small lesions in 
the extrapyramidal tract. Another interesting expla
nation of the association between MD and MS is 
response to the treatment. Below we present an 
algorithm which may help to explain the causal rela
tionship and origin of the symptoms (Fig. 8).

In our opinion, MD are very often secondary to 
the demyelinating or neurodegenerative process oc cur
ring in MS. We suggest that this association should 
be considered in each case individually. Patients pre
sented in this paper and cases reported in the liter
ature show that MD in MS may have heterogeneous 
mechanisms and course.
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A b s t r a c t

A rare tumour, cerebellar liponeurocytoma, is classified into glioneuronal tumours under the 2000 World Health 
Organization (WHO) classification of tumours of the central nervous system. The current 2007 WHO classification, 
therefore, assigns grade II to the cerebellar liponeurocytoma. Tumours are predominantly localized in cerebellar 
hemispheres, and the second most common location is the vermis. To date, approximately 40 reported cases of cere-
bellar and 10 cases of supratentorial intraventricular liponeurocytoma have been reported. In this report, an unusual 
case of cerebellar liponeurocytoma was presented with extracerebellar location. In the future tumour classification, 
it should be considered that liponeurocytomas are not restricted only to the cerebellum, but they are located in 
supratentorial areas as well.

Key words: liponeurocytoma, cerebellar, supratentorial, intraventricular.

Introduction

Cerebellar liponeurocytomas have been included 
in the 2000 World Health Organization (WHO) clas-
sification of tumours of the central nervous system, 
under the heading of glioneuronal tumours. It is 
a rare cerebellar neoplasm of adults with consistent 
neuronal, variable astrocytic and focal lipomatous  
differentiation, and with low proliferative potential. 
The current 2007 WHO classification therefore assigns 
cerebellar liponeurocytoma to WHO grade II [10,11]. 

In 1978, Bechtel et al. reported a case of lipomatous 
medulloblastoma in a 44-year-old man. The terms neu-
rolipocytoma, medullocytoma, lipomatous glioneuro-
cytoma, lipidized mature neuroectodermal tumour 
have also been proposed [4,10]. As a term, cerebellar 

liponeurocytoma is now largely accepted and is sup-
ported by genetic analyses that indicate that this 
lesion is not a variant of medulloblastoma [7,10].

Tumours are predominantly located in cerebellar 
hemispheres, followed by a more central location in 
the vermis [10]. Tumours with features of liponeu-
rocytoma have also been observed in supratentorial 
locations. There have been approximately 40 report-
ed cases of cerebellar and 10 cases of supratentorial 
liponeurocytoma in the literature [2,4-6,9,11,13,15]. 
The tumour usually has a favourable clinical progno-
sis, although recurrences are frequent [3,8]. 

We report a case of this tumour with supratento-
rial location. Characteristic features of these tumours 
are discussed in the light of pertinent literature.
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Case report

A 34-year-old previously healthy man developed 
a progressive headache. The neurological examina-
tion was normal. Magnetic resonance imaging (MRI) 
scan showed a large partly cystic, 4 × 5 cm mass in 
the third ventricle (Fig. 1A). Enhancement with gad-
olinium was heterogeneous (Fig. 1B). The patient 
underwent an occipital craniotomy and gross total 
excision of the tumour. His postoperative period was 
uneventful. 

The hematoxylin and eosin (H&E) stained paraffin 
sections showed a moderately cellular tumour show-
ing uniform, round oligodendroglia like cells contain-
ing round, “salt-pepper” nuclei and clear cy toplasm, 
and focal lipidized cells that comprised almost 10- 
15% of the tumour area. Upon detailed microscopic 
evaluation, these lipidized cells share some morpho-
logical consistencies with lipidized medulloblastoma 
and clear cell ependymoma (Fig. 2A). Only few mito-
ses and minute foci of micronecrosis were observed 
in the neuronal component. In immunohistochemical 
analysis neuron-specific enolase (NSE) (Fig. 2B) and 
synaptophysin (Fig. 2C) and MAP-2 immunopositivity 
were detected. Glial fibrillary acidic protein (GFAP), 
S-100, neurofilament (NF), vimentin, chromogranin, 
p53, EMA and desmin were immunonegative. Ki-67/
MIB 1 antibody immunolabeling index was 1.5% (Fig. 
2D). No neuroradiologic or clinical neurologic evi-
dence of recurrence and/or residual tumour was 
noticed during a 2-year period of follow-up.  

Discussion

Liponeurocytomas are rare cerebellar neoplasms 
with benign histological features and a favourable 
clinical prognosis. However, the current clinical opin-
ion is based on a total of approximately 40 published 
cases [8,10,14]. Linking the concept of liponeurocyto-
ma to its occurrence in the cerebellum unnecessarily 
obscures the existence of similar neoplasms at other 
sites. Indeed ten such cases have been reported in 
the English literature (Table I) [2,4-6,9,11,13,15]. We 
herein present the eleventh example of supratento-
rial intraventricular liponeurocytoma (Table I).

Liponeurocytomas are characterized by presen-
ce of various lipidized cells in clusters or scattered 
between small neoplastic cells. Immunohistochem-
ical staining demonstrated both neuronal and glial 
differentiation. Histologically mitotic activity and 
proliferation rate are generally low in these lesions 
[2,10,14,16]. 

The immunostaining profile of previously pub-
lished cases of supratentorial liponeurocytomas 
demonstrates uniform reactivity for neuronal mar-
kers like synaptophysin, and/or NSE as was seen 
in the present case [2,4-6,9,11,13,15]. Expression  
of GFAP and S-100 is limited to scattered reactive 
astrocytes [4,9,15], and a few tumour cells [2,5,11,13]. 
The tumour cells are negative for NF [2,4,5,9,11,15]. 
MIB-1 labelling index was < 1% [2], 4% [11], 5.8% 
[4] and 15% and increased to 30% in the recurrent 
tumour [9]. It was 1.5% in the present case and no 

Fig. 1. On T1-weighted MRI showed a large, partly cystic, 4 × 5 cm mass in the third ventricle with heteroge-
neous enhancement with gadolinium.

A B
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recurrences were noticed during 2 years’ follow-up 
period.

Among the relevant cases in files, only three of 
them were examined ultrastructurally. This partic-
ular consistent evidence provides that lipid vacu-
oles progressively accumulate and coalesce within 
cells while retaining their neurocytic features. Thus, 
these distinctive lesions are a result of tumoral 
li pidization rather than true adipose metaplasia 
[4,5,9]. Some authors have interpreted this lipidiza-
tion as true adipose metaplasia [15]. Unfortunate-
ly, no ultrastructural study was applied to the case 
under investigation. 

The immunohistochemical panel showed eviden-
ce of neuronal expression. Moreover, no immuno-
reactivity in lipidized tumour component was seen 

for synaptophysin, GFAP and S-100. We could not 
definitively confirm the presence of lipids within the 
cytoplasm of the tumour cells. Hypothetically, pres-
ence of lipid vacuoles most likely suggests the possi-
bility of mesenchymal differentiation in the tumour 
[12]. The association of mesenchymal phenotypes 
in the tumour implies the possibility of a common 
origin from pluripotent cells related to such struc-
tures. Conveniently, this tumour may have derived 
from pluripotential embryonic ectomesenchymal 
stem cells of neural crest probably persisting in the 
ventricular matrix and the external granular layer 
[1,6,12].

Apart from the cerebellar and 10 cases of supra-
tentorial liponeurocytoma, it should be emphasized 
that the fact about lipidization within the neuroec-

A

C

B

D

Fig. 2. A) Monotonous tumour cell proliferation with focal lipidized cells (HE ×200). B) Tumour cells reacting 
intensely with NSE (Anti-NSE; streptavidin-biotin complement, ×400 original magnification). C) Synapto-
physin reactivity is only focal and mild (Anti-synaptophysin; streptavidin-biotin complement, ×400 original 
magnification). D) Ki-67/MIB-1 labelling index is low (1.5%) (MIB-1; streptavidin-biotin complement, ×400 
original magnification). 
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todermal tumours of the central nervous system 
includes cerebellar astrocytomas, multiple intraspi-
nal low grade astrocytoma, frequently in pleomor-
phic xanthoastrocytoma, occasionally in glioblasto-
ma, ependymomas and supratentorial PNET [2].  

Cerebellar liponeurocytoma has a relatively benign 
clinical course and a recurrence may appear after 
a long period of time [9]. The 5-year survival rate of 
cerebellar liponeurocytoma is 48% but this should 
be interpreted with caution because of rarity of this 
tumour and lack of systemic follow-up [10]. 

Cluster analysis of the cDNA expression data of 
1176 genes grouped cerebellar liponeurocytomas 
close to central neurocytomas, but distinctive from 
medulloblastoma. Furthermore, the cDNA expres-
sion array data suggest a relationship to central neu-
rocytomas, but presence of TP53 mutations (20%), 
which are absent in central neurocytomas, suggest 
that their genetic pathways are different. Horst-
mann et al. reveal TP53 missense mutation with 
a higher frequency than medulloblastoma. More-
over, isochromosome 17q, a genetic hallmark of cer-
ebellar medulloblastoma was not observed in any of 
the cases investigated in this study [7,10]. 

Total resection is considered the best possible 
treatment. There is no consensus regarding the spe-
cific treatment of liponeurocytoma, if only chemo-  
or radiotherapy is an indispensable part of the post-
operative treatment regimen [3,8,10,14].

Conclusions

In conclusion, this study constitutes the 11th 

case of “cerebellar” liponeurocytoma in an extra-
cerebellar location. The future tumour classifica-
tion should consider that liponeurocytoma is not 
restricted to the cerebellum, but may be located in 
extracerebellar sites as well. Consequently, it may 
be expected that the prefix ‘cerebellar’ would be 
omitted as evidenced by sporadic cases in the per-
tinent literature. 
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