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Review paper

Neurogenesis and neuroprotection in postischemic 
brain neurodegeneration with Alzheimer phenotype:  
is there a role for curcumin?
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A b s t r a c t

For thousands of years, humankind has used plants for therapeutics. Nowadays, there is a renewed public interest in 
naturally occurring treatments with minimal toxicity and diets related to health. Alterations in hippocampal neuro-
genesis have been recognized as an integral part of brain ischemia. Neuronal stem/progenitor cells in the hippocam-
pus are positively and negatively regulated by intrinsic and extrinsic agents. One positive regulator of neurogenesis 
in the hippocampus is curcumin in the diet. This review provides an assessment of the current state of the field in 
hippocampal neurogenesis and neuroprotection studies in brain ischemia and focuses on the role of curcumin in 
the diet. Data suggest that dietary intake of curcumin enhances neurogenesis. Recent studies performed in ische- 
mic models have suggested that curcumin also has neuroprotective features. One potential mechanism to explain 
several of the general health benefits associated with curcumin is that it may prevent ageing-associated changes 
in cellular proteins that lead to protein insolubility and aggregation after ischemia such as β-amyloid peptide and 
tau protein. Here, we also review the evidence from ischemic models that curcumin improves cognition and health 
span by overexpression of life supporting genes and preventing or delaying the onset of neurodegenerative changes. 
Available data provide evidence that curcumin induces neurogenesis and neuroprotection and may provide a novel 
therapeutic agent for both regenerative medicine and for the treatment of neurodegenerative diseases such as pos-
tischemic brain neurodegeneration with Alzheimer phenotype.
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Introduction

Age-related disorders such as Alzheimer’s dis-
ease and brain ischemia represent a  major clini-
cal problem in developed countries [18,28,41] and 
are a  major economic burden for health care sys-
tems [15,37]. Dietary, genetic and molecular fac-
tors are important determinants in progression 
and treatment of the above diseases [1,47-51,53]. 
In developed countries ischemic stroke is a  major 
cause of physical disability, the third leading cause 
of mortality and the second most common cause 
of dementia [28,41]. In a population of 1 million peo-
ple 2.4 thousand individuals will have a stroke each 
year, of whom less than 50% will be independent 
1 year later [28]. Numerous self-governing survi-
vors have lasting physical and/or cognitive deficits 
and/or behavioral abnormalities which can affect 
family life and have a significant professional cost. 
An overarching consequence of ischemic brain injury 
is both short- and long-term cognitive deficits. These 
deficits typically occur in attention, memory, learn-
ing and higher order executive functions [3,24,29]. 
Cognitive deficits after ischemia can be attributed to 
damage to certain vulnerable brain regions includ-
ing the hippocampus [47] and temporal cortex [42], 
as well as sub-cortical white matter tracts [44,45]. 
The hippocampus, which is crucial for declarative 
memory formation, demonstrates atrophy [43,46,47]. 
Postischemic dementia is one of the main causes of 
dependency in survivors. An enormous rise in the 
occurrence and problem of postischemic dementia 
is likely to happen because of the drop in mortal-
ity following brain ischemia and ageing of popula-
tions. Finally, global hippocampal neuronal loss with 
atrophy, temporal lobe atrophy and white matter 
changes are hallmarks of postischemic dementia 
[28,50]. Even when the above factors do not lead to 
dementia by themselves, their cumulative effect can 
reach the threshold of changes required to develop 
dementia. The prevalence of postischemic demen-
tia is likely to increase in the near future because of 
better survival following brain ischemia and ageing 
of the population. Recognition of these patients is 
important because they have higher mortality, are 
frequently functionally damaged and need treat-
ment. Studies should now focus on delineation of 
the goal of postischemic cognitive decline without 
dementia, which could be a preliminary stage of pos-
tischemic dementia and is much more frequent in 
clinical practice. Brain ischemia like Alzheimer’s dis-

ease is a neuropathological condition accompanied 
by neuroinflammation and immune system changes 
[33,46,64,72]. One minute of brain ischemia is esti-
mated to destroy approximately 2 million neurons 
and 14 million synapses [57]. 

β-amyloid peptides derived from amyloid precur-
sor protein via β-secretase and g-secretase cleavage 
are characteristic for postischemic brain neurodegen-
eration in animals and humans [52,53,55]. Oxidative 
stress mediates β-amyloid peptide neurotoxicity, and 
the latter contributes to neuronal death following 
brain ischemia [52]. Along with β-amyloid peptide, 
tau protein changes in neuronal microtubules also 
contribute to the postischemic neurodegeneration 
in adult animals [68,70]. Abnormal phosphorylation 
and aggregation of tau protein lead to postischemic 
neuronal dysfunction [70]. These data provide a neu-
ropathological basis for dementia development in 
animals and patients following a  postischemic epi-
sode. Failed clearance of β-amyloid peptide result-
ing from impaired autophagy may also contribute to 
postischemic neurodegeneration [65]. 

Apolipoprotein A1, E and J can influence the 
structure, toxicity and accumulation of the β-amy-
loid peptide in the postischemic brain [52,53,55]. 
Apolipoproteins may also be involved in β-amyloid 
peptide metabolism prior to its deposition. Addi-
tive effects of apolipoproteins on β-amyloid peptide 
deposition may play an important role in regulating 
extracellular β-amyloid peptide accumulation inde-
pendent of β-amyloid peptide synthesis. The above 
data indicate that apolipoprotein A1, E and J accu-
mulation after ischemia may represent a secondary 
injury factor that could exacerbate the healing of 
ischemic neurons and the outcome [52,53]. Extra-
cellular apolipoprotein deposition was noted mainly 
following neuronal death. Transient brain ischemia 
led to changes in the presynaptic protein a-synucle-
in in the hippocampus [52,53]. Strong a-synuclein 
staining was observed in the hippocampus CA1 sec-
tor with postischemic long-term survival. Abnormal 
a-synuclein deposition might impair synaptic func-
tion, resulting in memory problems and additional 
postischemic neuronal death. Thus, the induction of 
amyloid precursor protein, apolipoproteins, prese-
nilins and other Alzheimer’s disease-related genes 
and proteins after ischemia may be the molecular 
link between Alzheimer’s disease pathways and 
ischemia-reperfusion neurodegeneration [51,53]. As 
an effect of induction of the above genes there was 
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noted long-term abnormal co-accumulation of amy-
loid precursor protein and amyloid precursor protein 
cleaving enzymes [52]. The concentration of these 
proteins may lead to amyloid precursor protein pro-
teolysis and β-amyloid peptide formation with final 
extracellular deposition as plaques [52,55]. Summing 
up, experimental data on postischemic brains show 
that Alzheimer’s disease-related changes render the 
brain more susceptible to ischemic damage and in 
consequence lead to the development of Alzheimer- 
type dementia [3,24,29].

Old age is associated with enhanced susceptibility 
to ischemic stroke and poor recovery from postische- 
mic injury, but the cellular mechanisms which trig-
ger these phenomena are only partially understood 
[30,46,52-54,68,70]. Therefore, studying the complex 
processes underlying postischemic recovery of struc-
tural and cognitive functions in individuals a  long 
time after birth is of considerable clinical impor-
tance [54]. Cognitive and morphological analysis of 
aged brain after ischemia in animals shows that: 
first, behaviorally they are more severely impaired 
and they show diminished functional recovery; sec-
ond, they have a larger amount of apoptotic neurons 
and a higher degree of cellular disintegration; third, 
macrophages and astrocytes are activated early and 
strongly in the postischemic period; fourth, the early, 
powerful proliferation of glial cells leads to the pre-
cipitous development of scar tissue, enlarged by the 
chronic deposition of neurotoxic C-terminal of amy-
loid precursor protein; and fifth, the timing of the 
regenerative genetic response and cellular capabil-
ity of the brain is altered and mechanisms are dys-
regulated and reduced, thereby additionally com-
promising functional recovery [30,44,54]. Whether 
endogenous neurogenesis is a  factor that contrib-
utes to spontaneous recovery after ischemia has 
not yet been established. If the development of new 
neurons from endogenous stem cells is to become 
an effective treatment for postischemic neurode-
generation after birth, we need to more completely 
understand the factors that promote neurogenesis 
and how those factors change in later life. If neuro-
genesis from endogenous neuronal stem cells is to 
be used therapeutically, an individual approach will 
be required to assess the possible extent of the neu-
rogenic response as well as the possibilities to alter 
this response for functional improvement or preven-
tion of pathological neurogenesis with formation of 
improper synaptic junctions. The above alterations 

of hippocampal neurogenesis constitute a possible 
therapeutic target after ischemia. This endogenous 
self-repair mechanism may be further enhanced by 
extrinsic agents, one of which is curcumin in the diet.

There are a  few clinically active therapies avail-
able for postischemic neurodegeneration, but no 
regenerative therapy exists currently. A few clinically 
active, yet not fully effective, therapies such as ace-
tylsalicylic acid, statins and tissue type plasminogen 
activator are available for ischemic stroke [17,35,36]. 
In the wake of this neurodegenerative pathology, 
with limited medical therapies, alternative treat-
ments are required which can control the progres-
sion of postischemic neurodegeneration. All the 
neurodegenerative diseases have common mecha-
nisms of neuropathogenesis which include genetic 
alterations, protein and mitochondrial dysfunction, 
oxidative stress, cytokine changes and neuroinflam-
mation [46,52,53]. Current research has shown that 
dietary polyphenols target the molecular chang-
es of neurodegeneration with their ability to cross 
the blood-brain barrier as they control neuronal 
disease pathways at a molecular level by targeting 
these common features of neurodegeneration [14]. 
Polyphenols naturally occur e.g. in vegetables, fruits 
and red wines, exhibiting neuroprotective proper-
ties [4,40]. Dietary polyphenols are also involved 
in prevention of oxidative damage and human LDL 
oxidation [21,61]. Our analysis briefly outlines the 
therapeutic role of polyphenols such as curcumin in 
preventing the development of postischemic neuro-
degeneration with Alzheimer phenotype based on 
the most recent literature. We present the change 
of curcumin from a long-established spice and food 
coloring to a natural regulator of life processes.

The importance of hippocampal 
neurogenesis in postischemic brain 
neurodegeneration

Ischemic stroke is generally an age-related acute 
arterial disorder causing loss of neuronal and glial 
cells, with final development of functional and cogni-
tive deficits. Apart from thrombolysis during the first 
hours, which can be given only to a small percentage 
of patients, no effective regenerative treatment to 
improve functional recovery exists in the postische- 
mic period [17,35,36]. The persistence of neural stem 
cells and neurogenesis in the brain after birth, first 
suggested in 1912 [2], is accepted now. This change 
is based mostly on facts accumulated recently, indi-
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cating that neural stem/progenitor cells occupy two 
main regions, the subventricular zone of the lateral 
ventricles and the subgranular zone of the dentate 
gyrus in the hippocampus, where they give rise to 
neurons after birth [30,38,54,58]. Neurogenesis has 
been found in these brain areas in all mammalian 
species, including humans [9,30,38,54,58], and may 
serve to replace brain cells damaged by insults. Two 
discrete brain regions presented contain progenitor 
cells that are capable of differentiating into neuronal 
or glial cells. Current research shows that neurogen-
esis can be modified by a variety of factors, including 
stress, neurohormones, growth factors, neurotrans-
mitters and also stroke pathology [30]. In particular, 
hippocampal neurogenesis may play a role in modu-
lation associated with neuropathology, such as cog-
nitive disorders [38]. The stimulated neurogenesis at 
sites of brain damage may represent an attempt by 
the brain at self-regeneration after ischemia. Present 
research strongly focuses on the questions whether 
neurogenesis replaces lost and/or dying cells, and if 
so, to what extent. 

Neural stem/progenitor cells could potentially be 
used to develop regenerative treatments to bring 
back the function of the postischemic hippocam-
pus. Two major neural stem/progenitor cell-based 
tactics are currently being explored in experimental 
models: first, to deliver neural stem/progenitor cells 
locally or systemically in the brain where they act as 
stimulators of neurogenesis; and second, to replace 
diseased neurons and restructure neuronal network 
by stimulation of endogenous self-neurogenesis [31].

One of the earliest affected brain structures in 
brain ischemia is the hippocampus, which is in- 
volved in the formation and consolidation of mem-
ory [46,53]. The subgranular zone of the hippocam-
pus dentate gyrus constitutes one of the only two 
neurogenic zones of the mature brain. Neurogenesis 
there is a process of generating neurons from neu-
ronal progenitor cells. In the subgranular zone, these 
neurons proliferate and give rise to immature cells 
which migrate into the granule cell layer, mature, 
and integrate into the preexisting network by receiv-
ing inputs from the entorhinal cortex and extending 
projections into the hippocampus CA3 area [71]. 

Since neurogenesis is required for memory and 
learning, and its activity has shown to be decreased 
after ischemia in humans and rodents [25,26], it has 
been suggested that impaired hippocampal neuro-
genesis might be an integral part of postischemic 

progression [58]. Particularly, a variety of key factors 
involved in brain ischemia, among them presenilin 1 
and 2, amyloid precursor protein and its products 
β-amyloid peptides, play either a positive or a neg-
ative role in hippocampal neurogenesis [7,27]. Fur-
thermore, several growth factors, such as brain-de-
rived neurotrophic factor (BDNF), fibroblast growth 
factor and vascular endothelial growth factor, have 
been reported to be upregulated in the neighbor-
hood of β-amyloid peptide deposits [6,60]. These 
factors are also known to be potent stimulators of 
neural stem/progenitor cell activity. On the other 
hand, neuroinflammation and microglia activity that 
are associated with β-amyloid peptide store [43], 
and represent events in the postischemic brain [46], 
have been demonstrated to reduce neurogenesis [5].

So far, it has not been resolved when and what 
triggers hippocampal neurogenesis impairment in the 
postischemic brain. A  long-term study attempting to 
investigate neurogenesis was performed to assess 
ischemic neurogenic activity [58]. Moreover, numer-
ous aspects of hippocampal neurogenesis, differentia-
tion, and survival of neurons have not been uniformly 
addressed in the above studies, preventing straightfor-
ward comparisons. Nevertheless, animal models will 
improve our understanding of the hippocampal neu-
rogenesis after ischemia and point out still unresolved 
issues which demand further investigation. 

The role of hippocampal neurogenesis  
in postischemic brain neurodegeneration 

It has been suggested that an increase in hippo-
campal neurogenesis might serve as a replacement 
mechanism for neuronal loss, thereby slowing down 
postischemic progression to dementia [24,58]. How-
ever, the native increase in hippocampal neurogen-
esis might not be sufficient to compensate for the 
massive ischemic neuronal loss [26,30,58]. Recently, 
β-amyloid peptide oligomers have been reported to 
promote the generation of new neurons, but with 
no effect on cell survival [32]. On the other hand, 
β-amyloid peptide injection into the hippocampus 
in adult mice reduced progenitor cell activity [76] 
and led to the development of dementia in an ani-
mal model of brain ischemia [29]. Therefore, many 
questions regarding postischemic hippocampal neu-
rogenesis remain open, among them the aspect of 
timing after ischemia. Neurogenesis in the hippo-
campus is regulated by numerous elements, includ-
ing neuropathological conditions such as ischemic 
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episodes and diet [11,30]. Given that dietary factors 
have been proved to change the time course after 
ischemic neurodegeneration [66,77], and the same 
factors have been shown to modulate neurogene-
sis in the hippocampus [59], it is possible that the 
effects of diet on postischemic neurodegeneration 
are mediated by modulation of hippocampal neuro-
genesis. Additionally, dietary habits are an important 
component of lifestyle, which is recognized as one 
of the ischemic risk factors. To our best knowledge, 
amongst the current reviews concerning postisch-
emic hippocampal neurogenesis [30,54], diet and 
brain ischemia and diet and postischemic hippo-
campal neurogenesis, our review is the first to put 
together neurogenesis in the hippocampus and 
postischemic brain neurodegeneration through the 
effects of dietary influence on both phenomena, in 
this manner providing a unique and new perspective 
on the state of postischemic hippocampal neuro-
genesis. Given that these days there are no effective 
therapies for postischemic brain neurodegenera-
tion, and no regenerative therapy exists [17,35,36], 
dietary intervention may be an option to help delay 
disease progression. 

Potent neurogenic activity of curcumin  
in hippocampus

Dietary content is important for the positive influ-
ence on neurogenesis and subsequent hippocampus 
mediated cognitive ability. Dietary polyphenols are 
known to have a beneficial influence on the brain by 
protecting neuronal cells against injury. For example, 
curcumin is a natural phenolic component obtained 
from the plant Curcuma longa, and it has been used 
in India to treat disorders associated with inflamma-
tion and oxidative stress [16]. Curcumin is used as 
a spice and coloring in foodstuffs with its character-
istic yellow color. Due to its yellow color, curcumin is 
systematically used for coloring e.g. mustard, canned 
fish and dairy products [13]. Health benefits of cur-
cumin may be limited in view of the fact of its low 
oral accessibility. On the other hand, due to its lipo-
philicity curcumin can cross the blood-brain barrier 
and can reach brain tissue at a functional pharmaco-
logical level [13,14,63]. The highest curcumin level in 
the brain tissue is reached approximately 60 min fol-
lowing intravenous and/or intraperitoneal injection 
of 100 mg/kg body weight curcumin in animals [13]. 
As a consequence of curcumin’s immediate metab-
olism, it is not detectable in the brain after 2 h [13]. 

It should be remarked that curcumin can probably 
attain a  therapeutic level in the brain tissue when 
it is taken on a regular basis [12]. In the above sit-
uation curcumin accumulates intracellularly and/or 
influences epigenetic regulation of gene expression 
such as DNA methylation and miRNA expression. 

In recent years the focus on curcumin has been 
shifted to its influence on cognition alterations. Clin-
ical data have shown that regular curcumin supple-
mentation improves cognitive function [12]. Addi-
tionally, curcumin administration in various animal 
models of memory impairment reverses memory 
deficits [12]. These outcomes may be due to curcum-
in’s effects on oxidative stress, BDNF and extracellu-
lar signal-regulated kinase (ERK)/P38 signaling path-
ways and degradation of PKCδ [12].

It was found that curcumin’s anti-inflammato-
ry and antioxidant therapeutic activities reversed  
β-amyloid peptide-induced cognitive deficits and 
neuropathological alterations [16]. Recently, it was 
reported that curcumin supports impaired hippo-
campal neurogenesis [69,73]. Curcumin has bipha-
sic effects on neural stem/progenitor cells, whereby 
a low concentration modulates cell proliferation and 
a  high concentration is neurotoxic [69]. This is in 
agreement with the finding that a high concentration 
of curcumin induces oxidative stress and triggers 
apoptosis in cells [39,69]. Previous data indicated 
that the neural stem/progenitor cells’ specific mito-
genic action of low concentration curcumin is medi-
ated by the activation of ERK and p38 MAP kinases 
[39]. All considered, the dose-dependent neurogenic 
activity of curcumin resembles the hormesis theory 
of curcumin. The hormesis dose consequence phe-
nomenon is characterized by low dose activation and 
high dose inhibition. In one study, the administration 
of curcumin significantly increased the number of 
new neurons in the hippocampus dentate gyrus by 
stimulating their proliferation [39]. Enhanced neu-
rogenesis by stimulation of neural stem/progenitor 
cell proliferation is naturally observed during exer-
cises [30]. Exercises elevate reactive oxygen species 
formation, and polyphenols including curcumin can 
promote the nuclear factor-erythroid 2-related factor 
2 (Nrf2) antioxidant response [30]. Therefore, altered 
redox balance in the hippocampus is believed to trig-
ger neural stem/progenitor cell proliferation. In addi-
tion, elevated hippocampal BDNF level is considered 
to be important for enhancing neurogenesis by exer-
cises and/or curcumin [39,69]. Hippocampal BDNF 
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also seems to be correlated with memory and spa-
tial learning, since a polyphenol-rich diet has been 
reported to increase intensity of hippocampal neu-
rogenesis under a persistently stressful situation by 
increasing the hippocampal BDNF amount and CREB 
expression [16,69]. The above data suggest that the 
signaling pathways of ERK and BDNF can improve 
neurogenic activity, which will allow the discovery 
of a  possible therapy that stimulates hippocampal 
neurogenesis after birth and will be useful for the 
treatment of postischemic neurodegeneration with 
Alzheimer phenotype.

Curcumin treatment increases neurite out-
growth and proliferation of neural stem cells in per- 
sistently stressed animals and reverses memory 
deficits in aged rats [63]. According to Tiwari et al., 
[63] the molecular mechanism by which curcumin 
induces neurogenesis is connected with canoni-
cal Wnt/β-catenin pathway initiation and glycogen 
synthase kinase-3β (GSK-3β) inhibition. They found 
that curcumin stimulates neural stem cell prolifera-
tion and neuronal differentiation and reverses β-am-
yloid peptide-induced inhibition of hippocampal 
neurogenesis and memory deficits in an Alzheimer’s 
disease rat model [67] through activation of the 
canonical Wnt/β-catenin pathway. Curcumin acti-
vates Wnt/β-catenin signaling and stimulates adult 
neurogenesis through interaction with Wnt inhibitor 
factor (Wif-1), Dickkopf (Dkk-1) and GSK-3β. 

Curcumin is an approved stimulator of hippocam-
pal neurogenesis, but its exact role in ischemic hippo-
campal neurogenesis remains to be determined. In 
a β-amyloid peptide model of Alzheimer’s disease in 
rat, curcumin suppressed glial activity and enhanced 
spatial memory [67]. It is probable that by downreg-
ulation of glial activity, curcumin protects hippocam-
pal neurogenesis and improves cognitive deficits in 
neurodegenerative disorders such as postischemic 
injury [5]. Apart from the above-mentioned preven-
tion of glial activity, curcumin might act by upreg-
ulation of serotonin receptor 1A and BDNF, and via 
activation of extracellular signal-regulated kinases 
and p38 MAPKs [30,39]. Both pathways are involved 
in the modification of neuronal plasticity. Moreover, 
curcumin might influence neurogenesis by affect-
ing genes, including histone acetyltransferases and 
histone deacetylases, among them sirtuin 1 (SIRT1) 
(Table I) [8,56].

A  recent investigation demonstrated that long-
term administration of curcumin stimulated hip po-

campal neurogenesis and improved cognition in 
aged rats [12]. The gene responses in the hippocam-
pus and cortex of the aged rats suggest a beneficial 
role of prolonged treatment by curcumin in modi-
fying the neuronal network that influences synap-
tic plasticity and cell growth [12]. Curcumin did not 
affect induction of anxiety, locomotor activity and/or 
improvement of physical body strength, but affect-
ed non-spatial and spatial memory in aged rats [10, 
12]. Prolonged treatment with curcumin increases  
neurogenesis in both the subgranular zone of the 
dentate gyrus and the hilus of the hippocampus. 
Data suggest a  beneficial role of long-term treat-
ment by curcumin in improving memory and learn-
ing by the induction of neurogenesis in the dentate 
gyrus.

Prolonged treatment with curcumin positively 
influences the aged rat’s gene dysregulation in the 
hippocampus and cortex, and this phenomenon was 
larger in the cortex than in the hippocampus [12]. 
It was noted that the amount of upregulated genes 
decreased in the hippocampus but it increased in the 
cortex with time of treatment with curcumin. One 
important finding of the genetic investigation is that 
the majority of those differentially expressed genes 
have implications in brain development and memory 
and are involved in hippocampal neurogenesis [12]. 
The NeuroD1 gene, which was overexpressed in the 
cortex, is downstream of the Wnt pathway and is 
very important for the neurogenesis and survival of 
neuronal progenitors [12]. Cortical upregulation of 
the Fezf2 gene after curcumin treatment was not-
ed, and this gene has been involved in neurogen-
esis and growth of subcortical projection neuronal 
cells. Next the Wnt2 gene was overexpressed in 
the adult hippocampus and has been implicated 
in neurogenesis, dendrite growth and arborization. 
Long-term treatment with curcumin upregulated 
the Tiam1 gene, which is vital for neurite outgrowth 
and for dendrite spine morphogenesis. It is interest-
ing that curcumin upregulated in the hippocampus 
genes associated with neurotransmission such as 
synaptotagmin 9 (Syt9) [12]. The physiological role 
of Syt9 in synaptic neurotransmission, plasticity and 
memory is currently not clear. Earlier investigations 
demonstrated that other synaptotagmin genes such 
as Syt1 and Syt4 are closely associated with asso-
ciative and spatial memory. Dong et al. [12] found 
overexpression of neurotransmission genes such 
as syntaxin 1a (Stx1a) and complexin 3 (Cplx3) in 
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the cortex following curcumin treatment. The above 
genes influence neurotransmission and are strong-
ly associated with synaptic plasticity and memory. 
Other synaptic transmission and memory formation 
genes were upregulated in the hippocampus such as 
adenylyl cyclase 1 (Adcyl1), LPL and Kit and in the cor-
tex Cip98, Shank3, Snip and Nlgn2. In summary, the 
above data suggest that the curcumin upregulated 
genes in the hippocampus and cortex may be a factor 
responsible for the improvement of cognition activity 

in aged rats [12]. Dong et al. [12] additionally noted 
overexpression of the CD74 gene in the cortex of aged 
animals after prolonged treatment with curcumin. 
The CD74 gene is important in Alzheimer’s disease 
neuropathology and cooperates together with amy-
loid precursor protein and finally reduces β-amyloid 
peptide generation. The study of upregulated genes 
after curcumin administration suggested that these 
genes are important for neurotransmission, synaptic 
plasticity, neurogenesis and memory creation.

Table I. Summary of the potential positive health effects of curcumin according to human and animal 
model studies

No. Health benefits References

1. Antioxidant activity
– Modulation of Nrf2 signaling pathway

[12,13,16,19,30,34,62,63]

2. Anti‑inflammatory activity
– Inhibition of nuclear factor κB

[12,13,16,19,34,62]

3. Neurogenesis improvement [8,12,30,39,56,63,69]

4. Neuroprotection [13,34,62,63,66,73,74,75]

5. Excitotoxicity protection [13]

6. Mitochondrial dysfunction reduction [13]

7. Neuronal apoptosis inhibition [13,66,74,75]

8. Brain edema protection [13,20]

9. Blood‑brain barrier protection [13,75]

10. β‑amyloid peptide plaque reduction [12,13,34,62]

11. β‑amyloid peptide concentration reduction [13,19,34,62]

12. β‑amyloid peptide inhibition of extracellular aggregation [13,34,62,63]

13. Amyloid precursor protein maturation inhibition and suppression of β‑amyloid peptide 
production

[13,34,62]

14. β‑amyloid peptide clearance increase [13]

15. τ‑protein phosphorylation inhibition [19,34,62,63]

16. Soluble τ‑protein reduction [34]

17. Soluble τ‑protein increase clearance [34]

18. Microglia and astrocyte activity inhibition [5,67]

19. Overexpression of genes involved in neurotransmission, signal transduction, metabolism 
and neural development 
–  Reelin, Nestin, Pax6, Neurogenin, NeuroD1, Nuroregulin, Neuroligin, Stat3, Syt9, Stx1a, 

Cplx3, Fezf2, NeuroD6, Adcyl1, Kit, Htr2c, LPL, Wnt2, Nnat, Tiam1, Unc5d, Shank3, Htr2a, 
Cip98, CD74, Snip, Wee1, Cav1, Nlgn2, Sirt1

[8,12,56,63]

20. Cognition improvement [5,12,13,16,19,63,66,67,75]

21. Anticarcinogenic activity [13,39,69]
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Potent neuroprotective activity  
of curcumin 

Nowadays curcumin has been intensively studied 
as a promising therapeutic for postischemic neuro-
degeneration with Alzheimer phenotype. Evidence 
indicates that curcumin may act as a neuroprotective 
substance on postischemic outcome and behavioral 
deficits in rodents and this neuroprotective effect is 
presented by antiapoptotic action [66,74,75]. Other 
studies have shown that curcumin reverses the 
permeability of the ischemic blood-brain barrier 
and decreases brain edema [13,20]. Additionally 
in behavioral studies in rodents curcumin reverses 
cognitive changes [13]. Curcumin by stimulation of 
protein kinase C activity decreases NMDA receptor 
function. Curcumin has been shown to decrease the 
calcium-dependent induction of caspases [13]. Cur-
cumin inhibits nNOS activity and protects against 
peroxynitrite-induced neuronal cell death in vitro. 
Additionally, Esatbeyoglu et al. [13] showed that 
curcumin inhibits hydrogen peroxide triggered neu-
rotoxicity in Neuro2-A  cells. In summary, curcumin 
presents anti-amyloid, anti-tau protein hyperphos-
phorylation, antioxidative and anti-inflammatory 
actions, and it has been proposed that curcumin 
might be neuroprotective in brain ischemia neuro-
degeneration (Table I) [34,62]. As a  consequence 
of curcumin’s beneficial health potential, including 
anti-inflammatory, antioxidative and anti-excitotox-
ic activities, it may be considered as a promising sub-
stance in the treatment of postischemic brain neu-
rodegeneration with Alzheimer phenotype (Table I).

Curcumin lowers amyloid deposits and inhibits 
tau protein aggregation in a  transgenic model of 
Alzheimer’s disease and reduces oxidative injury, 
neuroinflammatory response, as well as cognitive 
deficit after infusion of amyloid into the brain [19]. 
Experimental models show that curcumin reduces 
neuroinflammation, oxidative stress and the density 
of β-amyloid peptide plaques and soluble β-amyloid 
peptide level in the brain tissue both in vitro and in 
vivo [12,13]. Curcumin prevents the aggregation of 
β-amyloid peptide in vitro and supports the clear-
ance of β-amyloid peptide aggregates. Curcumin 
inhibits the maturation of amyloid precursor pro-
tein and stops the generation of β-amyloid peptide 
in vitro [13]. Curcumin reduced soluble tau protein 
and elevated heat shock protein involved in tau pro-
tein clearance, showing that even after tangles have 

been formed, tau protein-dependent behavioral and 
synaptic deficits could be reversed [34].

Curcumin neuroprotection activity was noted in 
experimental models of Parkinson’s, Huntington’s 
and Alzheimer’s disease and multiple sclerosis [63]. 
Curcumin acts by its antioxidant activity and by 
inducing the transcription factor Nrf2, a regulator of 
antioxidant stress [63]. It was shown that curcum-
in inhibits β-amyloid peptide oligomerization and 
τ-protein phosphorylation in the brain tissue [63]. 
On the whole, curcumin research indicates its possi-
ble neuroprotective function. 

Additionally, some investigations have indicat-
ed anticarcinogenic action of curcumin. It has been 
shown that curcumin exerts its potential anticarcino-
genic activities by regulating the tumor suppressor 
gene p53 and a variety of transcription factors, e.g. 
Nrf2 and NFκB, by modifying inflammatory signaling 
and by triggering apoptosis (Table I) [13]. 

Conclusions

Every mammal has stem cells in different organs, 
being particularly important in the brain, and nowa- 
days these cells are believed to play a role in cell sub-
stitute after birth [23]. The existence of neural stem/
progenitor cells in the mammalian mature brain that 
are capable of forming new neurons continues to 
push the developments of new approaches to brain 
repair after ischemia. In particular, the modulation of 
impaired neurogenesis in the hippocampus is asso-
ciated with the amelioration of cognitive deficits and 
better outcomes related to brain ischemia (Table I) 
[66,75]. Therefore, the latest focus has been concen-
trated on the development of new natural drugs that 
can simulate proliferation of ischemic neural stem/
progenitor cells after birth. The mechanisms and 
factors that control the formation of new neurons 
in the animal and human brain after ischemia are 
by and large unknown, and finding such factors is 
likely to lead to new ways of treating brain ischemia 
[10,58]. This review presents the neurogenic and 
neuroprotective properties of curcumin and provides 
a new basis for a possible reparative strategy where-
by endogenous neural stem/progenitor cells are 
recruited by dietary stimulation to address ischemic 
neuronal loss [1,39]. Curcumin improves the surviv-
al rate of newly generated neurons and stimulates 
impaired neurogenesis after ischemia by elevation 
of neurotrophic factors [30,39]. However, curcum-
in triggers the mitogenic property of neural stem/
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progenitor cells and stimulates their proliferation 
by BDNF and MAP kinase activation [30,39]. Collec-
tively, understanding the neurogenic mechanisms 
after ischemia and curcumin neurogenic activity 
could provide a neurorestorative strategy that stim-
ulates dysregulated endogenous neural stem/pro-
genitor cell activity and as a result prevents neuro-
pathological changes and neurological deficits after 
ischemia. There are, however, some encouraging 
results suggesting that curcumin could be of thera-
peutic relevance in these kinds of diseases (Table I) 
[12,13,23,63]. Amid all the optimism surrounding 
the potential of ischemia-induced neurogenesis, 
there remain a variety of significant concerns. Pos-
tischemic epilepsy is a fairly common morbidity after 
an ischemic episode [22]. It has been suggested that 
aberrant neurogenesis triggers the epileptic activity 
[22]. Clearly any research aimed at enhancing neu-
rogenesis might result in this and other unwant-
ed side effects. In addition, enhanced neurogene-
sis would stimulate cell growth; it is possible that 
increased proliferation could result in tumor devel-
opment [22]. In this situation many issues regarding 
specificity, mechanism and potential toxicity need to 
be more carefully studied before clinical trials can 
occur [13,23]. Undoubtedly, more investigations are 
needed to explore hippocampal neurogenesis and 
the effects of curcumin in long-term natural inter-
ventions [12], and the fact that curcumin seems to 
be innocuous in animals and humans could prompt 
additional studies on the effect of curcumin in the 
onset and progression of postischemic brain neuro-
degeneration with Alzheimer phenotype. Our review 
also points out the limitations of available data and 
potential directions of research into the role of cur-
cumin in hippocampal neurogenesis and neuropro-
tection in ischemic brain neurodegeneration with 
Alzheimer phenotype course.
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A b s t r a c t 

Introduction: Normal aging is characterized by deterioration of visual abilities, affecting mainly visual acuity, con-
trast and wavelength sensitivity. In the present study we attempted to describe the morphological and morphomet-
ric alterations of the dendrites and the dendritic spines of the pyramidal cells of the visual cortex during normal 
aging, in order to approach the visual impairment of aged individuals from a neuropathological point of view.
Material and methods: We studied the visual cortex in 20 brains using the Golgi technique.
Results: In pyramidal cells, which represent the majority of cortical neurons, age-related pathology can be observed 
in cell somata as well as, most importantly, in dendrite number and morphology. The apical dendrites of some pyra-
midal cells are distorted and tortuous. Horizontal dendritic arborization is also severely decreased. These alterations 
were more prominent in the corticocortical pyramidal neurons of the 5th layer.
Conclusions: The morphological and morphometric assessment of the dendrites and the dendritic spines in the visual 
cortex in normal aging revealed substantial alterations of the dendritic arborization and marked loss of the dendritic 
spines, which may be related to visual impairment even in normal aging. 

Key words: visual cortex, ageing, pyramidal cells, 3D neuronal reconstruction, Golgi method.

Introduction 

Normal aging is characterized by deterioration of 
visual abilities, affecting mainly visual acuity, con
trast and wavelength sensitivity [14,28,38,47,50,63]. 
Anatomical and morphological studies concluded 
that retinal abnormalities and changes of the subcor

tical areas do not efficiently explain the perceptual 
deficits [1,27,50], and recent neuroimaging studies 
suggest that agerelated dedifferentiation may apply 
at a neural level besides photoreceptors [1]. 

Several conflicting lines of evidence exist so far 
concerning the possible causative mechanism for 
such impairment. Hua et al. (2006) described signif
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icant functional degradation of the primary visual 
cortex in aged animals, which could be regarded as 
direct evidence for the loss of function in visual cor
tical cells [19].

Although a decrease in brain size has been report
ed with increasing age [11], there is some evidence 
that gray matter tissue loss is minimal in patients 
without degenerative abnormalities [12]. Brody 
(1955) and Samorajski (1976) in their early studies 
mentioned a significant neuronal loss during normal 
ageing [7,49], whereas Pakkenberg and Gundersen 
(1997) in a  more recent study suggested a  small 
loss of neurons with age [42]. The latter findings are 
in agreement with studies of Vincent et al. (1989), 
Peters and Sethares (1993) and Tiggers et al. (1990), 
who concluded that there is no significant loss of 
neurons during ageing. 

According to light microscopy, no significant 
changes in length and complexity of the dendritic 
arbor were found to correlate with agerelated func
tional alterations [5,10,36,55] in layer I  of rhesus 
monkeys. However, electron microscopy revealed 
fewer dendritic and spine profiles per unit area, 
thickening of the glia limiting membrane and a con
comitant decrease in the numerical density of syn
apses with age [44]. Furthermore, Xu et al. (2007) in 
a Golgi study in rats, revealed agerelated changes in 
dendritic branching and spinal density of the pyra
midal cells of the visual cortex [65]. 

In order to further examine the possible agere
lated alterations in the human visual cortex, we 
focused on the pyramidal cells of layer 5 of the 
human visual cortex. Two main classes of pyrami
dal neurons have been described in layer 5, each  
of them playing a unique role in visual information 
processing. The first one refers to corticocortical 
pyramidal neurons. Corticocortical pyramidal neu
rons have short apical dendrites which never reach 
higher than layers 2/3, small to medium sized cell 
bodies and a  few basal dendrites. Corticocortical 
neurons participate in direct feedback circuits [8].

The second type of pyramidal neurons refers to 
corticotectal neurons, which have large cell somata, 
a long apical dendrite forming a large terminal tuft 
in layer 1, and their basal dendrites form a  dense 
and symmetrical dendritic field [8]. 

These cells bear fastconducting axons that 
branch to enervate multiple subcortical targets and 
intracortical collaterals that may end several milli
meters away from the soma [15,26,54]. In the pri

mary visual cortex (V1), the great majority of cor
ticotectal neurons are members of this distinctive 
subpopulation of pyramidal neurons [25,47,58]. 
Cor ticotectal neurons of V1 terminate in superficial, 
retinal recipient layers of the superior colliculus in 
a roughly topographic manner [16,17].

Thus there are two morphologically distinct pro
jection systems in layer 5, one projecting to cortical 
and the other one to subcortical targets, suggesting 
that these two systems transmit different informa
tion from the visual cortex. 

In previous studies we have shown significant 
dendritic and spinal changes in the visual cortex 
during normal ageing [33] and in Alzheimer’s disease 
[32]. In the present study we attempted to describe 
the morphological and morphometric alterations of 
the dendrites and the dendritic spines of the pyra
midal cells of the visual cortex during normal aging, 
in order to approach the visual impairment of aged 
individuals from a neuropathological point of view.

Material and methods

Subjects

Tissue samples from 20 brains were provided by 
the Laboratory of Forensic Medicine and Toxicology. 
Tissue blocks were removed postmortem and imme
diately immersed in 10% buffered formalin solution. 
All the brains had been examined using routine his
topathology methods and no macroscopic or micro
scopic signs of underling pathology were observed. 
The brains were divided into two groups, the first of 
them consisting of ten individuals aged 4055 years 
and the second consisting of the remaining ten aged 
7586 years. 

Tissue preparation

Tissue samples of the primary visual cortex 
were excised from the left hemisphere, stained with 
a modified Golgi method and cut in a slicing micro
tome in thick sections at the range of 150 μm.

Cell selection criteria

Neurons examined consequently for quantitative 
alterations met the criteria set forth by Jacobs et al. 
(1997) that request uniform staining of neuronal 
processes, absence of precipitated debris, good con
trast between cells and background, and relatively 
uniform tissue thickness [22].

http://rcin.org.pl 



102 Folia Neuropathologica 2015; 53/2

Ioannis A. Mavroudis, Marina G. Manani, Foivos Petrides, Dimitrios Dados, Alin Ciobica, Manuela Padurariu, Konstantina Petsoglou,  
Samuel N. Njau, Vasiliki G. Costa, Stavros J. Baloyannis

Neuronal tracing and variables 
analyzed 

For each one of 20 brains, 30 pyramidal cells of 
the fifth layer were selected.

For each selected cell a  video recording was 
taken, using an Amscope 10 Mpx microscope dig
ital camera on an Axiostar Plus Zeiss light micro
scope, analyzed and converted into multiple image 
sequences of 200 serial digital images applying the 
Image J application. They were then imported in the 
Neuromantic application as image stacks in order to 
be used for semiautomatic three dimensional neu
ronal reconstructions. Neuronal tracing was carried 
out by 5 different individuals in order to avoid exper
imental bias.

Branch orders were evaluated in an adapted cen
trifugal fashion as follows: dendrites arising from the 
cell body were considered as firstorder segments 
until they bifurcated symmetrically into secondor
der segments; dendritic branches arising from the 
firstorder segments were considered as secondor
der segments until they bifurcated symmetrically 
into thirdorder segments, and so on. 

Variables analyzed were the total dendritic 
length, the total number of dendritic segments and 
bifurcations, the dendritic tree asymmetry, as well 
as the length and the number of dendritic segments 
per order. Furthermore, the tracings were analyzed 
quantitatively using the Image J program according 
to Sholl’s method of concentric circles [53]. Concen
tric cycles were drawn, at intervals of 15  μm cen
tered on the cell bodies, and dendritic intersections 
within each cycle were counted.

For the estimation of qualitative and quantitative 
changes of the dendrites we used magnifications of 
400×. 

Spine counts were carried out on the dendrites of 
layer V pyramidal neurons, on the basis of 300 pho
tomicrographs. Visible spines were counted on three 
segments of the dendritic field. The first segment, 
2030 μm in length, was located on a basal dendrite; 
the second segment, 2030 μm in length, was locat
ed on a  horizontal branch of the apical dendrite; 
and the third one, 4050 μm, was located along the 
apical dendrite. For each of the segments described 
above, 20 serial digital pictures were taken and used 
in the Neuromantic application for the three dimen
sional representation of the segments including the 
dendritic spines.

Adjacent samples of the visual cortex were used 
for Nissl staining for estimation of the borders of 
cortical layers and the depth of the selected neurons 
in the visual cortex. 

For the statistical analysis, Student’s t test was 
performed. Significance was taken as p < 0.05.

Results 

Golgistained tissue did not exhibit irregular 
varicose enlargements or constriction of dendrites, 
which were described as autolytic changes by Wil
liams et al. (1978) [64].

Qualitative and quantitative 
observations

Qualitative features

Two types of pyramidal cells were observed  
(Fig. 1). The first one refers to corticocortical neu
rons, having small to medium sized cell somata and 
an apical dendrite which terminates in layers 2/3, 
and the second one refers to corticotectal pyramidal 
cells, having large cell somata and an apical dendrite 
which ends in layer I. Both types of pyramidal neu
rons carry the standard morphology described by 
previous studies.  

Application of silver impregnation technique 
revealed significant restriction of the dendritic 
arborization in aged individuals. Irregular swellings 
in the soma, as well as in the proximal portions of 
the apical dendrite and the axon, were observed.  

Quantitative changes
The number of tertiary and quaternary branch

es of the basal dendrites was severely decreased 
mainly in small pyramidal cells of the older group 
(Fig. 2A and B). The total number of horizontal den
dritic branches was also significantly lower in the 
abovementioned group (Fig. 2C). 

The total dendritic length was significantly lower 
in the aged group, being most prominent in the dis
tal branches of small corticocortical pyramidal cells  
(Fig. 2D). Total number of bifurcations per neuron 
and the number of terminal branches were also 
decreased in the pyramidal cells of aged brains, 
exhibiting statistical significance in small cells but 
not in the large ones (Fig. 2A and B). 

Sholl analysis revealed significant restriction of 
the dendritic field in the distal intersections, both in 
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Fig. 1. Corticotectal [1] and corticocortical [2] pyramidal neurons from the older brains (Golgi method, 
magnification 100×) and their reconstructions [3] and [5]. Cell soma of a corticotectal pyramidal neuron 
from an older brain [4] exhibiting significant loss of basal dendritic branches and dendritic spines (Golgi 
method, magnification 400×). Reconstruction from a corticocortical neuron from a younger brain [6]. Higher 
magnification of an oblique dendritic segment of the neuron in Figure 1.1 [7] and higher magnification of 
a part of the apical dendrite of the same neuron [8] (Golgi method, magnification 1000×). Corticocortical 
pyramidal neuron from the visual cortex of an older brain [9], higher magnification of a basal [10] and an 
apical dendritic segment [11] of younger brains exhibiting higher spinal density than the older ones.
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large cells and in small to medium sized pyramidal 
cells (Fig. 2E and F).

The average length per branching order was 
severely decreased in the 3rd and 4th ordered branch
es of the small pyramidal cells of the older group, 
while the respective differences in the large pyra

midal cells exhibited statistical significance only in 
the 4th and higher ordered branches (Fig. 3A and B).  
The same holds true for the dendritic branches per 
order (Fig. 3C and D).

No significant differences were detected in the 
dendritic tree asymmetry of small and large pyrami

Fig. 2. Comparison of complexity of the dendritic arborizations of small (corticotectal) (A) and large (corti
cocortical) (B) pyramidal cells from younger and older individuals. Total number of horizontal branches of 
large and small pyramidal cell from younger and older individuals (C). Total dendritic length of small and 
large pyramidal cells from the visual cortex of younger and older individuals (D). Sholl analysis from small (E) 
and large (F) pyramidal cells from younger and older individuals.
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dal cells in both groups of the study; however, the 
daughter ratio was significantly lower in the older 
group (Fig. 3E and F). The average branching order 
was also lower in the older group (Fig. 4A). 

Dendritic spines

At every age, the spine density for the thick den
drites was higher than that of the thinner dendrites.

Spinal density was calculated to be markedly 
decreased in both pyramidal cell types of the older 
group (Fig. 4B and C). 

Pyramidal cell type differences

Small corticocortical pyramidal cells were more 
profoundly affected by age, while most of the 
agerelated changes of the morphometric variables 

Fig. 3. Dendritic length per order and branches per order from small (A, C) and large (B, D) pyramidal cells 
from the visual cortex of younger and older individuals. Tree asymmetry and daughter ratio from small (E) 
and large (F) pyramidal cells from younger and older individuals.
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studied are more evident in them, as can be seen 
in Fig. 4D. 

Discussion

Methodological considerations

Golgi staining is a capricious and unpredictable 
method; however, it has been used for more than 
100 years for the study of neuronal morphology and 
continues to provide a unique view of the neuronal 
cell soma, dendrites and dendritic spines [33]. 

The Neuromantic program which was used for 
the three dimensional neuronal reconstruction is 
a  free application, verified and established for the 
semiautomatic reconstruction of neurons for single 
images or image stacks. Furthermore, it can be run 
by multiple computers simultaneously in more than 
one computer, allowing as many reconstructions as 
required in parallel [36]. 

The threedimensional neuronal reconstruction 
allows a better and more accurate depiction of the 
neuron, its dendrites and dendritic spines. Therefore 
it can provide the researcher information about neu
ronal functionality and allows statistical comparison 
between experimental neuronal populations as well 
as functional simulation of traced neurons [60]. 

Light microscopy inherently underestimates 
branch and spine numbers, and therefore dendrit
ic and spinal differences may actually be greater 
than observed [18,22]. However, the results are still 
acceptable as the same methods have been used in 
both groups of the study.

Age-related changes

Several aspects of agerelated visual impair
ment have been reported during the past decades 
in studies concerning both humans and other mam
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mals. Some of them refer to visual acuity, impair
ment of binocular summation, motion direction 
detection and spatial frequency contrast sensitivity 
[14,29,40,47,51,57,63]. 

Many studies have demonstrated agerelated 
regression in the dendritic arbors and spines of pyra 
midal neurons located in the prefrontal, superior 
temporal and precentral cortices in humans 
[29,37,43] and in nonhuman primates [46].

Significant agerelated loss of dendrites and den
dritic spines was first described in human brain by 
Scheibel and coworkers, including both shorter and 
fewer dendritic branches [52]. 

The effects of aging on dendritic complexity and 
spinal density of cortical pyramidal neurons in the 
human brain have also been examined by Anderson 
and Rutledge (1996), who quantified spine numbers 
on the basal dendrites of supragranular pyrami
dal cells in the posterior temporal gyrus and noted 
a  significant decline between 21 and 71 years of 
age [2]. Moreover, Jacobs and coworkers examined 
the total dendritic spine number on basal dendrites 
of supragranular pyramidal cells in prefrontal area 
10 and the occipital area in 26 neurologically nor
mal individuals 14106 years old and reported a 46% 
decrease in spine numbers and spine density from 
the younger to the older group [22].

In the present study spinal density was signifi
cantly lower in the apical and basal dendrites of the 
pyramidal neurons of the aged group. These results 
are congruent with the study of Page et al. (2002), 
who demonstrated a decrease of 2837% in the bas
al and apical dendrites of aged animals compared to 
young ones [41]. 

Total dendritic length, dendritic length per branch
ing order and total number of terminal branches 
were also significantly lower in the pyramidal cells 
of the older group. Animal studies have also found 
regressive dendritic changes during normal aging in 
prefrontal area 46 [13] and in the visual cortex [51].  

As Sholl analysis revealed, distal segments are 
mainly affected by age. 

Significant agerelated decreases in segment 
numbers were observed at the second branch order 
for apical dendrites and at the tertiary and quater
nary order for basal dendrites. Similar changes have 
been demonstrated in agerelated animal studies in 
other cortical areas and in area 17 [13,41]. The out
ermost branches of the dendritic tree are the most 
plastic ones and contribute significantly to synap

tic integration locally and along the entire neuron. 
The most peripheral dendritic spines are thought to 
be particularly effective in adjusting potential [23]. 
Thus the excitability of an entire dendrite may be 
disproportionately regulated by changes in distal 
dendrites and dendritic branches.

Although mechanisms underlying agerelated 
changes have not yet been clearly defined, a number 
of biochemical and genetic alterations have been 
described during normal aging. Aging is character
ized by downregulation of specific genes, such as 
genes expressing calcium channel subunits, GABA 
receptor subunits and genes involved in synaptic 
plasticity and playing a  role in DNA repair mecha
nisms and antioxidant defense [3,21,24,39,62]. 

Electron microscope studies demonstrated a cor
relation between oxidative stress and neuronal mor
phological alterations [4].

Furthermore, a  reduction of MAP2 protein 
expression and brainderived neurotrophic factor 
abnormalities has also been revealed by recent stud
ies, offering a possible etiological background for the 
agerelated changes [9]. 

Although aged cerebral cortex still display a cer
tain degree of neuronal plasticity, the selective loss 
of distal dendritic branches and agerelated alter
ations of dendritic spines point to a  reduced toler
ance of the aged visual cortex towards vascular and 
biochemical changes.

Cell-specific alterations

Small pyramidal cells of layer V are mainly affect
ed by age, while large pyramidal cells retain high
er dendritic and spinal density. The statistical test 
performed for the comparison of the morphometric 
changes between the two subpopulations of pyrami
dal cells confirmed this hypothesis. 

The main differences between the subgroups are 
related to the size of the cell soma, the functionality 
and their afferent and efferent connections. 

Medium sized to large pyramidal cells have thick 
axons ramifying with collaterals projecting to the 
superior colliculus [20]. Small to medium sized pyra
midal cells are also located at the depth of layer 5, 
possess basal dendrites that branch in layer 5 and 
layer 6 as well, and an apical dendrite never reach
es the molecular layer. Their axons send recurrent 
axons to layer 3A [30], to layers 5 and 6, and form 
efferents to cortical area V2. The different patterns 
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of connections might play a  role in the differences 
detected in two subpopulations of pyramidal cells 
detected in the present study. 

These findings are consistent with those of a pre
vious study on area 46, where small corticocortical 
pyramidal neurons seem to be mainly affected by 
age in comparison to large projection neurons [13].

Conclusions 

In conclusion, the present study points to the 
fact that brain aging is accompanied by rather sub
tle morphological and molecular changes at the level 
of single neuronal populations and different types of 
pyramidal cells of the human visual cortex are dif
ferently affected. The loss of dendrites and dendritic 
spines leads to a substantial decrease of the synap
tic contacts of the cells of the visual cortex with the 
neurons of other cortical and subcortical areas impli
cated in the modulation of the visual information.

These alterations seen in the thick sections of the 
silverimpregnated preparations, attributed to the 
degeneration of the dendritic spines, may explain the 
impaired central visual function during normal aging.
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A b s t r a c t

Orbital diseases may be divided into congenital defects of the orbit, infectious and inflammatory diseases, orbital 
tumors (including malignant and benign tumors) and injuries. Idiopathic inflammatory syndromes are often encoun-
tered within the orbit and are usually classified as orbital pseudotumors. The etiology of pseudotumors of the vision 
organ is unknown. Infectious agents, autoimmune disorders and improper healing are taken into consideration in 
the pathogenesis of this disorder. Thanks to detailed studies conducted in recent years, a new disease syndrome was 
identified in 2001. It is known as IgG4-related disease, and its differentiation is based on the analysis of IgG4 levels 
in the affected tissues. Orbital locations of the disease were first reported in Japan as late as at the end of 2009. 
This finding triggered the European studies on this subject. To date, no such studies have been conducted in Poland. 
The starting study population consisted of 167 patients with isolated infiltrative tumor diseases within the orbital 
region treated at the Department of Otolaryngology, Head and Neck Surgery of the Medical College Jagiellonian 
University in Krakow. Detailed analysis and diagnostic screening for IgG4-related disease was performed in a total of  
17 patients diagnosed with orbital pseudotumor.

Key words: orbital diseases, pseudotumors, IgG4-related disease, idiopathic inflammation of the orbit.

Introduction

Orbital diseases may be divided into congenital 
defects of the orbit, infectious and inflammatory dis-
eases, injuries and tumors, including malignant and 
benign tumors. The diseases may either originate at 
orbital structures, or be due to continuous spread 
of the pathological process from adjacent tissues, 
or constitute distant metastases as well as symp-
toms of a  systemic disease. The variety of tumors 

observed within the orbit is due to its complex devel-
opment and structure [21]. 

Idiopathic inflammatory syndromes are often 
en countered within the orbit and are usually classi-
fied as orbital pseudotumors. Usually, inflammatory 
orbital pseudotumors are represented as non-granu-
lomatous inflammatory processes in the orbit or the 
eyeball, with unknown local or systemic etiology. In 
most cases, the diagnosis is made on the basis of 
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the interview, clinical presentation, response to ste-
roid treatment and the results of laboratory inves-
tigations and biopsies. The clinical presentation of 
pseudotumors is very diverse and may resemble 
numerous other diseases, such as lymphoma, sar-
coidosis, fibromatosis, or systemic connective tis-
sue disorders [22]. Pseudotumors should exclude 
inflammations due to Wegener’s granulomatosis, 
persistent foreign bodies, sclerosing hemangiomas, 
complications of injuries and inflammation of para-
nasal sinuses. Pseudotumors are the most common 
orbital disorder in adults after Graves’ orbitopathy; 
their incidence is estimated at 4.7-6.3% of all orbital 
diseases [27]. Bilateral location of pseudotumors in 
adult patients may suggest the presence of a gen-
eralized disease such as generalized vasculitis or 
generalized lymphoid hyperplasia. Patients suffer-
ing from pseudotumors often complain of acute 
pain located within the orbit, limited mobility of the 
eyeball, eyeball protrusion and impaired acuity of 
vision. Conjunctival hyperemia, eyelid swelling and 
redness and excessive lacrimation are also common. 
Pseudotumors may affect various orbital structures, 
such as muscles, adipose tissue or lacrimal glands. 
The etiology of pseudotumors of the vision organ is 
unknown. Infectious agents, autoimmune disorders 
and improper healing are taken into consideration 
in the pathogenesis of this disorder. Macroscopical-
ly, orbital pseudotumors are most commonly solid, 
well-differentiated masses of yellow/gray or pink/
gray color. Inflammatory pseudotumors are com-
monly multifocal and may cause inflammation of 
extraorbital muscles, lacrimal tracts, Tenon’s capsule 
and cerebral meninges surrounding the optic nerve 
and the adjacent tissues [35].

Thanks to detailed studies conducted in recent 
years, a  new disease syndrome was identified in 
2001. It is known as IgG4-related disease, and its dif-
ferentiation is based on the analysis of IgG4 levels in 
the affected tissues [39]. Orbital locations of the dis-
ease were first reported in Japan as late as at the end 
of 2009. This finding triggered the European studies 
on this subject. To date, no such studies have been 
conducted in Poland. It has been established that 
IgG4-related orbital disease is a  recently defined 
inflammatory process that is characterized by 
1) inflammatory infiltration of IgG4-producing plas-
ma cells; 2) tendency to form tumorous lesions at dif-
ferent sites; 3) increased serum IgG4 levels, although 
this is not a  required condition [22]. IgG4-related 

disease is considered to be a  generalized process 
involving a wide spectrum of various diseases that 
may affect distant organs. Particular progress was 
made recently due to in-depth clinical and patholog-
ical studies of diseases suspected of being depen-
dent on increased levels of IgG4-positive plasma 
cells [27]. This type of lesion has been observed in 
a variety of organs, such as pancreas, hepatobiliary 
duct, salivary glands, orbits, lymph nodes, retro-
peritoneal space, kidneys, lungs, skin, and aorta. It 
is difficult to estimate the incidence rate of IgG4- 
related diseases due to the relatively low awareness 
of the possibility of this disease among physicians. 
The most reliable data originating from Japan esti-
mate the incidence rate of IgG4-related disease to 
be 0.28-1.08 cases per 100 000 individuals [30].

Clinical experiments on primary, isolated orbital 
tumors show that they remain difficult to diagnose 
and treat for physicians of different specialties; we 
decided to address this issue in light of the recent 
establishment of IgG4-related disease as a  new 
nosocomial entity. Orbital IgG4-related disease is 
a recently reported issue that may prove important 
for elucidation of the etiology of idiopathic, lymph-
oplasmacytic or fibrotic disorders of various organs, 
including the orbits. The goal of this study is to facil-
itate the diagnostic procedures in the treatment 
of patients with non-neoplastic, primary, isolated 
tumors, excluding eyeball tumors, metastatic tumors 
and tumors infiltrating from adjacent tissues, includ-
ing from the nose and paranasal sinuses. Detailed 
assessments were performed in a group of patients 
diagnosed with orbital pseudotumors in the clini-
cal material of the Otorhinolaryngological Clinic of 
the Jagiellonian University Medical College over the 
last 11 years. The usefulness of immunohistochem-
ical diagnostics in correct diagnosis of IgG4-related 
orbital disease was studied. 

Material and methods

The study was undertaken to facilitate the diag-
nostics and treatment of patients with non-neo-
plastic, primary, isolated tumors, excluding eyeball 
tumors, metastatic tumors and tumors infiltrating 
from adjacent tissues, including from the nose and 
paranasal sinuses. Detailed, retrospective assess-
ments were performed in a group of patients with 
isolated orbital diseases in the clinical material of 
the Otorhinolaryngological Clinic of the Jagiellonian 
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University Medical College in the years 2002-2012. 
All the experiments reported in this manuscript were 
conducted in accordance with the local ethics com-
mittee of Medical College Jagiellonian University, 
Krakow, Poland. The usefulness of immunohisto-
chemical diagnostics in correct diagnosis of IgG4- 
related orbital disease was studied. The study was 
conducted in a group of patients qualified for radical 
procedures or biopsies (often without initial histo-
pathological diagnosis). Patients with a  history of 
previous surgery, radiation therapy and corticoste-
roid treatment in relation to the vision organ were 
excluded from the study. All specimens archived  
at the Chair of Pathomorphology of the Jagiellonian 
University Medical College in Krakow were subject- 
ed to histopathological examination. At the first 
stage, 17 cases of orbital pseudotumors were select-
ed from histological specimens subjected to routine 
HE stain. 

Immunohistochemical assays were carried out 
in a  standard manner [31,32]. The assessment of 
eosinophils and neutrophils was carried out by 
means of HE staining, while quantitation of plas-
ma cells was achieved by using murine monoclonal 
anti-CD138 antibodies (DakoCytomation, Denmark, 
1 : 100, 30 min, citrate buffer). IgG levels were deter-
mined using rabbit polyclonal antibodies (Dako-
Cytomation, Denmark, 1 : 800, 30 min proteinase K 
unmasking), while IgG4 levels were determined 
using rabbit monoclonal antibodies (Aabcam, 1 : 300, 
30 min, citrate buffer). Visualization of the anti-
gen-antibody complex was achieved using the Ultra 
Vision LP Value Detection System (LabVision Corp.) 
with 3,3’-diaminobenzidine (DAB) tetrahydrochlo-
ride (DAKO Corp.) chromogen kit. Cell nuclei were 
contrasted using Mayer’s hematoxylin for 1 minute 
and then covered by cover glasses in Cytoseal XYL 
(Thermo SCIENTIFIC). Microscopic specimens were 
assessed using Olympus CX41 and Nikon Eclipse 50i 
microscopes.

In each case, guidelines [32] were followed by 
searching for three sites with the highest number 
of IgG4+ plasma cells and assessing the number of 
these cells at these sites at 40x magnification. Next, 
total plasma cell counts and IgG-producing plasma 
cell counts were assessed in identical areas in sam-
ples assayed for IgG and CD138. Routinely stained 
specimens were assessed for fibrosis, other infiltra-
tions within the lesion (infiltrations of acidophils 
and neutrophils as well as lymphoplasmacytic infil-

tration with or without formation of follicles) and 
vascular lesions manifested as wall thickening and 
lumen narrowing. All these lesions were assessed 
by semiquantitative methods (1+: small lesions; 
2+: medium lesions; 3+: advanced lesions). Immuno-
histochemical assays using anti-IgG, anti-IgG4 and 
anti-CD138 antibodies were used to estimate the 
IgG4+/CD138+ and IgG4+/IgG+ ratios. 

Results

Of the group of isolated orbital tumors, con-
sisting of 167 patients, patients diagnosed with 
malignant tumors on the basis of postoperation-
al histopathological assessment were excluded. 
A total of 116 remaining patients were included in 
the selected study group on the basis of postoper-
ational histopathological assessment. Histopatho-
logical diagnoses included pseudotumor, vascular 
malformations, cavernous angioma, arterial angio-
ma, dermoid cyst with inflammatory infiltration, 
mixed tumor of the lacrimal gland, inverted papillo-
ma, neurinoma, neurofibroma, meningioma, and 
adi poma. Detailed analysis and diagnostic screening 
for IgG4-related disease was performed in a  total 
of 17 patients diagnosed with orbital pseudotu-
mor. The mean age at diagnosis was 49.65 years. 
The analysis of tumor locations in patients diag-
nosed with orbital pseudotumor revealed antero-
equatorial location in 7 cases and retroequatorial 
location in 10 patients. Pseudotumors were located 
within the right orbit in 7 patients and within the 
left orbit in 9 patient. In one patient, pseudotumors 
were located in both orbits. A  similar incidence of 
the tumor was observed in both genders (Fig. 1A); 
no significant differences were observed in relation 
to the affected orbit side (Fig. 1B).

A  detailed analysis of histopathological lesions 
(Table I) in patients diagnosed with orbital pseudo-
tumors revealed changes in the IgG4+/CD138+ and 
IgG4+/IgG+ ratios in patients subjected to immu-
nohistochemical diagnostic screening for IgG4-re-
lated disease. Extensive vascular lesions with wall 
thickening and lumen narrowing were observed in 
all patients; the IgG4+/CD138+ ratio was higher than 
10% in all cases. The mean IgG4+/CD138+ ratio was 
32.4% (Fig. 2A). The results were obtained by calcu-
lating the IgG4+/IgG+ ratio, usually exceeding 40%, 
and more than 80% in 3 patients. The mean IgG4+/
IgG+ ratio was 53.5% (Fig. 2B). Most histopathological 
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specimens featured follicles and lacrimal gland tis-
sue. Table I presents the lack of correlation between 
the IgG4+/CD138+ and IgG4+/IgG+ ratios de pending 
on the age and gender of patients. 

Table II presents a  detailed analysis of histo-
pathological lesions in patients with histopatholog-

ical diagnosis of orbital pseudotumor subjected to 
immunohistochemical screening for IgG4-related 
disease. The following lesions were observed in his-
topathological examinations of operated patients: 
extensive fibrosis – mean grade of 2.67 (scale 0-3), 
numerous plasma cell infiltrations – 2.05 (scale 0-3), 
eosinophilic infiltrations of grade up to 1.5 (scale 
0-3), i.e. as many as 20-25 cells in certain fields under 
large magnification (40x); in most cases only isolat-
ed neutrophils – 0.18 (scale 0-3), vascular lesions 
(wall thickening and stenosis of tiny vessels of dif-
ferent intensity) in all cases as well as inflammato-
ry thrombotic lesions in 3 cases; the IgG4+/CD138+ 
ratio was always more than 10%, 32.3% on average, 
while the IgG4+/IgG+ was above 40% in all cases, and 
more than 80% in 3 patients (ca. 53.5% on average) 
(Table II). In all cases, fragments of lacrimal gland tis-
sue and follicles were present in all histopathological 
specimens. Figure 3 presents a  typical image of an 
inflammatory orbital pseudotumor. Profuse lympho-
plasmacytic infiltration of fibrous tissue, and CD138+ 
plasma cells are visible. The IgG+ reaction seems to 
be present in a  larger number of cells compared to 
the CD138+ reaction. However, it should be noted 
that IgG may also be produced by some of the B lym-
phocytes differentiating into plasma cells. What is 
interesting, nearly all immunohistochemistry-marked 
plasma cells (CD138+) are IgG4-positive. 

Discussion

Reports of possible incidence of IgG4-related 
disease were published in late 2001. The first suspi-

Fig. 1. A) Comparison of incidence of pseudotumors within the right or left orbit. B) Comparison of incidence 
of pseudotumors in females and males.

Table I. Detailed analysis of age, gender and 
tumor location in patients with histopatholo-
gical diagnosis of orbital pseudotumor subject- 
ed to immunohistochemical screening for IgG4- 
related disease

Pseudotumor – IgG4+-related

n Sex Age IgG4+/CD138+ IgG4+/IgG+

1 F 41 > 20% > 40%

2 F 44 > 40% > 60%

3 F 67 > 20% > 50%

4 M 52 > 30% > 50%

5 M 17 > 20% > 40%

6 M 18 > 20% > 50%

7 M 54 > 40% > 60%

8 F 75 > 10% > 40%

9 M 41 > 80% > 80%

10 F 40 > 50% > 50%

11 M 62 > 10% > 40%

12 F 32 > 20% > 40%

13 F 79 > 10% > 40%

14 F 50 > 40% > 60%

15 M 55 > 80% > 80%

16 M 66 > 20% > 50%

17 M 51 > 40% > 80%

F – female, M – male

Left  
47%

Men
53%

Right
53%

Women
47%

A B
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cions of orbital locations of the disease were report-
ed in Japan as late as at the end of 2009. This find-
ing triggered the European studies on this subject 
[4]. The basic consensus of the diagnostic criteria 
for IgG4-related diseases was established in 2010. 
IgG4-related orbital disease may also be diagnosed 
by the presence of criteria proposed by Umehara  

et al. [37]. Patients with suspected IgG4-related orbit-
al disease may be assessed and diagnosed accord-
ing to either of these two sets of diagnostic criteria 
[37]. In 2010, Zen and Nakanuma demonstrated that 
IgG4-related disease symptoms may have different 
anatomical locations despite the same levels of IgG4 
in the studied tissues. This conclusion supports the 

Fig. 2. Comparison of IgG4+/CD138+ ratio (A) and IgG4+/IgG+ ratio (B) in pseudotumors and average patient 
age (C). In IgG4+, the IgG4+/CD138+ ratio is 10-50 while the IgG4+/IgG+ ratio is 40-70.
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Table II. Detailed analysis of histopathological lesions in patients with histopathological diagnosis of orbital 
pseudotumor subjected to immunohistochemical screening for IgG4-related disease

Pseudotumor – IGG4+-related diseases

n FSS Cell infiltration Vascular changes

PLAS NEUT EOS TVL TBVW

1 +++ +++ – ++ ++ +

2 +++ ++ – ++ +++ ++

3 +++ +++ – +++ ++ ++

4 +++ +++ – +++ ++ +

5 ++ +++ – + + +

6 ++ +++ – + + +

7 +++ +++ +/– ++ +++ ++

8 +++ +++ – – ++ +

9 +++++ ++ – + +++ +++

10 +++ +++/++ – +++ ++ ++

11 +++ +++/++ – + ++ +

12 ++ +++/++ – + ++ +/–

13 ++ ++ +/– ++ ++

14 +++ +/– +/– +/– ++ ++

15 ++ +++ +/– +++ + –

16 ++ ++ +/– + + +

17 ++ ++ +/– + + +

Scale: − none, +/− sparse, + low, ++ medium, +++ high, +++++ very high 
FSS – fibrosis, PLAS − plasma cells, NEUT – neutrophils, EOS – eosinophils, TVL − thinning of the vascular lumen, TBVW − thickening of blood vessels walls
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IgG4 dependence of the disease [7,8]. IgG4-related 
orbital disease is a general term for the pathologies 
in the orbital region. Different orbital locations are 
possible. Most typically, the disease is diagnosed 
within the lacrimal gland (IgG4-related dacryoad-
enitis). This conclusion as drawn by other authors 
was also confirmed by the results of our study. 
The disease may also present as an IgG4-related 
orbital inflammatory pseudotumor or IgG4-related 
orbital myositis, which was also observed in the 
patients examined as part of this study.

To date, no such studies have been conducted 
in Poland. Examinations of such patients were ana-
lyzed both retrospectively and prospectively over the 

last 11 years to assess the possibility of IgG4-related 
orbital disease. The starting study population con-
sisted of 167 patients with isolated infiltrative tumor 
diseases within the orbital region treated at the ORL 
Clinic of the Jagiellonian University Medical College 
in Krakow. Of all the studied and analyzed patients, 
a  final group was selected to undergo diagnostic 
examinations for IgG4-related disease. The study 
group consisted of 17 patients with the diagnosis 
of pseudotumor lesions. According to the literature, 
the mean age for the established and probable cases 
of IgG4-related orbital disease is estimated at 55.5 
years [2]. The value was similar in our study, being 
49.6 years in the group of pseudotumor patients.

Fig. 3. Inflammatory orbital pseudotumor. A) Profuse lymphoplasmacytic infiltration of fibrous tissue. HE. 
40x. B) Clear positive immunohistochemical reaction to CD138 marking the plasma cells. 40x. C) Clear pos-
itive immunohistochemical reaction to IgG-positive cells – the reaction appears to be present in a higher 
number of cells than the reaction to CD138. However, it should be noted that IgG may also be produced 
by some B lymphocytes differentiating into plasma cells. 40x. D) Nearly all immunohistochemistry-marked 
plasma cells (CD138+) are IgG4-positive. 40x.

A B

C D
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Orbital pseudotumors are idiopathic inflammato-
ry processes occurring within the orbit and involving 
hypertrophy of fibrovascular tissue with low cellular 
polymorphism and lymphoplasmacytic infiltrations. 
Usually, orbital pseudotumors do not extend beyond 
the borders of the orbit, and their clinical course may 
be very diverse [21,22,25,40]. A total of 17 patients 
diagnosed with pseudotumors were selected from 
the population of non-malignant orbital lesion 
patients and subjected to diagnostic examinations 
for IgG4-related disease. The obtained results con-
firmed IgG4-related orbital disease. A  high degree 
of fibrosis was observed in histopathological spec-
imens, with numerous plasmacytic infiltrations con-
taining numerous eosinophils, up to 25 cells per field. 
Only isolated neutrophils were observed in about 
50% of cases. Vascular lesions (wall thickening and 
stenosis of tiny vessels of different intensity) were 
also observed in all cases; inflammatory thrombotic 
lesions were observed in three cases. Histopatholog-
ical lesions observed in the study material were very 
similar to those described by other authors [2]. What 
is important, in all patients diagnosed with pseudo-
tumors, the IgG4+/CD138+ ratio in orbital tissues was 
always more than 10%, and often as much as 40%. 
The IgG4+/IgG+ ratio was above 40% in all cases, and 
more than 80% in 3 patients. In all cases, fragments 
of lacrimal gland tissue and follicles were present in 
all histopathological specimens. As demonstrated by 
an increasing number of papers and confirmed by 
the results of this study, the tissue IgG4+/IgG+ ratio 
is the most important parameter for the diagnosed 
cases associated with IgG4+ plasma cells, and its 
value should be higher than 40% [7,8,36,39]. Other 
criteria, such as obliterated venous pattern with-
out the required inflammatory reaction or storiform 
fibrosis, are crucial for the diagnosis of IgG4-related 
disease [3,8,12,29,52,53]. In IgG4-related disease, 
the total number of IgG4-positive plasma cells must 
be elevated. It should be underlined that the study 
material was retrospective and has been analyzed 
several times.

Venous vessels are obliterated by profuse lympho- 
plasmacytic infiltration. Lymphocytes and plasma 
cells are present within both the vessel walls and  
the lumen. Partial obliteration of veins and inflam-
matory infiltration of the entire wall are also indic-
ative of IgG4-related disease. Lacrimal gland tissue 
was predominant in specimens analyzed at the Kra-
kow Clinic. Very high eosinophilic infiltration of up to 

20 cells per field of view was a characteristic feature 
of the specimens. According to worldwide litera-
ture, IgG4-related orbital disease is rarely associated 
with lymphoplasmacytic infiltration and eosinophilic 
material-containing macrophages [9]. In this aspect 
of IgG4-related disease, our results are in contrast to 
these findings. On the other hand, we confirmed the 
presence of microvascular lesions, reported to occur 
rarely for IgG4-related disease by other authors 
[9,26]. The clinical presentation usually excludes 
definite diagnosis. Most commonly, patients present 
at the laryngologist’s office with increasing orbital 
pain, impaired mobility of the eyeball and eyeball 
protrusion. In many cases, conjunctival edema and 
hyperemia, eyelid plethora and soft tissue edema 
were observed. Pain of the extraorbital muscle wall 
suggested a high likelihood of an orbital inflammato-
ry syndrome, particularly myositis. Visual acuity was 
impaired in cases of optic nerve or posterior sclera 
involvement. Sometimes, systemic symptoms, such 
as leukocytosis and fever, might indicate inflamma-
tion, which was consistent with observations made 
by other authors [3,21,22,25,27,40].

Biopsy is not required in all cases, as the clini-
cal and radiological presentation (including CT and 
MRI scans) may be sufficient to establish the diag-
nosis and start treatment. Other systemic disor-
ders that accompany IgG4-related disease include 
autoimmune pancreatitis, retroperitoneal fibrosis, 
mediastinal fibrosis, sclerosing cholangitis, Sjögren’s 
syndrome, xanthogranuloma, or inflammatory myo-
fibroblastic tumor [4]. The diagnostics of IgG4-related 
disease involves the use of intravenous gallium-67, 
which is accumulated at inflammation sites and, as 
evidenced by numerous studies of IgG4-related dis-
eases, is most commonly gathered within the lung 
tissue (hila) (77%) and the pancreas (76%). Gallium 
accumulation is also relatively common in salivary 
glands (54%), lacrimal glands (54%) and periaortal 
tissues (23%). Chronic inflammatory conditions that 
might obscure IgG4-related disease include: salivary 
tract inflammation, non-malignant oral lesions (e.g. 
cysts), gastrointestinal diseases (including Crohn’s 
disease and intestinal diverticulitis), synovitis, some 
malignant tumors (squamous cell carcinoma, ade-
noid cystic carcinoma), and numerous inflammatory 
skin diseases.

Each of the examined patients was subjected to 
CT and/or MRI scans before the scheduled surgery. 
On this basis, the appropriate treatment method and 
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surgical approach were determined. Detailed radio-
logical consultation was obtained, providing data to 
adopt a suitable treatment strategy. The entire man-
agement conducted at the Krakow Clinic of Otorhi-
nolaryngology suggests that the group of pseudotu-
mors is of a  very diverse character. Pseudotumors 
may resemble numerous other diseases, such as 
lymphoma, sarcoidosis, fibromatosis, and systemic 
connective tissue disorders (e.g. lupus erythemato-
sus and other granulomatous disorders), as was also 
reported in other studies [18,27,38]. 

The treatment and the outcomes in patients 
diagnosed with IgG4-related disease after one or 
more cycles of corticosteroids were different in 
female and male patients. IgG4-related orbital dis-
ease with the involvement of other organs may be 
considered a generalized disorder. The orbital loca-
tion may coexist with an extraorbital location [24]. 
Most commonly, extraorbital location is associated 
with the involvement of parotid glands and lymph 
nodes [5,11,14,15,29,30].

Positron emission tomography is an imaging 
examination that markedly facilitates the diagnosis 
of a systemic IgG4-related disease, both in cases dis-
tant from the orbit and in clinically silent IgG4-relat-
ed diseases [19]. Two such patients were identified 
in the study material, with generalized IgG4-related 
disease being confirmed by PET scans [9,24,35]. 

The consensus guidelines for histopathological 
diagnostics of IgG4-related orbital disease were pub-
lished at an international symposium in 2011 [7,8]. It 
was determined that IgG4-related disease is charac-
terized by different degrees of fibrosis and extensive 
lymphoplasmacytic infiltration of IgG4+ cells [7,8,33]. 
Lymphoplasmacytic infiltrations are more extensive 
at early stages of the disease and consist of poly-
clonal T cells, IgG4+ plasma cells and scattered eosin-
ophils. Subsequent biopsies conducted in a case of 
IgG4-related inflammation of lacrimal ducts revealed 
increased fibrosis. The process has been proposed as 
the natural history of the disease which, when accu-
mulated, in the fibrosis stage [5,10]. However, some 
diseases may originate from a primary sclerotic pro-
cess. The histopathological image of IgG4-related 
orbital disease includes lymphoplasmacytic infiltra-
tion of various degree with predominant fibrosis 
or reactive lymphoid hyperplasia [14,15,26,29,36]. 
IgG4-related orbital disease may involve infiltra-
tions of lymphoplasma cells, macrophages, as well 
as eosinophils [14,15]. The clinical material in this 

study was characterized by significant differences in 
the histopathological image compared to that pre-
sented by other authors. A characteristic trait in the 
histological presentation of IgG4-related disease is 
the presence of thromboangiitis obliterans, very rare 
in orbital IgG4-related disease [16,17,26]. The patho-
genesis of the disease may include the immune 
response to an antigen within the upper segment 
of the respiratory/alimentary tract. Nosocomial enti-
ties currently identified as IgG4-related diseases 
include numerous disorders of heterogeneous clini-
cal presentations, previously listed as separate and 
unrelated entities [13]. IgG4-related disease should 
be suspected on the basis of the presence of one 
of the accompanying symptoms, such as symmet-
rical swelling of lacrimal or salivary glands, autoim-
mune pancreatitis, inflammatory orbital pseudotu-
mor, retroperitoneal fibrosis, lymphadenopathies, 
or Castleman’s disease. The results presented in 
this study are in agreement with the conclusions of 
the panel of experts gathered in Boston in 2011 to 
present the “Consensus statement on the pathology 
of IgG4-related disease” [7,8]. The comprehensive 
diagnostic criteria proposed by Umehara et al. in 
2012 provided a breakthrough in the establishment 
of IgG4-related orbital disease as a unique nosoco-
mial entity; however, some details require further 
elucidation. The authors did not report on the size of 
the large magnification field to be used when count-
ing IgG4-positive cells. IgG4-related orbital disease is 
a general term for pathologies in the orbital region. 
Different orbital locations are possible. Most typical-
ly, the disease is diagnosed within the lacrimal gland 
(IgG4-related dacryoadenitis); it may also present as 
an IgG4-related orbital inflammatory pseudotumor 
or IgG4-related orbital myositis. Serum IgG4 level is 
considered to be a  less valuable diagnostic marker 
compared to the tissue IgG4 content and is usually 
elevated by 40% with biopsy-confirmed IgG4-relat-
ed disease [28]. Recent results suggest that it is the 
ratio between serum IgG4 and IgG, rather than the 
levels themselves, that is important, as the serum 
levels themselves may be within the normal range. 
According to recent international studies [19,20]  
the serum IgG4+/IgG+ ratio of 5-10% may be a sen-
sitive and specific marker indicative of early and 
single organ-limited development of an IgG4-related 
disease. Having analyzed the results of histopatho-
logical assays and serum IgG and IgG4 level tests, 
the researchers observed significantly elevated 
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serum IgG4 levels in only one case of bilateral orbit-
al pseudotumor. The remaining results were within  
the normal laboratory range for IgG4 levels while 
being at the limit of the range in only 2 cases of 
orbital pseudotumors (single-sided). Despite the fact 
that the blood levels of IgG and IgG4 were normal, 
the analysis of the IgG4+/IgG+ ratio revealed a value 
of above 8%, indicative of possible development of 
an IgG4-related disease limited to a single organ, as 
suggested by Masaki et al. in their article published 
in 2012. Such results were observed in 3 of the diag-
nosed patients in whom pseudotumors were shown 
to be associated with elevated IgG4 levels in orbital 
tissues. 

Idiopathic orbital inflammation poses a  signif-
icant challenge to therapists and is characterized 
by a tendency to recur in more than 50% of cases 
[16,17]. The treatment is empirical in nature, as the 
pathophysiology of the disease has not been fully 
explained. Clinical treatment involves administra-
tion of corticosteroids. Physicians are often left with 
symptomatic treatment as the only option, including 
suppression of inflammation with corticosteroids. 
Identification of IgG4-related orbital diseases is 
important as lesions may be very sensitive to target-
ed biological treatment [13]. Unfortunately, no pro-
spective clinical studies are available with regard to 
IgG4-related disease, with treatment methods being 
based on retrospective observations in relatively 
small patient groups. Before initiating treatment, it 
is important to establish the histopathological diag-
nosis and exclude possible malignancy [10]. Rituxi- 
mab, a  monoclonal anti-CD20 antibody, was used 
against B cells. Rapid reduction in blood IgG4 levels 
was observed in patients who received the drug [6]. 
Thus, modulation of B cell function led to a change 
in interactions between B cells and plasma cells, 
affording good therapeutic effects. Currently, a che-
motherapeutic agent, bortezomib, is also in use.

To sum up, IgG4-related disease is most com-
monly manifested by a tumorous mass in the affect-
ed organ. Correct presurgical screening for IgG4-re-
lated disease may allow major orbital procedures to 
be avoided in some patients. Identification of typical 
histopathological lesions, particularly infiltrations of 
IgG4-positive plasma cells, remains the gold stan-
dard for establishing a  correct diagnosis. Although 
an increased serum IgG level is neither sufficient nor 
necessary to diagnose IgG4-related disease, it may 
be helpful in the diagnostic process.
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A b s t r a c t

Introduction: Imaging studies make it possible not only to visualize the general structure of the brain but also to take 
precise measurements of brain tissue volume and the size of individual lobes and their structure. The aim of this study 
was to determine the ratio of cerebrospinal fluid (CSF) volume contained in the intracranial ventricular system to the 
brain tissue volume and the ratio of CSF volume in the subarachnoid space and basal cisterns to the brain tissue volume. 
Material and methods: The evaluation of volumetric measurements of computed tomographic (CT) images was under-
taken on 23 male and female patients (average age 56.9 ± 6.1) diagnosed with normal pressure hydrocephalus (NPH) 
and 27 male and female patients (average age 70.6 ± 5.2) diagnosed with brain atrophy (BA). In the CT imaging studies, 
the total brain tissue volume and CSF volume collected in the intracranial fluid cavities were mapped to a colour scale. 
The VisNow software was used for volumetric evaluation. The groups were compared by means of the non-parametric 
Kolmogorov-Smirnov test (K-S) for independent samples. Paired data were compared by means of the nonparametric 
Wilcoxon test.
Results: The volumes of brain (brain volume – BV) and cerebrospinal fluid (fluid volume – FV) differ greatly from each 
other in both groups BA and NPH. The SBR (subarachnoid space and basal cisterns-to-brain ratio) and VBR (ventri-
cle-to-brain ratio) indicators differ significantly and very much within the NPH group as well as within the BA group. 
In the NPH group a clearly higher value of VBR can be observed in comparison with the BA group. There was a higher 
value of SBR in the BA than the NPH group.
Conclusions: The simultaneous use of two indicators, VBR and SBR, on a study group of 50 patients enabled the total 
separation of NPH and BA groups. This differentiation can have real diagnostic value. Thus the volumetric assessment 
of the volume of CSF and brain tissue based on CT of the head can become an important part of the differential diag-
nosis of hydrocephalus and brain atrophy.

Key words: volumetry, hydrocephalus, brain atrophy.

Introduction
Advances in the diagnostics of central nervous 

system (CNS) disorders are connected to a  large 
degree with radiological assessment – the analysis 

of computed tomographic (CT) and magnetic reson
ance (MRI) images. The largest application is for head 
examinations, especially the brain. Imaging studies 
make it possible not only to visualize the general 
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structure of the brain, but also to make precise mea
surements of brain tissue volume, of the size of indi
vidual lobes and their structure (volumetry) [7,15].  
The application of specialist software for the anal
ysis of CT and MRI images has made it possible to 
perform volumetric examinations to obtain nonin
vasive volume measurements of specific intracranial 
compartments (i.e., the volume of cerebrospinal fluid 
[CSF] contained in the subarachnoid space and basal 
cisterns, in the intracranial ventricular system and the 
brain tissue volume). 

This has been found to be an important clinical 
application for the noninvasive diagnosis of normal 
pressure hydrocephalus and various types of brain 
atrophy. The ageing of society is clearly noticeable in 
recent years, and the lengthening of life has meant 
that diseases associated with dementia, the preva
lence of which increases with age, currently repre
sent a serious medical and social problem. For this 
reason, the possibility of early detection of disorders 
associated with dementia, their diagnosis and dif
ferentiation from the symptoms of the development 
of normal pressure hydrocephalus are of significant 
importance.

To achieve the intended aim, imaging studies, 
including CT and MRI volumetric examinations, have 
made it possible to precisely estimate the volume of 
the intracranial components of the CNS [16]. 

From the point of view of differential diagnosis 
on the basis of CT or MRI studies, we define the 
intracranial contents as the brain volume and the 
volume of CSF contained in the intracranial ven
tricular system and in the subarachnoid space and 
basal cisterns. According to data from the literature 
[11], the average brain volume of a healthy person is 
1400 cm3 and the average CSF volume is 140 cm3.

Difficulty in the diagnosis of normal pressure 
hydro  cephalus (NPH) and differentiating it from brain 
atrophy (BA) means that normal pressure hydro
cephalus is diagnosed in a  large percentage of cas
es that were in fact brain atrophy. It is also possible 
that brain atrophy is diagnosed in those cases that 
were in fact hydrocephalus. The commonly applied 
invasive diagnostic procedure is the infusion test [8], 
which gives the highest probability of correct diagno
sis. This result should always be interpreted togeth
er with noninvasive diagnostic procedures, such as 
neurological examinations, neuropsychological exam
inations [9], motor and posture parameters [5,6,12], 

evoked potential, and particularly with CT and/or MRI 
brain imaging [4].

The Visual Analysis group cochaired by Dr. Krzy
sztof Nowiński from the Interdisciplinary Centre for 
Mathematical and Computational Modelling at the 
University of Warsaw (ICM) has developed special 
software, VisNow [14], for the visual analysis of data, 
in particular for the analysis of a threedimensional 
tissue density matrix, which is the result of comput
ed tomography. The software allows not only visu
alization but also spatial morphometric calculations 
of tissue density specified in Hounsfield units. Szcze 
pek et al. [13] used the VisNow tool for volumetric 
evaluation of CSF distribution in the intracranial fluid 
compartments in hydrocephalus and brain atrophy. 
The real absolute value (in cm3) of the CSF voxels 
contained in the subarachnoid space and basal cis
terns and in the intracranial ventricular system space 
was determined. The accuracy of volumetric out
comes has been compared to the planimetry paper 
of Marszałek et al. [9]. Szczepek relied solely on small 
groups of patients with normal pressure hydrocepha
lus and with brain atrophy. For both groups the mean 
value of the volume of CSF in the subarachnoid space 
and basal cisterns differs at a level of statistical sig
nificance from the mean value of CSF volume of nor
mal healthy people. It has also been shown that the 
ratio of volume of CSF in the ventricles to the volume 
of CSF in the subarachnoid space and basal cisterns 
is an important diagnostic indicator for differentiat
ing NPH from brain atrophy. 

The aim of this study is to determine the ratio of 
the intracranial CSF to the brain tissue volume, the 
volume of CSF contained in the intracranial ventric
ular system to the brain volume and the volume of 
CSF in the subarachnoid space and basal cisterns to 
brain volume.

The aim of the analysis of this study is to answer 
the question of the clinical relevance of the above
mentioned indicators:
–  to determine the proportion of the pathologies 

under study, 
–  to make it possible to differentiate normal pressure 

hydrocephalus from brain atrophy with the aid of 
the abovementioned indicators. 

Material and methods

At this neurosurgical clinic, an evaluation of the 
volumetric measurements of CT images was under
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taken in 23 male and female patients (average age 
56.9 ± 6.1) with a  diagnosis of normal pressure 
hydrocephalus and in 27 male and female patients 
(average age 70.6 ± 5.2) with a diagnosis of brain 
atrophy. In the CT imaging studies, the total brain 
tissue volume and the volume of CSF collected in the 
intracranial fluid compartments were mapped. 

The study was undertaken in accordance with 
the Helsinki Declaration after obtaining the prior 
agreement of the Bioethical Committee of the War
saw Medical University. The clinical criteria for the 
diagnosis of normal pressure hydrocephalus were 
established based on the following: dilatation of the 
ventricular system in CT or MRI studies; the Evans 
indicator with a value > 0.3; the lack of or little evi
dence of cortical atrophy; Hakim’s triad – at least 
two symptoms; the value of intracranial pressure 
measured with the aid of a lumbar puncture NL ≥ 10 
cmH2O; resorption resistance R ≥ 11 mmHg/ml/min; 
and a neuropsychological assessment. 

The diagnosis of brain atrophy was established 
on the basis of the following symptoms: dilatation 
of the ventricular system in CT or MRI studies of the 
head; the Evans indicator with a  value ≤ 0.3; evi
dence of cortical and corticobasal atrophy; neuro
logical symptoms; the value of intracranial pressure 
measured during a lumbar puncture NL < 10 cmH2O; 
resorption resistance R < 11 mmHg/ml/min; and 
a neuropsychological assessment.

The results of the neurological examination were 
maintained in accordance with the set of tests devel
oped and currently applied in this clinic [9]. 

Volumetric evaluation using the VisNow soft
ware, developed from scratch in ICM for volumetric 
evaluation, is an impartial, quantitative, statistical 
method for measuring the voxel characteristics in 
selected CNS regions. The technical data of the soft
ware were published by Szczepek et al. in 2015 [13]. 
A statistical analysis of the voxels was undertaken 
for the brain tissue volume and the total volume 
of CSF contained in the intracranial fluid compart
ments. 

In this study, the statistical analysis was based 
on the volume of the subarachnoid space and basal 
cisterns, the volume of the intracranial ventricular 
system and also on the brain tissue volume (BV) in 
the CT imaging studies of the head (performed at 
intervals no longer than two months) in patients 
classified in the group of hydrocephalus and brain 
atrophy. Total CSF volume (FV) was the sum of the 

subarachnoid space and basal cisterns and the vol
ume of the intracranial ventricular system.

The following indicators were established: 
–  VBR (ventricletobrain ratio) (expressed as a frac

tion) – the ratio of the volume of the CSF in the 
intracranial ventricular system to the brain volume; 

–  SBR (subarachnoid space and basal cisternsto
brain ratio) (expressed as a fraction) – the ratio of 
the volume of CSF in the subarachnoid space and 
basal cisterns to the brain volume.

The groups were compared by means of the 
nonparametric KolmogorovSmirnov test (KS) for 
independent samples. Dependent samples were com
pared by means of the nonparametric Wilcoxon test.

Results

The results of the statistical analysis (Kolmogor
ovSmirnov) for the two groups – normal pressure 
hydrocephalus (NPH) and brain atrophy (BA) groups 
– showed that the brain volumes (BV) are different 
at a  statistically significant level in these groups 
(Table I). The total volumes of CSF (FV) in the intra
cranial fluid compartments (CSF contained in the 
subarachnoid space and basal cisterns as well as 
the intracranial ventricular system) differ in these 
groups as well. The volumes of BV and FV differ 
greatly from each other in both groups; there is no 
need for a statistical test in this case.

A scatter plot of the value of BV and FV together 
with the mean values of the BA and NPH groups is 
shown in Figure 1. 

A  statistical evaluation for the measurements 
of the mean values of VBR and SBR indicators in 
patients with normal pressure hydrocephalus and 
brain atrophy are presented in Table II. Comparisons 

Table I. Mean value and standard deviation of 
the brain volume (BV) and total cerebrospinal 
fluid (CSF) volume (FV) in the groups of patients 
with normal pressure hydrocephalus (NPH) and 
brain atrophy (BA). The NPH and BA groups are 
compared by means of the KolmogorovSmirnov 
test. Z statistics and exact probability are given

Group BV (cm3) FV (cm3)

NPH (23) 1258 ± 39 227 ± 17

BA (27) 1130 ± 14 251 ± 24

Comparison of NPH-BA:
K-S Z value and exact prob.

Z = 0.28
p = 1.8 * 10-14

Z = 0.16
p = 0.00012
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of two groups are presented for VBR and SBR inde
pendently. 

The results of the statistical analysis (Wilcoxon 
test) for dependent variables proved that SBR and 
VBR indicators differ significantly and very much 
within the NPH group as well as within the BA group 
(Table II). 

In the patients classified as the normal pressure 
hydrocephalus group, a  clearly higher value of the 
VBR can be observed in comparison with patients 

classified as the brain atrophy group. Analysing the 
SBR indicator, it was found that there was a higher 
value of SBR in the group of patients with a diag
nosis of brain atrophy than in the group of patients 
with normal pressure hydrocephalus. There is a very 
low probability of erroneous outcome of statistical 
tests (less than 1012). 

A  scatter plot of individual VBR and SBR indi
cators together with the mean values of BA and 
NPH groups is shown in Figure 2. One can observe 

Table II. Mean value and standard deviation of the indicators FBR (fluidtobrain ratio), VBR (ventricle 
tobrain ratio) and SBR (subarachnoid space and basal cisternstobrain ratio) in the groups of patients 
with normal pressure hydrocephalus (NPH) and brain atrophy (BA). NPH and BA groups are compared by 
means of the KolmogorovSmirnov test. Z statistics and exact probability are given. The Wilcoxon probabil
ity was calculated for independent comparisons of VBR and SBR indicators within the BA and NPH groups

Group VBR (%) SBR (%)
Comparison of VBR-SBR  

Wilcoxon probability

NPH (23) 13.9 ± 1.3 4.2 ± 0.7 p < 2.4 × 10-7

BA (27) 9.9 ± 1.3 12.4 ± 2.0 p < 6.4 × 10-6

Comparison of NPH-BA:
K-S Z value and exact probability

Z = 0.27
p < 4.4 × 10-13

Z = 0.28
p < 1.8 × 10-14 –

Fig. 2. A scatter plot of individual values of VBR 
(ventricletobrain ratio) and SBR (subarachnoid 
space and basal cisternstobrain ratio) indica
tors in patients with normal pressure hydroceph
alus (NPH) and brain atrophy (BA). The mean 
volumes with standard deviations of BA and 
NPH groups are plotted in the same coordinate 
system. 
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a wide gap between the BA and NPH groups. This 
observation is consistent with the results of statis
tical tests.

Discussion

The variety of diagnostic procedures for differ
entiating normal pressure hydrocephalus and brain 
atrophy is proof of the difficulty in differentiating the 
two pathological syndromes. In spite of the fact that 
invasive procedures carry a  risk of development of 
complications, they are still necessary in the diagno
sis of hydrocephalus. For this reason, we attempted 
to develop a noninvasive differential diagnostic pro
cedure for normal pressure hydrocephalus and brain 
atrophy. The presented observations are a  further 
attempt to introduce into clinical practice a nonin
vasive diagnostic procedure – the evaluation of 
intracranial volumetric indicators of the distribution 
of the volume of CSF and brain tissue volume.

The volumetric evaluation undertaken in this 
study using CT imaging studies of the head showed 
that there were changes in the distribution of the 
volume of CSF and brain tissue volume in the intra
cranial compartments of the CNS for both hydro
cephalus (NPH) and BA groups of patients. The scope 
of these changes differed in each particular group. 

The new indicators VBR and SBR, identified in 
the study, made it possible to estimate the value of 
the volume of CSF in relation to the brain tissue vol
ume in specific intracranial spaces of the CNS in the 
groups of patients with NPH and BA.

The results obtained in our study are similar to 
the results obtained by Blatter et al. [3]. The authors 
presented a quantitative evaluation of the volumet
ric intracranial parameters of volume ratios using 
MRI imaging studies in a  control group. One hun
dred ninetyfour healthy persons, including men and 
women in the age range from 16 to 65 years old, 
were divided into five tenyear age groups. The anal
ysis included the total volume of CSF in the intra
cranial ventricular system and in the subarachnoid 
space, the total brain volume and the total intracra
nial volume.

A  highly significant change was noticed with 
age. The authors found that the mean brain vol
ume decreases with age, and the smallest value 
of brain volume was noted in the 5th decade of life 
(5665 years old). The mean volume of CSF increases 

with age, and the highest value of CSF volume was 
recorded in the 5th decade of life (5665 years old).

In the abovementioned study, in the group of 
healthy persons, the VBR indicator was also identi
fied – the ratio of the volume of CSF in the intra
cranial ventricular system to the total brain volume. 
In healthy people in the age range of 5665 years, 
the VBR for women was 2.08 ± 1.11 and for men 
2.07 ± 0.88. The presented range of the VBR index in 
the control group in the specified age range should 
be compared with the VBR results obtained in our 
publication. It can also be noted that the value of 
VBR obtained in our study clearly differs from the 
norms in both of the discussed CNS pathologies. 
In our study, the VBR coefficient in the BA group  
(9.9 ± 1.3) is at a lower level than in the volumetric 
studies of the NPH group (13.9 ± 1.3). An explana
tion for this could be that in the BA group loss of 
brain tissue (i.e., brain volume) occurs with increas
ing age and with the progression of atrophy of the 
neural pathways. It should be noted that the CSF 
distribution in the intracranial fluid compartments 
is different in the group of patients with BA than in 
the group with NPH. It was observed that a higher 
value of CSF in the intracranial ventricular system 
was obtained in the patients with NPH, whereas 
a higher value of CSF in the subarachnoid space was 
obtained with patients diagnosed with BA. 

The use of volumetric evaluation for tracking the 
volume changes in the intracranial compartments 
of the CNS in neurodegenerative disorders is also 
found in the study by Bigler et al. [2]. The authors 
performed an analysis of the volume parameters in 
patients with various types of dementia over the 
age of 65 years (i.e., Alzheimer’s disease, vascular 
dementia). The VBR coefficient was identified. The 
results of the volumetric parameters presented by 
the authors in the study in patients with Alzheimer’s 
disease or with vascular dementia are similar to 
the results of the study obtained in our publication 
with patients classified to the group of brain atro
phy – a reduction in brain volume and an increase 
in the volume of CSF in the intracranial fluid com
partments. 

Akdogan et al. [1] undertook to use volumetric 
evaluation to highlight the relationship between 
TVV (total ventricle volume) and TBV (total brain vol
ume). For their analysis, 40 men (average age 40.9 
± 3.7 years) and 40 women (average age 41.4 ± 3.6 
years) were selected. Patients were excluded from 
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the study if a CT imaging study of the head present
ed intracranial bleeding or traumatic brain injury.  
It was found that the ratio TVV/TBV in the group of 
patients in the first decade was only 1.27%, whereas 
for the group of patients in the third decade the ratio 
rose to as much as 3.37%. The results were connect
ed with increasing volume of CSF in the intracranial 
ventricular system and with decreasing brain vol
ume together with age and the associated ageing 
process of the brain.

The authors observed that the volume ratio TVV/
TBV turned out to be an important indicator for dis
eases, i.e., hydrocephalus, Alzheimer’s, and disorders 
of a neurodegenerative nature.

In the study of Nestor et al. [10], semiautomatic 
software was presented that enabled the volumet
ric evaluation of MRI imaging studies for the early 
detection of dementia disorders. The authors found 
that the volume of CSF in the intracranial ventricu
lar system can constitute an explanation for Alzhei
mer’s disease or mild cognitive impairments. In the 
analysed group of patients, the volume of CSF in the 
brain ventricles was evaluated at an early stage of 
the illness and after 6 months for control purpos
es. It was noticed that patients with a diagnosis of 
Alzheimer’s have clearly a larger volume of the ven
tricles than is the case in the group of patients with 
mild cognitive impairments. In Nestor’s study, the 
possibility of evaluating the progression of changes 
of the volume ratios was also mentioned (i.e., a clear 
increase of the volume in the intracranial ventricular 
system was noted after 6 months in patients with 
mild cognitive impairments). 

The results obtained in Nestor’s study concur 
with the data from the literature. It should be under
lined at this point that all of the abovementioned 
indicators can be used with success for the evalua
tion of the development of intracranial pathologies, 
but they do not give an unambiguous answer wheth
er a specific examined case should be classified as 
brain atrophy or as hydrocephalus. For differentiat
ing these pathological processes, the best indicator 
is in our opinion [13] an indicator highlighting the 
ratio of the volume of CSF in the brain ventricles to 
the volume of CSF contained in the subarachnoid 
space and basal cisterns.

It should be emphasized that the simultaneous 
use of the two indicators VBR and SBR on a  study 
group of 50 patients enabled the total separation of 
NPH and BA groups. This differentiation can have real 

diagnostic value. Thus the volumetric assessment of 
the volume of CSF and brain tissue based on CT of 
the head can become an important part of the differ
ential diagnosis of hydrocephalus and brain atrophy.
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A b s t r a c t

Oral tolerance is the natural occurring phenomenon of a  decreased immune response to previously fed anti-
gens, which prevents induction of a  response to dietary antigens. One of the mechanisms is deletion of T lym-
phocytes reactive to the fed antigen. Knowing that phenomenon, it seems appropriate to engage this mech-
anism for treatment of autoimmune diseases. Multiple sclerosis (MS) is an autoimmunological disease which 
causes neurological impairment in humans. Autoreactive T lymphocytes migrate through the open blood-brain 
barrier into the central nervous system (CNS), where they recognize myelin antigens as foreign, and induce an 
inflammatory response against the myelin sheath, which causes demyelination and even axonal loss. Experi- 
mental allergic encephalomyelitis (EAE), an animal model of MS, resembles the autoimmunological aspect 
of the disease. We used a  broad spectrum of myelin antigens to induce EAE, and also to induce oral tolerance 
by giving myelin epitopes intragastrically to rats. The aim of our study was to evaluate whether pig spinal cord 
hydrolysate given intragastrically is able to evoke oral tolerance in rats with an animal model of MS – EAE.  
In our experiments we fed female Lewis rats with pig spinal cord hydrolysate at doses of 5, 20 and  
100 mg per kg of body weight. We observed diminished clinical symptoms of ongoing EAE in rats fed 
with all doses of pig spinal cord hydrolysate. In the histopathological study, intensity of the inflammato-
ry process in spinal cord was similar in rats not fed with EAE and in rats fed with lower doses of pig spi-
nal cord hydrolysate. In animals fed with the highest dose of pig spinal cord hydrolysate, intensification 
of the inflammatory response was observed. These results were confirmed by morphometric evaluations.  
We found that feeding animals with preparations containing myelin antigens can reduce EAE symptoms, which  
may indicate oral tolerance induction, but the obtained results also underline the importance of dose of the orally 
given antigens, because of the possibility of enhancement of the inflammatory process in the CNS.
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Introduction

Oral tolerance is the phenomenon where a  de- 
crease of the immune response to previously fed 
antigens is observed. This mechanism occurs natu-
rally in our organisms, and is necessary as a means 
of protection against evoking the immune response 
to non-pathogenic dietary antigens, and those from 
natural symbiotic gut bacteria [7,41]. When the short 
peptide fragments of digested proteins are being 
absorbed in the intestines, mucosa resident den-
dritic cells (DC) probe the antigens. There are two 
mechanisms of oral tolerance induction, depend-
ing on the dose of fed antigen. When low doses of 
antigen are given orally, DC induce differentiation of 
naive T-cells into regulatory T-cells, producing anti-in-
flammatory cytokines. This is called active suppres-
sion. Feeding with a  high dose of antigen results  
in incomplete costimulation of autoreactive T-cells 
by DC and consequently anergy or clonal deletion 
of autoreactive lymphocytes [4,44]. It is now known 
that both mechanisms occur simultaneously. There is 
also a “bystander suppression” mechanism involved, 
when anti-inflammatory cytokines produced by reg-
ulatory T lymphocytes suppress neighboring cells 
[31,40]. 

Based on knowledge of the mechanism of oral 
tolerance, it seems to be appropriate to involve 
this phenomenon to treat autoimmune diseases. 
Oral administration of antigens, which are known 
or believed to be immunogenic in a particular dis-
ease, should induce oral tolerance, and in conse-
quence “desensitize” the immunological system of 
the patient to those antigens. Since multiple scle-
rosis (MS) is an autoimmune disease in which the 
immune response is directed against myelin anti-
gens, the aim should be to restore immune tolerance 
for these epitopes [9,35]. 

Multiple sclerosis is an autoimmunological disease, 
leading to neurodegeneration, which causes progres-
sive physical impairment in a patient. It is diagnosed 
in so-called “young adults”, people between 20 and 
40 years old, but also it affects both older people and 
children. The etiology of the disease still remains 
unknown, but there are some hypotheses propos-
ing the involvement of genetic, environmental and 
infectious agents [28,33]. The unknown etiology is 
the main reason for the difficulty in developing an 
effective MS treatment. Unlike the etiology, more is 
known about mechanisms involved in MS pathogene-

sis. Incorrectly activated autoreactive T lymphocytes 
migrate through the open blood-brain barrier into  
the central nervous system (CNS), and recognize 
myelin peptides as foreign antigens, which results 
in induction of an inflammatory response directed 
against the myelin sheath. Ongoing chronic inflam-
mation can also lead to damage of the axons and 
neurons [10,35]. Demyelination and axonal loss 
are the direct cause of the physical impairment in 
patients. The most common symptoms are connected 
with vision disorders, paresis and incontinence, but 
also mental disorders are observed, such as depres-
sion, which is related to progressing physical disabil-
ity [30,33].

Experimental allergic encephalomyelitis (EAE) 
is the most commonly used MS animal model. 
It resembles the mechanism involved in the dis-
ease pathogenesis. Animals are immunized with 
a mixture containing myelin antigens to direct the 
immune response to the myelin sheath in the CNS, 
and adjuvant to enhance the inflammation (active 
form of EAE). Animals may also be immunized by 
passive transfer of autoreactive T-lymphocytes (pas-
sive EAE). The most common sources of myelin epi-
topes in the immunization mixture are single myelin 
proteins or even fragments of them. Depending 
on the used epitope, the course and symptoms of 
induced EAE may differ [2,23,43]. Myelin oligoden-
drocyte glycoprotein (MOG) 35-55 is considered to 
be the most encephalogenic myelin epitope, and EAE 
induced using this epitope is chronic, and character-
ized by inflammatory infiltrations in the CNS [12,13]. 
Unlike MOG-induced EAE, the one induced with 
myelin basic protein (MBP) or its fragments is acute, 
with no relapses and very rarely observed demye-
lination. In our experiments we used whole guinea 
pig spinal cord homogenate as a  source of myelin 
antigens in the immunization mixture. There may be 
many immunogenic antigens in MS, so using a broad 
spectrum of myelin epitopes to induce EAE may 
more closely resemble the disease. In the cerebro-
spinal fluid (CSF) of the patients, antibodies not only 
against three main myelin proteins (MBP, MOG, and 
PLP – proteolipid protein) are found, but also against 
some other myelin components [14,35]. Experimen-
tal allergic encephalomyelitis induced with a  mix-
ture containing whole spinal cord homogenate was 
used in Dark Agouti rats, except for using rat instead 
of guinea pig spinal cord. The results showed that 
induced EAE has relapsing-remitting form, and also 
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inflammatory infiltration and demyelination in the 
CNS were observed [3]. 

Most previous studies have concerned evoking 
oral tolerance to MBP in animals with MBP-induced 
EAE [6,11,26], but using broad a spectrum of myelin 
antigens in the preparations given intragastrically 
to induce oral tolerance seems to be more accurate, 
since it is not known precisely which myelin antigens 
are responsible for MS pathogenesis. Hydrolyzed pig 
spinal cord provides all myelin antigens, which con-
sequently may evoke oral tolerance to all possible 
immunogenic myelin epitopes. 

There are a few common methods of MS treat-
ment so far, but the efficiency is not satisfactory, 
or the side effects are very severe. General immu-
nosuppression during disease relapse is obtained 
by the use of glucocorticosteroids [27,34]. Chro- 
nic immunomodulation is provided by interferon-β, 
which unfortunately after some period of use is 
neutralized by antibodies produced by the patient’s 
body. Also efficacy is not observed in all patients [1]. 
In recent years there have been some new thera-
pies, which target specific mechanisms involved in 
MS pathogenesis, for example natalizumab, which 
inhibits migration of the autoreactive T lymphocytes 
through the blood-brain barrier into the CNS, but 
carrying the risk of lethal progressive multifocal leu-
koencephalopathy (PML) occurrence [5]. Because of 
the lack of sufficiently effective MS therapy, there is 
a need to look for new treatment methods. Oral tol-
erance is very promising as a new MS therapy. 

The aim of our study was to evaluate wheth-
er feeding of rats with pig spinal cord hydrolysate 
affects the clinical symptoms and histopathological 
changes in rats with EAE – an animal model of MS.

Material and methods
Animals

In our experiments we used female Lewis rats, 
weighing 180-200 g at the beginning of the experi-
ment. Experiments were carried out based on the con-
sent of the Fourth Local Ethics Committee in Warsaw.

Feeding

Experimental animals were fed with a  mixture  
(0.5 ml) containing myelin peptides, with a ball-point-
ed needle. The source of myelin antigens was the pig 
spinal cord hydrolysate in doses of 5, 20, 100 mg/kg 
of body weight. Control animals were fed with a me- 

dium dose of pig spinal cord hydrolysate (20 mg/ 
kg). Hydrolysate was prepared by pig spinal cord 
digestion with pepsin, which resembles the natu-
ral process of protein digestion in the gastrointesti - 
nal tract. After digestion, a mixture of proteins, pep-
tides, amino acids and lipids was obtained. Such 
a mixture was then rinsed with water, which allowed 
extraction of the fraction of amino acids and peptides, 
which were then rinsed with 70% ethanol. Three 
fractions were collected: amino acids, low molecular 
weight peptides and high molecular weight peptides. 
The fraction of low molecular weight, short peptides 
was used in our experiments [24]. Rats were fed four 
times during one week (every second day). Animals 
were deprived of food for two hours before feeding 
with preparations. 

Experimental allergic encephalomyelitis 
induction

One week after the last day of feeding, the EAE 
was induced. Rats under inhaled anesthesia, 0.5-3.5% 
Narcotan (Leciva a.s.) in oxygen, were injected intra-
dermally into the hind paws with the immunizing 
mixture (100 µl/paw). The mixture contained 50% 
guinea pig spinal cord homogenate as a  source of 
myelin antigens mixed in the ratio 1 : 1 with Freund 
Adjuvant (DIFCO LABORATORIES), and supplemented 
with 4 mg/1 ml Mycobacterium tuberculosis (DIFCO 
LABORATORIES).

Clinical evaluation

During the experiment animals were weighed 
every day, and after EAE induction the clinical symp-
toms were evaluated using a 5-grade scale (1 – limp 
tail, 2 – hind leg weakness, 3 – paraplegia and incon-
tinence, 4 – quadriplegia, 5 – death). At the 14th day 
post immunization (14 DPI) rats were subjected to 
deep anesthesia with the intraperitoneal injection  
of 0.67 ml/kg ketamine and 0.5 ml/kg xylazine 
(Vetoquinol Biowet), and perfused transcardially 
with 4% paraformaldehyde. Lumbar and cervical seg-
ments of spinal cords were collected from the spinal 
canal of the vertebral column for further histopatho-
logical analysis.

Body mass index was calculated as the ratio of 
body mass at 14 DPI and at the day of evoking EAE  
(0 DPI, taken as 1). Mean clinical score was calculated 
as the mean of clinical scores between 11 and 14 DPI. 

http://rcin.org.pl 



131Folia Neuropathologica 2015; 53/2

Effect of oral administration of pig spinal cord hydrolysate on clinical and histopathological symptoms of EaE in rats

Histopathological studies

Spinal cord fragments were embedded in paraf-
fin, and cut into slices (8 µm). Some of the slices 
were stained with a 1% water solution of cresyl violet 
to expose cells. Other slices were labeled with anti-T 
cells (Anti-CD45R0), anti-GFAP or anti-vimentin anti-
bodies as follows. After blocking of endogenous 
peroxidase with 3% hydrogen peroxide in dewaxed 
slices, the background was blocked with 10% albu-
min. Next, slices were incubated with primary anti-
bodies, washed, and incubated with a  secondary 
antibody coupled with biotin. Streptavidin coupled 
with peroxidase was afterwards applied, and then 
chromogen was put on. All primary and secondary 
antibodies were supplied by DAKO. Subsequently 
slices were stained with Mayer’s hematoxylin. Slices 
were analyzed using a light microscope.

Morphometric studies

Slices stained with cresyl violet were analyzed. 
Slices were photographed (3-35AD camera-4, Olym-
pus), and images were scanned from photographic 
film. Whole spinal cord cross-section area and the 
area occupied with inflammatory infiltrations were 
measured using a  computer program (GIMP 2.4.5). 
Percentage of both lumbar and cervical spinal cord 
segment sections occupied by inflammatory infiltra-
tions was calculated as the ratio of the whole slice 
area to the area occupied by the inflammatory infil-
tration.

Statistical analysis

Results are shown as mean ± SD. Statistical 
analysis was performed using the non-parametric 
Mann-Whitney statistical test. Results were statisti-
cally significant when p < 0.05. 

Results

Animals fed with all three doses of pig spinal cord 
hydrolysate (EAE + Hy5, EAE + Hy20, EAE + Hy100) 
showed a substantial decrease of the clinical score 
in comparison to non-fed EAE rats (EAE). Figure 1 
shows the mean clinical score observed between  
11 and 14 DPI. Experimental allergic encephalomyeli-
tis induction decreases the body mass in compari-
son to not-treated animals (NT) (Fig. 2). Feeding rats 
with three doses of pig spinal cord hydrolysate (EAE 
+ Hy5, EAE + Hy20, EAE + Hy100) does not reverse 

the observed body mass drop after EAE induction. 
Feeding healthy animals with pig spinal cord hydro-
lysate (Hy) causes no changes in body mass in com-
parison to non-treated animals (NT).

Slices from collected spinal cord segments from 
EAE rats underwent histopathological and morpho-
metric evaluation. Cresyl violet staining revealed 
cross-sectional spinal cord structure differentiated 
into white and gray matter. Motoneurons were seen 
in the anterior horns of gray matter (Fig. 3A). After 
evoking EAE we observed numerous perivascular 
inflammatory infiltrations in both white and gray 
matter, and also at the border between the two mat-
ters (Fig. 3B). Inflammatory infiltrates showed peri-
vascular location (Fig. 3C). The inflammatory process 

Fig. 1. Mean clinical score between 11 and 14 DPI. 
n = 5-13; *p ≤ 0.05. 
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Fig. 2. Body mass at 14 DPI in relation to 0 DPI 
(taken as 1). n = 5-13; *p ≤ 0.05; **p ≤ 0.01. 
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in the animals fed with lower doses of pig spinal 
cord hydrolysate, 5 and 20 mg/kg, showed similar 
intensity as in non-fed EAE rats (Fig. 3D). In contrast, 
in animals fed with the highest dose of pig spinal 
cord hydrolysate, 100 mg/kg, higher inflammatory 
activity was observed. There were more perivascu-
lar infiltrates present (Fig. 3E), and they were more 
abundant in inflammatory cells (Fig. 3F). 

Anti-T cell labeling showed the presence of  
T lymphocytes in inflammatory infiltrates. Immuno-
reaction is visualized as a red tint in the cytoplasm of 
cells (Fig. 4A) and in neuropil (Fig. 4B).

Anti-GFAP labeling showed reactive astrocytes 
present in the cross-section of the spinal cord. In non- 
treated animals there was limited reaction reveal-
ing astrocyte processes in white matter (Fig. 5A). 

Fig. 3. Morphological changes. Spinal cord cross-section. Cresyl violet staining (KV). A) Motoneurons in the 
anterior horns, non-treated animals. B, C) Perivascular inflammatory infiltrations in white and gray mat-
ter, non-fed, EAE animals. D) Inflammatory infiltrations, EAE animals, fed with hydrolysate in doses 5 and  
20 mg/kg. E, F) Inflammatory infiltrations, EAE animals, fed with hydrolysate in dose 100 mg/kg. Inflamma-
tory infiltrations marked by arrows. N – motoneuron.
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A  slightly increased number of astrocytes and 
in crease in immunoexpression apparent in astro-
cyte cytoplasm and processes was observed after 
EAE induction (Fig. 5B) and in rats fed with both 
lower doses, 5 and 20 mg/kg, of pig spinal cord 
hydrolysate (Fig. 5C). Astrocyte immunoreactivity in 
cross-sections of spinal cords from rats fed with pig 

spinal cord hydrolysate in a dose of 100 mg/kg was 
enhanced (Fig. 5D) in comparison to that observed  
in rats fed with lower doses of hydrolysate.

Anti-vimentin immunoreactivity in the spinal 
cord sections was similar to GFAP immunoreac-
tion. Limited reaction was observed in sections 
from non-treated animals (Fig. 6A). Enhanced reac-

Fig. 4. T lymphocytes in inflammatory infiltrates. Spinal cord cross-section. Anti-T lymphocyte labeling.

Fig. 5. Astrocytic reaction. Spinal cord cross-section. Anti-GFAP labelling. A) Scant astrocytic reaction in the 
white matter, non-treated animals. B, C) Increased number of astrocytes, EAE animals, fed with hydrolysate 
in doses 5, 20 mg/kg. D) Intensive astrocytes immunoreactivity, EAE animals, fed with hydrolysate in dose 
100 mg/kg. Astrocytes marked by arrows. N – motoneuron.
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tion was observed in the sections from animals 
with induced EAE (Fig. 6B) and in the slices of spi-
nal cord from animals fed with lower doses, 5 and  
20 mg/kg, of pig spinal cord hydrolysate (Fig. 6C). 
As in anti-GFAP labeling, there was enhancement in 

immunoexpression seen in astrocytes shown in slic-
es obtained from rats fed with 100 mg/kg pig spinal 
cord hydrolysate (Fig. 6D).

Morphometric analysis confirmed histopatho-
logical evaluations indicating similar inflammatory 

Fig. 6. Astrocytic reaction. Spinal cord cross-section. Anti-Vimentine labelling. A) Scant astrocytic reaction, 
non-treated animals. B, C) Enhanced astrocytic reaction, EAE animals, fed with hydrolysate in doses 5,  
20 mg/kg. D) Enhancement of vimentine expression, EAE animals, fed with hydrolysate in dose 100 mg/kg. 
Astrocytes marked by arrows. 

Fig. 7. Percentage of section area occupied by inflammation infiltrations. A) Cervical segment of spinal cord. 
B) Lumbar segment of spinal cord. n = 5-13.
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activity observed in cross-sections of spinal cords 
from rats fed with 20 mg/kg of pig spinal cord hydro-
lysate, and the enhancement of inflammatory activ-
ity in spinal cords of rats fed with the highest dose, 
100 mg/kg of hydrolysate, in comparison to non-fed 
EAE rats. Figure 7 presents morphometric studies in 
cervical (Fig. 7A) and lumbar (Fig. 7B) segments of 
spinal cords. We can observe similar dependencies 
in both spinal cord segments. Feeding animals with 
the lowest dose, 5 mg/kg, of pig spinal cord hydroly-
sate showed a tendency to decrease the area occu-
pied by inflammatory infiltrations in comparison to 
non-fed EAE rats, whereas the highest dose, 100 mg/
kg, had the opposite effect – we observed a tenden-
cy to increase the area occupied by inflammatory 
infiltrations. Feeding rats with a dose of 20 mg/kg 
shows a  similar ratio of inflammatory infiltration 
areas in spinal cord sections as non-fed EAE rats. 

Discussion

Multiple sclerosis is a disease known for almost 
two centuries, but still there is no proper and effec-
tive method of its treatment. Looking for new ther-
apies is difficult because of not knowing the dis-
ease etiology. Each applied way of MS treatment 
is based on the disease mechanism, and since it is 
an autoimmune disorder, the most popular meth-
ods are based on suppression or modulation of 
immune system activity. Such a procedure is able to 
diminish the clinical symptoms of the disease, but 
at the same time it exposes the patient to infec-
tions [32]. That leads us to look for another MS 
therapy. In our opinion, reinstatement of immune 
tolerance for myelin autoantigens should be taken 
into account when looking for a new method of MS 
treatment. That can be provided by the oral toler-
ance phenomenon, as a  mechanism that reduces 
the immune response to a  previously fed antigen 
[39,41]. The first reports about involvement of oral 
tolerance in the treatment of the MS animal model, 
experimental allergic encephalomyelitis, came from  
30 years ago. The best studied myelin protein is 
myelin basic protein, and its immunogenic proper-
ties are well known [37]. Most experiments were 
conducted using MBP as a source of myelin antigens 
in both the immunizing mixture and the orally given 
preparations. Orally given MBP protected rats from 
progression of subsequently induced MBP-EAE, 
reduced the anti-MBP antibody level in serum [22], 

and also inhibited clinical and histopathological 
symptoms of EAE [17].

In our experiments we induced EAE with a mix-
ture containing whole guinea pig spinal cord homo- 
genate as a source of myelin antigens. We found it 
more appropriate, since it is not known which par-
ticular antigen is immunogenic in MS pathogenesis, 
and antibodies against many myelin epitopes are 
found in CSF of the patients [14]. If as seems likely 
there are many immunogenic myelin antigens in the 
MS pathogenesis, it will also be more appropriate 
to restore immune tolerance for all those epitopes. 
In our experiments we used whole pig spinal cord 
hydrolysate as a source of all potential immunogen-
ic myelin antigens in the orally given preparations.  
The approach where more than one myelin antigen 
was used was applied in studies in relapsing-remitting 
MS patients. Peptide fragments of three main myelin 
proteins, MBP, PLP and MOG, were given to patients 
transdermally, using patches stuck to the skin of the 
arm. There was a reduction in the number of lesions 
visible in MRI imaging and the annual relapse rate in 
patients treated transdermally with myelin antigens 
in comparison to the placebo group [15,38].

In our experiments we observed diminished clin-
ical symptoms of induced EAE in rats previously fed 
with all three doses of pig spinal cord hydrolysate. 
The mean score was reduced by about 50% in com-
parison to the mean score in non-fed EAE rats. This 
result may indicate oral tolerance induction. We did 
not observe a reduction in body mass drop caused by 
EAE induction in rats fed with pig spinal cord hydroly-
sate. Nevertheless, this is a parameter reflecting the 
general condition of animals, and is not directly asso-
ciated with induction of oral tolerance. No differenc-
es observed in body mass between non-treated rats 
and those that received pig spinal cord hydrolysate 
without EAE induction may indicate safety of using 
such preparations. Still, toxicology studies should be 
conducted to define the safeness of pig spinal cord 
hydrolysate. There are no known toxic prion proteins 
identified in swine which could exclude pig CNS tis-
sue from usage in clinical trials [18]. 

Published data show that in rats immunized 
with a  mixture containing syngeneic spinal cord 
as a  source of myelin antigens in the acute phase 
of EAE (14 days after immunization) infiltration of 
immune cells into the lumbar spinal cord occurred 
[8]. In the spinal cord sections from animals used 
in our experiments, at the 14th day after immuni-
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zation we observed infiltration of immune cells into 
the CNS.

Histopathological evaluations of spinal cord slic-
es showed that lower doses of pig spinal cord hydro-
lysate given to rats intragastrically have no influence 
on the extent of the inflammatory process in the CNS 
of the EAE rats. A  similar intensity in perivascular 
inflammatory infiltrations and astrocyte activity in 
fed and non-fed EAE rats was observed. Surprisingly, 
despite the decreased mean clinical score in rats fed 
with the highest hydrolysate dose, 100 mg/kg, the 
inflammatory process was intensified in compari-
son to non-fed EAE rats. It was pronounced as more 
numerous and abundant in immune cell infiltrations. 
Also higher astrocyte activity was observed. These 
evaluations were confirmed by the morphomet-
ric analysis. The results can be considered only as 
a tendency, because of strong diversity of the experi-
mental groups, which causes the lack of significance 
of the results. Nonetheless, quite clear associations 
were seen in morphometric analysis, very similar in 
both cervical and lumbar segments of spinal cords. 
In rats fed with a higher dose of hydrolysate, 100 mg/ 
kg, there was a tendency to increase the area of slice 
occupied by inflammatory infiltrations, which is in 
accordance with observations of intensity of infil-
tration in spinal cord slices. Interestingly, although 
microscopic observations did not allow one to notice 
the differences, morphometric study showed a ten-
dency to decrease the area of the rat spinal cord 
cross-section occupied by inflammatory infiltrations 
in rats fed with a lower dose of pig spinal cord hydro-
lysate 5 mg/kg. Hydrolysate given in a dose of 20 mg/ 
kg showed no effect.

Based on the obtained results, we can conclude 
that the lowest dose of given intragastrically pig 
spinal cord hydrolysate mitigates the clinical symp-
toms of induced EAE in rats, which may indicate 
oral tolerance to myelin antigen induction. Results 
obtained from animals fed with the medium dose of 
hydrolysate showed diminished clinical symptoms in 
animals, but no influence on intensity of the inflam-
matory process in the CNS. We know that regulatory 
T-cells induced by oral tolerance may infiltrate the 
CNS, where they suppresses inflammation [42]. Eval-
uation of the phenotype of infiltrated T-cells might 
show whether infiltration consists partly of regula-
tory cells, which would indicate oral tolerance induc-
tion. Our pilot trials examining the cytokine levels 
showed increased IL-10 levels in brain and spinal 

cord homogenates in rats fed with pig spinal cord 
hydrolysate in a dose of 20 mg/kg [20]. Peron et al. 
[29] observed that mice with MOG35-55-induced 
EAE, and the same antigen given orally to induce oral 
tolerance, had a reduced amount of both Th17 and 
Th1 cells infiltrating into the CNS. Diminished peri-
vascular infiltrations in the CNS were also observed 
in rats fed with MBP conjugated with the cholera 
toxin B subunit [36].

The results of our investigations underline the 
importance of antigen doses. We found that the high-
est dose of the pig spinal cord hydrolysate caused 
intensification of inflammatory processes in the CNS, 
marked not only by greater immune cell infiltration, 
but also increased astrocyte activity, which indicates 
enhancement of the autoaggressive process. 

Previously we also found that feeding animals 
with pig spinal cord hydrolysate influences the 
changes, such as opened tight junctions, in blood-
brain barrier ultrastructure, after evoking EAE [19]. 
There was also a decreased concentration of metal-
loproteinases, which are responsible for rearrange-
ments of extracellular matrix, which leads among 
other things to blood-brain barrier opening [21]. 

Clinical symptoms observed in animals reflect 
physical disability in patients suffering from MS, 
such as limb weakness and even paralysis, or incon-
tinence [21,23]. Since we know that physical disabil-
ity results from neurodegeneration, improvement 
in clinical symptoms should indicate a decrease in 
inflammatory process intensity. Also, oxidative stress 
plays a major role in tissue destruction. Reactive oxy-
gen and nitrogen species (ROS, RNS) are excessively 
produced by activated immune cells. Myelin, being 
composed mainly of lipids and proteins, is very vul-
nerable to peroxidation, leading to function loss and 
damage [25]. It was shown that there is a  tempo-
ral coincidence between myelin-specific T-cell CNS 
penetration and the first clinical symptoms of EAE 
occurrence [16]. This underlines the importance of 
sufficient infiltration prevention, or inactivation of 
already infiltrated immune cells in the CNS. In our 
experiments, administering hydrolysate in the dose 
of 5 mg/kg showed a tendency to diminish the area 
occupied by inflammatory infiltration. 

The obtained results indicate that usage of pre-
parations containing pig spinal cord hydrolysate, 
as a  source of broad spectrum myelin antigens, is 
able to diminish clinical symptoms of ongoing EAE.  
The results also underline the very important aspect 
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of the dose of fed antigens. Decreased clinical symp-
toms may indicate oral tolerance induction, but fur-
ther, antigen-specific analysis should be conduct- 
ed. Nevertheless, preparations containing pig spinal 
cord hydrolysate may be in the future very promising 
as a new method for multiple sclerosis treatment.
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A b s t r a c t 

In cancer cachexia, the role of nitric oxide (NO) in the central nervous system remains unclear. Cerebellar degen-
eration has been reported in cancer patients, but the participation of NO has not been studied. Thus, this study 
investigated the mechanism of oxidative cerebellar injury in a  time-course cancer cachexia experimental model. 
The cachexia index is progressive and evident during the evolution of the tumor. Nitric oxide and lipid hydroperoxi-
dation quantification was performed using a very sensitive and precise chemiluminescence method, which showed 
that both analyzed parameters were increased after tumor implantation. In the day 5 group, NO was significantly 
increased, and this experimental time was chosen to treat the rats with the NO inhibitors N-nitro-L-arginine methyl 
ester (L-NAME) and aminoguanidine (AG). When treated with NO inhibitors, a significant decrease in both NO and 
lipid hydroperoxide levels occurred in the cerebellum. 3-nitrotyrosine was also analyzed in cerebellar tissue by immu-
nohistochemistry; it was increased at the three experimental time points studied, and decreased when treated with 
L-NAME and AG. Besides demonstrating that lipid hydroperoxidation in the cerebellum of rats with cachexia increas-
es in a time-dependent manner, this study is the first to describe the participation of NO and its oxidized product 
3-NT in the cerebellum of cachectic rats bearing the Walker 256 solid tumor.
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Introduction

Cachexia is characterized by marked metabolic 
alterations leading to massive weight loss, anore-
xia, asthenia and anemia [25]. Additionally, there 
is an inappropriate increase in energy expenditure, 
defects in protein, carbohydrate and lipid metabo-
lism and muscle loss. The role of oxidative stress in 
the mechanism of muscle wasting was investigat-

ed in rats implanted with Walker 256 solid tumor 
[10], which leads to cachectic syndrome very quickly. 
Brain weight loss is also observed [6] and cerebellar 
degeneration with loss of Purkinje cells occurs in the 
course of neoplastic diseases [16]. Brain and nervous 
tissue are prone to oxidative damage for several rea-
sons. The central nervous system (CNS) has a high 
rate of oxygen consumption, a high amount of poly-
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unsaturated fatty acid and also many neurotrans-
mitters which are autoxidizable molecules [11]. 

Nitric oxide (NO) is a  highly reactive gas mole-
cule that can either function as a beneficial physio-
logical agent utilized for essential functions such as 
vasodilation, ischemia protection, and neurotrans-
mission, or as a  pathological agent that causes or 
exacerbates diseases, such as septic shock, cardiac 
hypertrophy and diseases of the central nervous sys-
tem. Whether NO is helpful or harmful depends on 
a variety of factors, such as the cellular environment 
in which NO is released, and the dose released [4,8]. 
In the CNS, nitric oxide and its redox related forms 
have been reported to be both neuroprotective and 
neurodestructive [3]. However, several groups have 
been unable to demonstrate NO’s direct toxicity or 
if it may contribute to oxidative stress and oxidative 
lesions of the CNS. 

As a neuroprotector, NO is able to promptly react 
with free radicals in the medium, which allows it 
to act as a chain reaction terminator [7]. Cytotoxic 
NO may cause nitrosative and oxidative stress [2].  
The death of cells or the ionic gradient collapse during 
energy depletion may cause a massive release of glu-
tamate by neurons, causing a prolonged increase of 
intracellular Ca2+, and overproduction of NO through 
nNOS [11]. According to Halliwell and Gutteridge 
[11], this excitotoxicity may become a vicious circle 
where more glutamate is released with concomi-
tant generation of O2

•– and NO. As a result, there is 
overproduction of peroxynitrite (ONOO•–), one of the 
most potent reactive species.

In this study we characterized the participation 
of nitrosative and oxidative stress in paraneoplastic 
cerebellar degeneration in a Walker 256 tumor pro-
gression experimental model in rats.

Material and methods

Animals 

Adult male Wistar rats (250-350 g; n = 6/group) 
were obtained from the Animal House of the Biolog-
ical Sciences Center at the Universidade Estadual de 
Londrina. The animals were given water and com-
mercial food (Nuvilab CR1, Nuvital Nutrients Ltda., 
Curitiba, Brazil) ad libitum. The food intake was mea-
sured daily. The experimental protocol was approved 
by the Institutional Animal Care and Utilization 
Committee of our institution (protocol 7794/2011). 
In all respects, the protocols conformed to the Guide 
for the Care and Use of Laboratory Animals.

Reagents 

All the chemicals were obtained from Merck 
(Darmstadt, Germany) or Sigma-Aldrich (St. Louis, 
USA) laboratories.

Tumor implantation

Rats were divided into six groups designated as 
controls and tumor hosts at three different days of 
tumor progression (5th, 10th and 14th). The last time of 
sacrifice was determined based on the average time 
of survival, which was 15 days after tumor implanta-
tion. Tumor hosts at day 5 of tumor progression were 
treated with two different NOS inhibitors (amino-
guanidine hydrochloride – AG [50 mg/kg] or N-nitro- 
L-arginine methyl ester – L-NAME [20 mg/kg daily,  
i.p.]. The control group received a 0.5 ml injection of 
PBS, and the tumor-bearing rats received a  Walk-
er 256 cell suspension (8.0 x 107 cells in 0.5 ml of 
PBS) injected subcutaneously on the right hind limb 
flank. The treated day 5 group received the same cell 
suspension as well as NOS inhibitors. Tumor cells 
were maintained in our laboratory as described by 
Guarnier et al. [10]. Three additional groups were 
included: a  pair-fed group, where 6 animals inoc-
ulated with PBS were fed with the same amounts 
of food consumed by the tumor groups for 14 days, 
and a control group treated with NOS inhibitors for  
5 days. On days 5, 10 and 14 after subcutaneous tumor 
implantation, the animals in both tumor groups were 
weighed and killed by decapitation. The tumor was 
carefully excised and weighed. The cachexia index 
was determined considering initial and final body 
weight, tumor weight and body weight gain in con-
trol groups, according to the formula: [(initial body 
mass – final body mass + body mass gain of con-
trol) / (initial body mass + body mass gain of control)] 
x 100% [10]. The cachexia index was calculated in 
order to determine the pattern of general wasting. 
The cerebellum was rapidly excised, weighed, and 
stored in liquid nitrogen until use (at most, 60 days 
of storage). Since the pair-fed group did not develop 
cachexia, all experimental results were compared to 
the control.

Tissue preparation

Cerebellum was placed on ice and gently homo- 
genized manually for approximately 2 minutes in 
a Potter glass tube in Na2CO3 2 mM, pH 8.5, previ-
ously bubbled with N2 to remove O2. The samples 
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were centrifuged at 1,500 x g for 10 min at 4°C in 
a Jouan BR4i Multifunction centrifuge (Thermo Elec-
tron Corporation, USA). The supernatants were dis-
tributed in 4 Eppendorf tubes and kept in ice away 
from light until the moment of analysis. For the NO 
and lipid hydroperoxide quantification, samples were 
prepared in the concentration of 1.25 and 15 mg/ml, 
respectively. 

Quantification of nitric oxide

The production of nitric oxide (NO) was quanti-
fied in the cerebellum in the experimental animals 
through the technique based on the reaction of che-
miluminescence initiated in the presence of H2O2 
and luminol. The chemiluminescence was detected 
at 302 nm as described by Kikuchi et al. [14], modi-
fied by Terra et al. [22]. Briefly, a solution composed 
by 360 µM Luminol/3 mM DFX was added to an equal 
volume of solution of  200 mM H2O2 and 1400 µl 
of buffer (2 mM Na2CO3). Both solutions were pre-
pared with the same buffer, 2 mM Na2CO3, pH 8.5, 
previously bubbled with N2. The mixture was incu-
bated at approximately 25°C under mild agitation 
for 5 min. After this period, this solution (180 µM 
Luminol/1.5 mM DFX/200 mM H2O2) was added to 
the sample (1.25 mg/ml) through a precision syringe 
(SGE, Australia). The chemiluminescence spectrum 
was monitored for 5 minutes using a  luminometer 
model TD 20/20 (Turner Designs, USA) with detec-
tion capacity in wavelengths from 300 to 650 nm and 
68.5% sensitivity. The luminometer was connected to 
a microcomputer through the program Spreadsheet 
Interface v1.0, making possible the registration of 
the emitted chemiluminescence. The program Origin 
v.7.5 was used for construction of the chemilumi-
nescense curves. Samples were analyzed in quadru-
plicate.  

Cerebellum 3-nitrotyrosine 
immunohistochemistry

The cerebellum preparations were also submit-
ted to immunohistochemical analysis of 3-nitroty-
rosine (3-NT), a protein nitrosative/oxidative stress 
biomarker. Briefly, 3-µm-thick sections mounted 
on poly-l-lysine-coated slides were deparaffinized, 
rehydrated, immersed in 10 mmol/l citrate buffer, 
pH 6.0, and submitted to heat-induced epitope 
retrieval using a  vapor lock for 45 min. The slides 
were rinsed with phosphate-buffered saline (PBS) 

and immersed in 3% hydrogen peroxide for 20 min 
to block endogenous peroxidase. Non-specific pro-
tein binding was blocked with normal serum (Vec-
tastain Elite ABC Kit, Universal, Vector Laboratories 
Inc., Burlingame, CA, USA) for 30 min. The sections 
were then incubated with monoclonal primary anti-
bodies specific for nitrotyrosine (clone HM11; Santa 
Cruz Biotechnology, Santa Cruz, USA) for 2 h at room 
temperature (25ºC) in a  humid chamber. Following 
washes in PBS, biotinylated pan-specific universal 
secondary antibody (Vectastain Elite ABC Kit, Univer-
sal, Vector Laboratories Inc.) was applied for 30 min. 
Next, the slides were incubated with the avidin- 
biotin-peroxidase complex (Vectastain Elite ABC Kit, 
Universal, Vector Laboratories Inc.) for 30 min and 
developed with a  NovaRed kit (Vector Laborato-
ries Inc.) for 5 min. The slides were counterstained 
with hematoxylin, dehydrated and mounted with 
Permount (Biomeda, Foster City, CA, USA). As nega-
tive controls, all specimens were incubated with an 
isotope-matched control antibody under identical 
conditions. The immunolabeling was considered to 
be positive when distinct red nuclear or cytoplasmic 
staining was present homogeneously. The percent-
age of nitrotyrosine-positive cells was obtained by 
Image J software developed at the U.S. National Insti-
tute of Health and available on the internet at http://
rsb.info.nih.gov/nih image. Results are present ed as 
% mean ± SEM.

Determination of oxidative stress  
by highly sensitive chemiluminescence 
induced by tert-butyl hydroperoxide 

Reaction mixtures were placed in 2-ml lumines-
cence tubes containing the following: cerebellum 
homogenate of control or experimental groups  
(15 mg/ml), 30 mM KH2PO4/K2HPO4 buffer (with  
120 mM KCl, pH 7.4), and 3 mM tert-butyl hydro-
peroxide, in a final volume of 1 ml. The tert-butyl hydro-
peroxide-initiated chemiluminescence (CL) reaction 
was assessed in a  TD/20 20 luminometer (Turner 
Designs), with a  response range of 300-650 nm. 
The tubes were kept in the dark until the moment 
of assay, which was carried out in a  room at 30ºC 
[9,17]. For each animal, a 60-min curve, where each 
point represented the differential smoothing of 600 
readings, was obtained by interpolation. The results 
were expressed in relative light units/g tissue (RLU/g 
tissue).
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Statistical analysis

The results are shown as means ± SEM. Two-way 
ANOVA with the Bonferroni post-hoc test was used 
to analyze the lipid peroxidation, NO and the entire 
chemiluminescence curve. Quantitative results were 
analyzed by one-way ANOVA with the Bonferroni 
post-hoc test. Statistical analysis was performed 
using GraphPad Prism 4.0 and 5.0 (GraphPad, San 
Diego, CA). 

Results

Characterization of cachexia

Table I  shows the cachexia index, mass of the 
tumor and the cerebellum absolute weight variation 
with or without AG and LNAME treatment on day 5. 
Animals with a  cachexia index equal to or greater 
than 10% were considered as suffering from cache- 
xia. The cachexia index is progressive and evident 
during evolution of the tumor. The animals did not 
present cachexia on D5, and when the animals were 
treated with aminoguanidine (D5AG) or L-NAME 
(D5LN) there was no difference when compared to 
D5. The same result could be seen in tumor weight, 
as the variation between D5, D5AG and D5LN was 
not significant. The cerebellum absolute weight 
did not change, although it showed an increase in 
weight variation in relation to the control group on 
day 5 and day 10. When the day 5 group was treat-
ed with L-NAME (day 5LN) and aminoguanidine (day 
5AG) the percentage of weight variation was neg-
ative compared to the control, or the weight gain 

variation of the cerebellum was reverted by these 
treatments.

Nitric oxide quantification by 
chemiluminescence and 3-nitrotyrosine 
by immunohistochemistry

Figure 1 illustrates the chemiluminescence 
induced by H2O2-luminol for the quantification of 
NO in the cerebellum of control and tumor-bear-
ing rats on day 5, day 10, day 14 (Fig. 1A) and day 5 
treated with aminoguanidine (AG) and L-NAME (LN) 
(Fig. 1B). As observed in Figure 1A, the NO levels 
in cerebellum of the day 5 group was significantly 
increased compared to the control (p < 0.0001), so 
this experimental day was chosen to evaluate the 
effect of NO inhibitor treatment. The groups of ani-
mals pair-fed D5, D10 and D14 did not show levels 
of NO significantly higher compared to control PBS. 
Thus, it was demonstrated that the decrease in food 
intake does not interfere with increased levels of 
NO, and it was not subjected to further investiga-
tion. Figure 1B shows the NO quantification in the 
cerebellum of 5-day tumor-bearing rats treated with 
inhibitors of cNOS (LNAME) and iNOS (aminoguani-
dine), D5AG and D5LN, respectively. The NO levels of 
D5AG and D5LN were significantly decreased com-
pared to group D5 (p < 0.0001). The inhibition with 
LNAME is 1300 times greater than with AG. Figure 2 
shows the increase of labeled area for 3-nitroty-
rosine (3-NT) of the day 5 (6.40 ± 0.15%), day 10 
(10.99 ± 0.098%) and day 14 (14.12 ± 0.14%) groups 
when compared to the control (2.14 ± 0.07%). When 

Table I. Cachexia index, tumor and cerebellum weights in tumor-bearing rats in NO inhibitor treated and 
non-treated animals

Tumor weight (g) Cachexia index (%) Cerebellum

Weight (mg) Percent variation

Control – – 0.287 ± 0.007a –

D5 6.192 ± 1.11a 7.88 ± 0.01a 0.290 ± 0.006a +1.04

D10 22.057 ± 2.55b 14.02 ± 1.05b 0.306 ± 0.01a +6.60

D14 38.84 ± 5.89c 17.91 ± 2.25b 0.287 ± 0.01a 0.00

D5AG 4.73 ± 0.33a 6.23 ± 0.65a 0.283 ± 0.01a –1.39

D5LN 4.32 ± 0.49a 8.07 ± 1.08a 0.280 ± 0.01a –2.43

Groups represent number of days after subcutaneous injection of 8.0 x 107 tumor cells with or without treatment with aminoguanidine (AG – 50 mg/kg daily, 
i.p.) or L-NAME (LN – 20 mg/kg daily, i.p.). Each group consisted of 6 animals. Control received an injection of 0.5 ml of PBS. Cachexia index = [(initial body  
mass – final body mass + tumor weight + body mass gain of control)/(initial body mass + body mass gain of control)] x 100%. Values are expressed as mean  
± SE. Positive values represent gain, and negative values decrease when compared with the control group. (–) in spaces means no comparison. In statistical 
evaluation, in the same column, different letters indicate statistical differences (p < 0.05 evaluated by one-way ANOVA, followed by Bonferroni’s multiple com-
parison test), while the same letters indicate no statistical differences (n = 6 for all groups).
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Fig. 1. Nitric oxide quantification by chemiluminescence. (A) Nitric oxide quantification of tumor-bearing 
rats on day 5, day 10, day 14. *p < 0.0001 compared to control. (B) Effect of NOS inhibitors on the level of NO 
measured by chemiluminescence initiated by H2O2-luminol in cerebellum of tumor-bearing rats on day 5,  
#p < 0.0001 compared to D5. yp < 0.0001 compared to day 5LN (n = 6 for all groups).
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Fig. 2. 3-Nitrotyrosine (3-NT) immunohistochemistry in cerebellum. Groups were compared using one-way 
ANOVA with Bonferroni’s post hoc test and p < 0.05 was considered significant. *p < 0.05 in relation to 
control group; #p < 0.05 in relation to day 5 group. AG – aminoguanidine, L-NAME – N-nitro-L-arginine 
methyl ester. Above, representative photomicrographs (20x) of immunohistochemistry of 3-NT labeled area:  
A) control group; B) day 5; C) day 5LN; D) day 5AG; E) day 10; F) day 14 (n = 6 for all groups).
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D5 was treated with L-NAME (3.61 ± 0.11%) and AG 
(3.30 ± 0.08%) 3-NT levels decreased significantly.  

Quantification of lipid hydroperoxides 
by tert-butyl hydroperoxide initiated 
chemiluminescence

Figure 3A shows the levels of lipid hydroperox-
ides formed in tumor-bearing rats during cachexia 
progression. The curves of the day 5, day 10 and 
day 14 groups were significantly higher (p < 0.0001) 
compared to the control group. Figure 3B shows 
the levels of lipid hydroperoxides in cerebellum of 
tumor-bearing rats on D5 days treated with inhibi-
tors of cNOS (LNAME) and iNOS (aminoguanidine), 
respectively day 5LN and day 5AG. The groups and 
day 5LN and day 5AG curves were significantly lower 
than group D5.

Discussion

Tumor growth induces marked changes in the oxi-
dative metabolism of distant tumor-free tissues and 
organs of the host [24], and these tumor effects on 
the brain are poorly understood. Cerebellar degener-
ation is observed in the course of neoplastic diseas-
es (paraneoplastic neurological syndrome), defined 

as non-metastatic neurological complications [5]. 
The release of neurotoxic factors by microglia has 
a triggering role in the development of neurological 
disorders. After microglia and astrocyte activation, 
there is a massive release of TNF-a, ROS and RNS, 
especially NO, which contributes to the establish-
ment of neurodegeneration [18]. In low concentra-
tions, NO acts as a powerful lipid peroxidation chain 
reaction terminator, but its pro-oxidant activity is 
evidenced when NO is generated in high concentra-
tions [21]. 

It has been shown that Walker 256 tumor growth 
causes oxidative stress in the brain [6]. Howev-
er, the participation of NO in the cellular damage in 
the establishment of cerebellar degeneration in the 
cachectic state has not been demonstrated. Oxidative 
stress was demonstrated in the hippocampus, cortex 
and cerebellum of Walker 256 tumor-bearing rats by 
the determination of thiobarbituric acid reactive sub-
stances (TBARS) and enzymatic activities (superoxide 
dismutase and catalase) [6]. The TBARS technique was 
used as a marker of oxidative stress evaluation. In this 
study, a  very sensitive tert-butyl hydroperoxide-initi-
ated chemiluminescence assay (CL) was used to ana-
lyze the levels of lipid peroxides in the cerebellum of 
cachectic tumor-bearing rats. This assay indicates that 

Fig. 3. Lipid hydroperoxide quantification of cerebellum determined by highly sensitive chemiluminescence 
induced by tert-butyl hydroperoxide. (A) Lipid hydroperoxide formation on day 5, day 10 and day 14 of 
cerebellum of tumor-bearing rats, *p < 0.0001 compared to control. (B) Effect of NOS inhibitors on the lev-
els of lipid hydroperoxides in the cerebellum of tumor-bearing rats on day 5. #p < 0.0001 compared to D5 
(n = 6 for all groups).
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the increase in CL is closely related to the oxidative 
stress previously suffered by the tissue [10,19]. 

From D5 to D14 there was a  progressive body 
weight loss, compatible to the cachectic syndrome, 
and it remained even when NOS inhibitors were 
administered. The same happened for the tumor 
weight and the progression of the cachexia index, 
which did not change with the use of inhibitors. 
The cerebellum weight showed a different behavior. 
Although there is no statistical difference, day 5 and 
day 10 showed an increase of weight variation com-
patible with the establishment of a systemic inflam-
matory state in cancer disease [20]. This evidence 
was better observed when AG and LN were admin-
istered on day 5 and the cerebellum weight variation 
decreased.

Although oxidative stress was evidenced, the 
participation of NO in cachexia-induced cerebellar 
degeneration remained unclear. In the present study, 
cachectic state establishment, NO production, 3-NT 
quantification and lipid peroxidation of the cerebel-
lum were analyzed during progression of the cachec-
tic state in Walker 256 tumor-bearing rats. The can-
cer-cachectic state of the present model showed that 
there was significant NO production on D5 in the cer-
ebellum of tumor-bearing rats that decreased when 
AG and LNAME were used, indicating that both NO 
production pathways (iNOS and cNOS) are induced.  
The inhibition by LNAME reduced NO production 1,300 
fold compared to AG inhibition. This fact suggests 
that the NO production through constitutive NOS, 
mainly nNOS, plays a  crucial role in the cerebellum 
of cachectic rats just before macro alterations start 
to happen. In chemically controlled NO production by 
the reaction with potassium iodate [14], NO reacts 
with H2O2 in an aqueous phase, giving a  stronger 
oxidizing species, peroxynitrite (ONOO–), under basic 
conditions. cPTIO, a specific NO scavenger [22], was 
used to provide additional evidence that the object of 
analysis was in fact NO. The scavenger decreased in 
a dose-dependent manner the light emission in both 
biological and chemical systems [23]. 

Nitrotyrosine (3-NT) is a product of tyrosine oxi-
dation mediated mainly by endogenous peroxyni-
trite (ONOO–). This molecule is a powerful oxidant 
that interacts with many proteins, which can lead 
to the formation of nitrotyrosine, the oxidation of 
thiol groups, lipid peroxidation induction and even 
DNA damage, as well as the depletion of stored 
antioxidants [11]. The occurrence of 3-NT in tissues 

is a marker of ONOO– formation and, therefore, the 
presence of NO and O2

•– [12]. Nitrotyrosine was mea-
sured in the cerebellum and was coordinated with 
the increase in NO chemiluminescence on day 5. 
Increased levels of 3-NT in the day 10 and day 14 
groups can be explained by the capacity of deposits 
of this oxidized protein on the tissue to induce pro-
teotoxicity. When AG or L-NAME was used in the day 
5 group, this protein aggregate decreased, as verified 
by NO chemiluminescence, which also decreased.

The increase of NO on day 5 is followed by an 
increase in lipid peroxidation in the cerebellum. 
The lipid peroxidation evidenced at the beginning 
of the cachectic state (day 5) may be dependent 
on the production of NO, and probably its reaction 
products with oxygen reactive substances [11]. This 
was confirmed by the use of the inhibitors L-NAME 
and AG, which reduced the NO production and also 
membrane lipid hydroperoxide formation. Tert-butyl 
hydroperoxide-initiated CL was used to evaluate the 
integral level of nonenzymatic antioxidant defense. 
A lower level of antioxidant as a consequence of pre-
vious oxidative stress corresponds to an accentuated 
peak and a shift to the left in CL curves, giving a pos-
itive correlation between CL and lipid peroxidation 
[15,17]. In this study, we demonstrated a qualitative 
difference in all CL curves, indicating alterations in 
cell membrane properties, such as antioxidant com-
position, which modifies the kinetics pattern by 
exhausting the oxidizable species [1].

Michalak et al. [16] demonstrated that circulat-
ing TNF-a and MCP-1 (macrophage chemoattractant 
protein-1), together with decreased levels of insu-
lin and thyroxine, may produce a milieu of factors 
involved in the mechanism of the development of 
cerebellar degeneration in cachectic hepatoma-bear-
ing rats, but the overproduction of NO in the cere-
bellum was not mentioned. The lipid peroxidation 
profile shows that on all days of tumor progression 
there was a  significant increase in cell membrane 
lesions. The same pattern of oxidative injury was 
also observed in muscle of tumor-bearing rats in the 
same period of cachexia progression [10], and more, 
that muscular waste is evident, and that oxidative 
stress is part of the modulation process of ubiqui-
tin-proteasome-induced proteolysis. 

According to Keynes et al. [13], the concentra-
tion of NO in the cerebellum is dependent on its 
generation and degradation rate. The consumption 
of NO by these cells decreases by 50% when lipid 
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peroxidation inhibitors are used. Changes in the 
activity of the total antioxidants impair the antioxi-
dant defense capacity of the brain and may lead to 
oxidative stress. Walker 256 tumor growth caused 
a consistent increase of chemiluminescence in the 
cerebellum that probably resulted from the changes 
observed in NO content.

This is the first time that nitric oxide has been 
related to induced nitrosative and oxidative cerebel-
lar injury in an experimental cancer model that leads 
to cachexia. It is still unclear whether the role of NO 
is one of protection or harmful action in cachexia. 
Nevertheless, this study reveals that in cachexia-in-
duced cerebellar degeneration, nitrosative stress and 
lipid hydroperoxidation occur in a  time-dependent 
manner, probably induced by the high concentration 
of NO produced by the cerebellum at the onset of 
the cachectic state. 

Acknowledgments

Grant support was provided by Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior – 
CAPES. We are very grateful to J. A. Vargas for excel-
lent technical assistance. 

Disclosure

Authors report no conflict of interest.

References

1. Azorin I, Bella MC, Iborra FJ, Fornas E, Renau-Piqueras J. Effect  

of tert-butyl hydroperoxide addition on spontaneous chemilu-

minescence in brain. Free Rad Biol Med 1995; 19: 795-803.

2. Brown GC, Bal-Price A. Inflammatory neurodegeneration medi-

ated by nitric oxide, glutamate, and mitochondria. Mol Neuro-

biol 2003; 27: 325-355.

3. Calabrese V, Mancuso C, Calvani M, Rizzarelli E, Butterfield DA, 

Stella AM. Nitric oxide in the central nervous system: neuropro-

tection versus neurotoxicity. Nat Rev Neurosci 2007; 8: 766-775.

4. Culotta E, Koshland DE Jr. NO news is good-news. Science 1992; 

258: 1862-1865.  

5. Darnell RB, Posner JB. Paraneoplastic syndromes involving the 

nervous system. N Engl J Med 2003; 349: 1543-1554.

6. Freitas JJS, Pompéia C, Miyasaka CK, Curi R. Walker-256 tumor 

growth causes oxidative stress in rat brain. J Neurochem 2001; 

77: 655-663.

7. Fukuto, JM, Cho JY, Switzer CH. The chemical properties of nitric 

oxide and related nitrogen oxides. In: Nitric Oxide – Biology 

and Pathobiology. Ignarro LJ (ed). Academic Press, San Diego 

2000; pp. 23-40. 

8. Galla HJ. Nitric oxide, NO, an intercellular messenger. Angew 

Chem Int Ed Engl 1993; 32: 378-380.

9. Gonzalez-Flecha B, Llesuy S, Boveris A. Hidroperoxide-initiated 
chemiluminescence: an assay for oxidative stress in biopsies of 
heart, liver, and muscle. Free Radic Biol Med 1991; 10: 93-100.

10. Guarnier FA, Cecchini AL, Suzukawa AA, Maragno ALGC, Si- 
mão ANC, Gomes MD, Cecchini R. Time course of skeletal 
muscle loss and oxidative stress in rats with Walker 256 solid 
tumor. Muscle Nerve 2010; 42: 950-958.

11. Halliwell B, Gutteridge JMC. Free Radicals in Biology and Medi-
cine. Oxford University Press, Oxford 2007.

12. Ischiropoulos H, Zhu L, Chen J, Tsai M, Martin JC, Smith CD, 
Beckman JS. Peroxynitrite-mediated tyrosine nitration cata-
lyzed by superoxide dismutase. Arch Biochem Biophys 1992; 
298: 431-437.

13. Keynes RG, Griffiths CH, Hall C, Garthwaite, J. Nitric oxide con-
sumption through lipid peroxidation in brain cell suspensions 
and homogenates. Biochem J 2005; 387: 685-694.

14. Kikuchi K, Nagano T, Hayakawa H, Hirata Y, Hirobe M. Detection 
of nitric oxide production from a perfused organ by a lumi-
nol-H2O2 system. Anal Chem 1993; 65: 1794-1799.

15. Llesuy SF, Milei J, Gonzalez-Flecha B, Boveris A. Myocardial damage 
induced by doxorubicins: hydroperoxide-initiated chemilumines-
cence and morphology. Free Rad Biol Med 1990; 8: 259-264.

16. Michalak S, Wender M, Michalowska-Wender G. Cachexia- 
induced cerebellar degeneration: involvement of serum TNF 
and MCP-1 in the course of experimental neoplastic disease. 
Acta Neurobiol Exp 2006; 66: 113-122.

17. Oliveira FJA, Cecchini R. Oxidative stress of liver in hamsters in-
fected with Leishmania (L.) chagasi. J Parasitol 2000; 86: 1067-
1072.

18. Pannu R, Singh I. Pharmacological strategies for the regulation 
of inducible nitric oxide synthase: neurodegenerative versus 
neuroprotective mechanisms. Neurochem Int 2006; 49: 170-182.

19. Peres PS,  Terra VA, Guarnier FA, Cecchini R, Cecchini AL. Photo-
aging and chronological aging profile: understanding oxidation 
of the skin. J Photochem Photob B 2001; 103: 93-97.

20. Roxburgh CS, McMillan DC. Role of systemic inflammatory 
response in predicting survival in patients with primary opera-
ble cancer. Future Oncol 2000; 6: 149-163.

21. Rubbo H, Radi R, Trujillo M, Telleri R, Kalyanaraman B, Barnes S, 
Kirk M, Freeman BA. Nitric oxide regulation of superoxide and 
peroxynitrite-dependent lipid peroxidation. J Biol Chem 1994; 
269: 26066-26075.

22. Terra VA, Souza-Neto F, Pereira RC, Silva TNX, Costa ACC, Luiz RC, 
Cecchini R, Cecchini AL. Time-dependent reactive species for-
mation and oxidative stress damage in the skin after UVB irra-
diation. Photochem Photobiol B 2012; 109: 34-41. 

23. Terra VA, Souza-Neto FP, Pereira RC, Xavier Da Silva TN, Ramal- 
ho LN, Luiz RC, Cecchini R, Cecchini AL. Nitric oxide is responsible 
for oxidative skin injury and modulation of cell proliferation after 
24 hours of UVB exposures. Free Radic Res 2012; 46: 872-882.

24. Ushmorov A, Hack V, Dröge W. Differential reconstitution of 
mitochondrial respiratory chain activity and plasma redox 
state by cysteine and ornithine in a model of cancer cachexia. 
Cancer Res 1999; 59: 3527-3534.

25. Ventrucci G, Mello MAR, Gomes-Marcondes MCC. Proteasome 
activity is altered in skeletal muscle tissue of tumour-bearing rats 
fed a leucine-rich diet. Endocr Relat Cancer 2004; 11: 887-895.

http://rcin.org.pl 



147Folia Neuropathologica 2015; 53/2

Original paper

Administration of leukemia inhibitory factor increases Opalin 
and myelin oligodendrocyte glycoprotein expression in the 
cerebral cortex in a cuprizone-induced model of demyelination
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A b s t r a c t 

Multiple sclerosis (Ms) lesions are characterized by inflammatory demyelination and reactive gliosis, and although 
remyelination occurs in some lesions it is limited and incomplete. Leukemia inhibitory factor (LIF) is an important 
cytokine that stimulates oligodendrocyte proliferation and survival in vitro. Opalin is a unique molecular marker for 
mature oligodendrocytes. The aim of this study was to demonstrate the role of LIF on Opalin and myelin oligoden-
drocyte glycoprotein (MOG) expression in the cerebral cortex of cuprizone-induced Ms mice. The mice were treated 
with cuprizone for five weeks in order to induce Ms. The mice were then divided into 3 groups. The first group was 
injected intraperitoneally (IP) with LIF for six weeks in the amount of 30 μg/kg bw per day. The second group (sHAM) 
was injected IP with normal saline and the third group was left without injection as a control. After six weeks the 
mice were killed, the cerebral cortex was harvested, and the expression of MOG and Opalin was studied. Using west-
ern blotting we found that LIF increases Opalin and MOG expression in the cerebral cortex extracts as compared to 
sHAM and control groups. However, no significant difference in the Opalin and MOG expression was seen between 
sHAM and control groups. It is concluded that LIF may have an important role in the process of remyelination by 
increasing Opalin expression and MOG expression.   

Key words: leukemia inhibitory factor, Opalin, myelin oligodendrocyte glycoprotein, cuprizone, remyelination.

Introduction

Multiple sclerosis (MS) is a chronic demyelinating 
disease of the central nervous system (CNS). Approx
imately 2.5 million people currently live with MS glo
bally. Susceptibility to MS varies in different ethnic 
groups, with people of Scottish origin being more like
ly to develop the disease [5]. Family members of MS 

patients have a higher risk of developing the disease 
than individuals without a family history [1]. 

Multiple sclerosis lesions are characterized by in
flammatory demyelination and reactive gliosis, and 
although remyelination occurs in some lesions it 
is limited and incomplete. Possible reasons for this 
abortive remyelination include astrogliosis and accu
mulation of extracellular matrix, lack of myelinating 

Communicating author:

Professor Farhad Mashayekhi, Department of Biology, Faculty of Sciences, University of Guilan, Rasht, Iran, phone: 00989113330017, 

fax: 00981313233647, email: umistbiology@yahoo.co.uk

http://rcin.org.pl 



148 Folia Neuropathologica 2015; 53/2

Farhad Mashayekhi, Sara Pishgah Hadiyan, Zivar Salehi  

cells or an unfavorable combination of growth fac
tors. Growth factor expression could participate in the 
repair process of this demyelinating disease by mod
ulating the activity of microglia/macrophages in an 
autocrine fashion, by inducing the expression of other 
factors that can affect myelin regeneration or degen
eration, and also by directly stimulating the localized 
proliferation and/or regeneration of oligodendro
cytes within lesion areas [21]. It has been shown 
that one of the identified proteins, transmembrane 
protein 10 (Tmem10; also known as Opalin or oligo
dendrocyte paranodal loop protein), whose expres
sion is specific to the brain, predominantly localized 
in many white matter regions and was upregulated 
during the postnatal developmental stages [2]. It was 
shown that Opalin protein is specifically expressed by 
myelinating oligodendrocytes, suggesting that it plays 
a unique role in mammalian myelin [11]. In the CNS 
the main proteins of myelin are proteolipid protein 
(PLP), myelin basic protein (MBP) and myelin oligo
dendrocyte glycoprotein (MOG). Myelin oligodendro
cyte glycoprotein is a minor component of the myelin 
sheath, but it is an important autoantigen linked to 
the pathogenesis of MS. It has been shown that MOG 
is a potent encephalitogen that triggers strong T cell 
and B cell responses. It has been recently shown that 
MOG antibodies could be associated with a  broad 
spectrum of acquired human CNS demyelinating dis
eases [20].

Cytokines and growth factor play important roles 
in brain development and function [14,15]. Growth 
factor expression could participate in the repair 
process of demyelinating disease by modulating 
the activity of microglia/macrophages, inducing the 
expression of other factors that can affect myelin 
regeneration or degeneration, and also by directly 
stimulating the localized proliferation and/or regen
eration of oligodendrocytes within lesion areas [21]. 
Among growth factors, leukemia inhibitory factor 
(LIF) is a  cytokine that has been demonstrated to 
play an important role in neural cell survival, includ
ing cholinergic neurons. It has been demonstrated 
that LIF limits autoimmune demyelination and oligo
dendrocyte loss in a murine model of MS [7]. Leuke
mia inhibitory factor promotes the differentiation of 
either neurons or astrocytes depending on the cul
ture conditions [19]. Increased LIF concentration in 
the cerebrospinal fluid (CSF) of patients with MS has 
been demonstrated [16]. It has been suggested that 
LIF is a potential therapeutic candidate for MS [23].

Leukemia inhibitory factor binds to a heterodi
meric membrane receptor complex consisting of LIF 
receptor (LIFR) and glycoprotein 130 (gp120) [25]. 
Leukemia inhibitory factor receptor has been shown 
to be expressed in the dorsal ventricular zone and 
subventricular zone of the cerebral cortex [4]. Coop
erative expression of LIF and LIFR in the brain of 
patients with neurodegenerative disease including 
Parkinson’s disease (PD) and Alzheimer’s disease 
(AD) may indicate a role for LIF in neuronal damage 
or repair in these diseases [24]. It was shown that LIF 
delivery to oligodendrocyte progenitor cells (OPCs) 
stimulates their proliferation through the activation 
of gp130 receptor signaling within these cells, and 
it has been suggested that LIF has both reparative 
and protective activities that make it a  promising 
potential therapy for CNS demyelinating disorders 
and injuries [9]. It has been shown that LIF is a neu
rotrophic cytokine and plays an important role in 
neural cell survival and myelin formation in vitro 
[13]. It has been shown that suppressing expression 
of CNTF, which is an LIF family, plays a key role in the 
remyelination process in cuprizoneinduced demye
linated mouse [26]. Addition of LIF neutralizing anti
bodies inhibited oligodendrocyte differentiation, 
indicating a crucial role of TNFR2induced astrocyte 
derived LIF for oligodendrocyte maturation [10]. 

As Opalin is a  unique molecular marker for 
mature oligodendrocytes and MOG is a component 
of the myelin sheath which is an important autoan
tigen linked to the pathogenesis of MS [11,20], we 
aimed to examine the in vivo effects of LIF on the 
remyelination process in the cerebral cortex of the 
cuprizoneinduced MS mouse. 

Material and methods

Animals 

Balb/c mice were purchased from Pasteur Insti
tute, Tehran, Iran and maintained on a 1212 light: 
dark cycle beginning at 8.00 am. They were kept at 
a constant temperature in mouse boxes with unre
stricted access to laboratory food and water. The col
ony was maintained through random pair mating. 
Timed mating was ca rried out by placing a  male 
and female together and checking for the presence 
of a vaginal plug. The presence of a vaginal plug was 
taken as gestational day zero (E0) and the day of 
birth was designated postnatal day 0 (P0). 
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Induction of demyelination  
and treatment with leukemia  
inhibitory factor

Demyelination was induced by feeding 810week
old mice a diet containing 0.2% cuprizone (biscyclo
hexanone oxaldihydrazone, SigmaAldrich Inc.) mixed 
into ground standard rodent chow. 

The cuprizone diet was administered for 5 weeks 
for demyelination. The control group received breed
er chow without the cuprizone admixture. Animals 
were then put on standard rodent chow without 
cuprizone to induce remyelination. The mice were 
then divided into three groups. The first group was 
injected intraperitoneally (IP) with LIF for 6 weeks 
in the amount of 30 µg/kg bw per day. The second 
group (SHAM) was injected with normal saline and 
the third group was left without injection as the con
trol group. After four weeks the cerebral cortex was 
harvested after euthanasia by intraperitoneal injec
tion of an overdose of anesthetic (sodium pentobar
bitone) and the cerebral cortex was removed and 
processed as described. In total, 42 animals were 
used in this study (n = 14 for each group).

Cell extract

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

Total protein concentration  
and western blotting

The total protein concentration in the cerebral 
cortex extracts was determined by the BioRad 
protein assay based on the Bradford dye proce
dure. For western blot, protein extracts (50 µg/lane) 
were separated on 10% SDSpolyacrylamide gel and 
transferred to a  polyvinylidene difluoride mem
brane (BioRad Laboratories Ltd. Hertfordshire, UK).  
The membranes were blocked with phosphatebuff
ered saline (PBS) containing 0.05% Tween 20 and 
5% dry milk and probed either with polyclonal 
antiOpalin antibody (Santa Cruz Biotechnology; 
sc135362) (1 : 1000 dilution), polyclonal antiMOG 

antibody or a mouse monoclonal antiβtubulin anti
body (as a  loading control) (Abcam plc, Cambridge, 
UK) (1 : 10,000 dilution) and then treated with  
the appropriate horseradish peroxidaseconjugated 
secondary antibodies. Immunoreactive protein was 
visualized using the Enhanced Chemiluminescence 
western blotting detection system (Amersham Phar
macia Biotech, Piscataway, NJ). Densitometric anal
ysis was performed by scanning immunoblots and 
quantitating protein bands using an image analyzer 
(Metaview Software). 

Statistical analysis

All data presented are expressed as mean ± stan
dard error of the mean (SEM). Statistical analysis 
was performed using the oneway ANOVA to test for 
differences among the groups, and only values with 
p ≤ 0.05 were considered significant.

Results

Total protein concentration

The total protein concentration in the cerebral 
cortex extracts from LIF injected, SHAM and control 
groups was determined by the BioRad protein assay 
based on the Bradford dye mixture. The total pro
tein contents of LIF injected, SHAM and control were  
1.11 ± 0.12, 1.07 ± 0.18 and 1.05 ± 0.18 (g/l), respec
tively. No significant increase in the total protein 
concentration was seen in the LIFinjected brain 
samples compared with those from the SHAM and 
control groups (p > 0.05).

Analysis of Opalin and myelin 
oligodendrocyte glycoprotein 
expression by western blotting

Western blot analysis was performed to quanti
tatively evaluate Opalin and MOG expression in the 
cerebral cortical extracts. A  western blot analysis 
using antiOpalin and MOG antibodies as a  probe 
confirmed the presence of Opalin and MOG in all the 
extracts (Fig. 1A and Fig. 2A). An image analyzer was 
used to determine the intensities of the band in the 
res pective lanes. Quantification of the western blot 
bands from repeated experiments (n = 14) showed 
that the amount of Opalin and MOG was significantly 
increased in the LIFinjected cerebral cortical extracts 
when compared with SHAM and control groups  
(p < 0.0001) (Fig. 1B and Fig. 2B). 
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Discussion
Acute demyelination of the CNS in MS is initial

ly followed by a  process of remyelination [3]. This 
repair process is guaranteed by the extensive prolif
eration of oligodendrocyte progenitor cells (OPCs) in 
response to demyelination. It has been demonstrat
ed that growth factor expression could be important 
in the repair process of this demyelinating disease 
by modulating the activity of microglia/macrophages 
by inducing the expression of other factors that can 
affect myelin regeneration and also by directly stim
ulating the localized proliferation and/or regenera
tion of oligodendrocytes within lesion areas. 

Among growth factors, LIF has been shown to 
play an important role in neural cell survival [8]. Leu
kemia inhibitory factor has been demonstrated to 
limit autoimmune demyelination and oligodendro
cyte loss in a murine model of MS [6]. Spinal cord 
precursors also synthesize LIF, and antiLIFRβ anti
bodies completely blocked the generation of neu
rons. Leukemia inhibitory factor plays an important 
role in generation, maturation and survival of oligo
dendrocytes [17]. Data supporting a neuroprotective 
role of LIF have been obtained in MS, where LIF has 
been demonstrated to be produced by myelinreac
tive T cells isolated from MS patients and protect 

Fig. 1. (A) Myelin oligodendrocyte glycoprotein 
(MOG) expression in the cerebral cortex extracts 
from leukemia inhibitory factor (LIF) treated, 
SHAM and control groups. βtubulin (50 kDa) 
expression was determined as a protein loading 
control. (B) Signal intensities from MOG expres
sion in the LIF treated, SHAM and control cere
bral cortex immunoblotting experiments were 
determined by densitometric analysis. In each 
of the experimental groups the number of ani
mals investigated was 14. A significant increase 
in MOG expression was seen in the LIFinjected 
group when compared with SHAM and control 
groups (p < 0.001). No significant differences 
were seen between the SHAM and control group 
(p = 0.42).

Fig. 2. (A) Opalin expression in the cerebral cor
tex extracts from leukemia inhibitory factor (LIF) 
treated, SHAM and control groups. βtubulin 
(50 kDa) expression was determined as a pro
tein loading control. (B) Signal intensities from 
Opalin expression in the LIF treated, SHAM and 
control cerebral cortex immunoblotting experi
ments was determined by densitometric analy
sis. In each of the experimental groups the num
ber of animals investigated was 14. A significant 
increase in Opalin expression was seen in the 
LIFinjected group when compared with SHAM 
and control groups (p < 0.001). No significant 
difference was seen between SHAM and control 
groups (p = 0.82).
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against tumor necrosis factorαinduced oligoden
drocyte apoptosis [27]. 

We investigated LIF as it is one of the most import
ant growth factors involved in the survival of oligo
dendrocytes [12]. Leukemia inhibitory factor contrib
utes to differentiation of the glial cell lineage [18]. 

The role of ciliary neurotrophic factor (CNTF) in 
the process of remyelination has been demonstrat
ed [22]. Here we show that daily administration of 
LIF significantly increases MOG and Opalin expres
sion in the cuprizoneinduced mouse cerebral cortex. 
As Opalin is a unique molecular marker for mature 
oligodendrocytes, the increased Opalin expression 
in the cerebral cortex of LIF injected mouse may be 
due to increased differentiation of oligodendrocyte 
progenitor cells into mature oligodendrocytes. We 
have also shown that LIF increases MOG expression 
in the cerebral cortex, which indicates the role of LIF 
in myelin formation. The results of this study could 
have been anticipated with some certainty given the 
findings of other studies that have investigated the 
role of LIF in MS. 

It is thus concluded that LIF may have an import
ant role in the process of remyelination by increasing 
either Opalin expression and oligodendrocyte differ
entiation or MOG expression. It is also suggested 
that LIF may have an important role in the process of 
remyelination by increasing MOG expression in the 
cerebral cortex.  
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Introduction

Primary mitochondrial disorders (MIDs) are 
due to mutations in mitochondrial DNA (mtDNA) 
or nuclear DNA (nDNA)-located genes that encode 
subunits of respiratory chain complexes, assem-
bly factors (ancillary proteins), proteins involved in 
mtDNA maintenance (intergenomic signaling), in the 
mitochondrial protein synthesis machinery, in coen-
zyme Q generation, in the mitochondrial transport 

machinery, or in apoptosis [7,8]. These mutations 
may occur together with reduced activity of single or 
multiple respiratory chain complexes in biochemical 
investigations [7,8]. Isolated complex IV (cytochro- 
me c oxidase) deficiency is one of the most frequent 
respiratory chain defects in MIDs and usually occurs 
together with severe pediatric or rarely adult multi-
system disease [20]. Here we report an adult with 
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Objectives: Isolated complex IV (cytochrome c oxidase) deficiency is one of the most frequent respiratory chain 
defects in mitochondrial disorders (MIDs) and usually occurs together with severe pediatric or rarely adult multisys-
tem disease. Here we report an adult with isolated complex IV deficiency with unusually mild clinical manifestations.
Case report: A 50-year-old man had developed generalized muscle aches and occasional twitching and stiffness 
of the musculature since age 48 years. He had a previous history of diabetes, acute hearing loss, hyperlipidemia, 
hyperuricemia, arterial hypertension, polyarthrosis, hypogonadism, and hypothyroidism. The family history was pos-
itive for diabetes (mother), CK elevation (brother), myalgias (brother), and proximal weakness of the upper limbs 
(mother). Work-up revealed hypoacusis, postural tremor and reduced tendon reflexes, recurrent mild hyper-CK-emia, 
neurogenic needle electromyography, and a muscle biopsy with mild non-specific changes. Biochemical investiga-
tions of the muscle homogenate revealed an isolated complex IV defect and reduced amounts of coenzyme Q (CoQ). 
He profited from CoQ supplementation, low-carbohydrate diet, and gluten-free diet.
Conclusions: Isolated complex IV deficiency may present with only mild muscular, endocrine, or cardiac manifesta-
tions in adults. Coenzyme Q supplementation, low-carbohydrate diet, and gluten-free diet may have a beneficial 
effect at least on some of the manifestations. 

Key words: mitochondrial, myopathy, metabolic, multisystem, complex IV, cytochrome c oxidase, muscle biopsy, cre-
atine kinase. 
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isolated complex IV deficiency with unusually mild 
clinical manifestations. 

Case report 

The patient is a  50-year-old Caucasian man, 
height 172 cm, weight 84 kg, with a history of spon-
taneous, permanent aching predominantly of the 
thighs and less intense aching of the lower legs, 
the neck, and the shoulder girdle muscles since the 
age of 48 years. Muscle aching could be slightly 
reduced by initiation of exercise but was markedly 
intensified after exercise during several days. He 
reported “heavy legs” after running and occasional 
twitching and stiffness of the musculature. His pre-
vious history was noteworthy for diabetes, acute 
hearing loss, hyperlipidemia, hyperuricemia, arterial 
hypertension, which had been well controlled with 
appropriate medication for 3 years, polyarthrosis, 
hypogonadism, and hypothyroidism since age 38 
years. He also reported a mushy stool for years with 
slight improvement after changing to a gluten-free 
diet. The family history was positive for diabetes 
(mother), CK elevation (brother), myalgias (brother), 
and proximal weakness of the upper limbs (moth-
er). Clinical neurologic examination at age 50 years 
revealed slight hypoacusis, mild postural tremor and 
markedly reduced tendon reflexes. His muscles were 
generally sore. 

Work-up revealed recurrently elevated creatine 
kinase (CK) values with a maximum value of 1200 U/l 
(n, < 190 U/l) but normal values during sever-
al months prior to the last visit in 2/2014. Serum 
lactate and the forearm ischemic test were normal. 
Nerve conduction studies of the right femoral nerve, 
the median and peroneal nerves bilaterally, the left 
sural nerve and the sensory fibers of the median 
nerves bilaterally, were all normal. Needle electro-
myography of two muscles in 6/2011 was normal. 
Needle electromyography of the right quadriceps fem-
oris muscle in 10/2013 was, in contrast, neurogenic, 
revealing extensive fibrillations and fasciculations at 
all recording points, enlarged motor units, and a clear 
interference pattern. Muscle biopsy from the left 
lateral vastus muscle in 4/2012 showed two “Ring-
binden” (Fig. 1A), one COX-negative fiber (Fig. 1B), 
and slight type 2 fiber predominance. Ultrastruc-
tural examination revealed fibers with subsarco-
lemmal accumulation of mitochondria and lipid 
droplets (Fig. 1C), but there was a lack of paracrys-
talline inclusions or other structural alterations. 

Biochemical investigations of the muscle homog-
enate revealed an isolated complex IV defect and 
reduced amounts of CoQ (Table I). HbA1c was 6.5 
(n, < 6.0). Echocardiography revealed only mild con-
centric hypertrophy. Ultrasound of the upper abdo-
men revealed steatosis hepatis exclusively. Mag-
netic resonance imagine of the cervical spine was 
normal. His last medication comprised amlodipine 
(10 mg/d), L-thyroxine (50 mg/d), CoQ (300 mg/d), 
and metformin (1000 mg/d). He could accomplish 
his daily job as an engineer with only progressive-
ly stiff neck muscles with increasing duration of his 
working hours. 

Discussion 

Isolated complex IV deficiency is one of the most 
common biochemical abnormalities in MIDs [4,19]. 
Isolated complex IV deficiency is clinically and gene- 
tically extremely heterogeneous (Table II). Clinical 
manifestations may range from fatal encephalopa-
thy [19], Leigh syndrome (a severe neurodegenera-
tive disorder with characteristic bilateral lesions in 
the basal ganglia and the brainstem [20]), or epi-
lepsy to myopathy, rhabdomyolysis, or hypertrophic  
cardiomyopathy (Table II). Genetically, isolated com-
plex IV deficiency may be due to mtDNA mutations 
or nDNA mutations. mtDNA-located genes associat-
ed with isolated complex IV deficiency include genes 
encoding tRNAs or subunits of complex IV (COX-I, 
COX-II, COX-III) (Table II). nDNA-located genes asso-
ciated with isolated complex IV deficiency include an 
even larger number of genes (Table II). Genes most 
commonly mutated in isolated complex IV deficiency 
include SURF1 [20] and SCO2 [3,31]. 

The reason why such a  heterogeneous genetic 
background leads to the same biochemical defect 
remains elusive, but it can be speculated that the 
so far reported genes involved in isolated complex 
IV deficiency contribute to the composition, assem-
bly, or maintenance of complex IV. Why tRNA muta-
tions cause complex IV deficiency also remains elu-
sive, but these mutations may specifically impair  
the translation of components of complex IV. Wheth-
er hypoacusis, diabetes, arterial hypertension, hyper-
lipidemia, polyarthralgia, hyperuricemia, hypothyro-
idism, and hypogonadism have to be regarded as 
manifestations of the mitochondrial defect remains 
speculative but previous reports suggest that these 
manifestations can be occasionally found in patients 
with MIDs [9]. Since serum CoQ levels were markedly 
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Table I. Results of biochemical investigations of muscle homogenate in the presented patient 

Enzyme activity Reference limit Result

Related to non-collagen protein

Complex I (NADH-CoQ oxidoreductase) 15.8-42.8 U/gNCP 15.6

Complex II/III (succinate cytochrome c oxidoreductase) 6.0-25.0 U/gNCP 9.1

Complex IV (cytochrome c oxidase) 112-351 U/gNCP 46.4

Coenzyme Q 160-1200 mmol/gNCP 111.6 

Related to citrate synthetase

Complex I (NADH-CoQ oxidoreductase) 0.17-0.56 U/U CS 0.26

Complex II/III (succinate cytochrome c oxidoreductase) 0.08-0.45 U/U CS 0.15

Complex IV (cytochrome c oxidase) 1.1-5.0 U/U CS 0.76

Coenzyme Q 2.7-7.0 mmol/U CS 1.8

NCP – non-collagen protein

Fig. 1. Hematoxylin and eosin staining of the 
muscle shows two “Ringbinden” (A). Enzyme his-
tochemistry for COX/SDH reveals a  single COX 
negative fiber (arrowhead) (B). Electron micro-
scopy shows lipid droplets (arrowhead) and 
subsarcolemmal accumulation of mitochondria 
(arrow) without paracrystalline inclusions (C).

A B

C
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reduced, a substitution therapy with CoQ 300 mg/d 
was begun, with some beneficial effect. Low carbo-
hydrate diet enhanced this effect.

This case shows that isolated complex IV deficien-
cy may present with only mild muscular, endocrine, 
or cardiac manifestations. Coenzyme Q supplemen-
tation, low-carbohydrate diet, and gluten-free diet 
may have a beneficial effect at least on some of the 
manifestations. 
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Introduction

Schwannomas are benign neoplasms derived 
from Schwann cells. They mostly occur as solitary 
tumours [6,7,25]. Multiple schwannomas developing 
in individual nerves are very rare [14,24,29,33,35]. 
Their presence may be one of the symptoms indic
ative of neurofibromatosis type 2 or schwannoma
tosis [5,13,25]. In material presented by Ogose et 
al. multiple schwannomas were found in 4.6% of all 
patients treated for schwannoma [25]. Qualification 
for surgical treatment of multiple schwannomas is 
controversial. Some authors highlight elevated risk 
of iatrogenic damage to the nerve during tumour 
excision [24]. Advocates of surgical treatment raise 
the possibility of development of multilevel compres
sion neuropathy as a result of the growth of tumours 

[5]. It is obvious that only symptomatic tumours are 
qualified for excision [5].

Case report

Case 1

A 26yearold woman was admitted to our ward 
for surgical treatment of multiple nodules located in 
the middle finger of her left hand. The nodules began 
to be palpable 6 years earlier. There was no histo
ry of significant trauma or inflammation of the left 
hand. The patient reported pain that increased when 
pressure was applied on the nodules and with finger 
movements. Paraesthesias were present in the fin
gerpad of the patient’s third finger.

On ultrasound examination performed on 1.04.2011 
a polycyclic lesion consisting of 3 nodules was seen 
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A b s t r a c t

Two cases of segmental sporadic schwannomatosis characterized by unusual location of multiple schwannomas in 
digital nerves (case 1) and the superficial radial nerve (case 2) are described in this paper. In the first of the described 
cases, 6 tumours located at the base of the middle finger and in its distal portion were excised from both digital 
nerves. In the second case, 3 tumours located in the proximal 1/3 and halfway down the forearm were removed from 
the superficial radial nerve. In both cases, symptoms such as palpable tumour mass, pain, paraesthesias, and posi-
tive Tinel-Hoffman sign resolved after operative treatment. Final diagnoses were made based on histopathological 
examination results. In the second of the described cases, the largest of the excised lesions had features enabling 
diagnosis of a rare tumour type – ancient schwannoma.

Key words: schwannomatosis, multiple neurilemmomas, ancient schwannoma, superficial radial nerve, digital nerve.
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along the proper digital nerve on the radial side of  
the third finger. The lesion originated at the level of  
the metacarpophalangeal joint and continued for 
about 33 mm. Consecutive individual nodules were 
7.5, 11 and 9 mm in diameter, going proximally. In 
the same nerve, presence of another solitary nod
ule with a diameter of 3.6  mm located 3 mm dis
tally from the proximal interphalangeal joint was 
detected. Presence of another nodule measuring 
4.5 mm in diameter was revealed in the proper dig
ital nerve on the ulnar side near the distal inter
phalangeal joint. Magnetic resonance imaging 
(MRI) examination (Siemes Essenza 1.5T) perform 
ed on 25.03.2013 showed a polycyclic lesion about  
36 mm long derived from the proper digital nerve on 
the radial side of the third finger. Presence of another 
tumour measuring 5 mm in diameter and located in 
the proper digital nerve on the ulnar side of the dis
tal portion of the middle phalanx was also revealed. 
The tumours showed significant enhancement after 
administration of contrast agent – Figure 1.

On clinical examination presence of palpable 
nodules both on the radial and the ulnar side of 
the third finger was detected. Local pain was trig
gered by applying pressure on the nodules. The 
metacarpophalangeal as well as proximal and dis
tal interphalangeal flexion range was also limited 
by pain. On percussion of the nodules, positive 
TinelHoffman sign was observed together with 
paraesthesias in the fingerpad of the third finger. 
Superficial sensation in the fingerpad of the third 
finger was unaltered, with static and dynamic sen
sory discrimination comparable to the opposite 
side. Neither muscle atrophy nor impaired digital 
blood flow in the patient’s hand was observed. It 
was decided that the patient qualified for operative 
treatment. During the first operation performed on 
7.05.2013, four nodules located in the proper digital 
nerve on the radial side were removed. The nodules 
were 12, 10, 8 and 3 mm in diameter – Figure 2. 
The smallest of the removed nodules was not visu
alized on imaging tests. During the second opera

Fig. 1. Magnetic resonance imaging examination results. A) Visualization of tumours located in both digital 
nerves of the third finger. B) Contrast enhancement of the tumours.
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Fig. 2. Intraoperative view: A) tumours in the course of radial digital nerve, B) view of operative field after 
removal of one of the tumours, C) radial digital nerve after resection of the tumours, D) tumour of ulnar 
digital nerve, E) appearance of the tumours after removal from radial digital nerve, F) crosssection of the 
tumours.

tion performed on 30.09.2013 a nodule located in 
the proper digital nerve on the ulnar side at the 
level of the distal interphalangeal joint and anoth
er nodule located on the opposite side at the level 
of the base of the middle phalanx were removed.  
The nodules were 5 and 3 mm in diameter – Figure 2. 
Surgical treatment was divided into two stages in 
order to avoid vast dissection of tissues of the third 

finger. Both operations were performed using tour
niquet ischemia, microsurgical tools and an operat
ing microscope. All nodules were excised without 
damage to the fascicular structure of nerves. 

On postoperative histopathological examination 
all tumours had the same histopathological pattern 
– neurilemmoma Antoni A (sample numbers: 26895 
from 17.05.2013 and 31909 from 18.10.2013). Im
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munohistochemical analysis showed positive reac
tion against S100 protein – Figure 3.

In the early postoperative stage no worsening of 
function of digital nerves was observed. The patient 
is under ambulatory surveillance. In the longterm 
postoperative course no signs of recurrence of nod
ules were observed. Pain and paraesthesias in the 
fingerpad of the third finger resolved. TinelHoffman 
sign is currently negative. The postoperative scar 
formed at the base of the third finger slightly limits 
full extension of the finger.

Case 2

A 22yearold woman was admitted to our ward 
for operative treatment of tumours located on her 
left forearm. The tumours first appeared about two 
years earlier. The patient had no history of trauma to 
the affected area. In anamnesis, the patient report
ed pain elicited by applying pressure to the tumour 
mass and after overstraining the limb as well as 
presence of paraesthesias in the dorsum of the 
1st and 2nd fingers of her left hand. On ultrasound 
examination performed on 19.07.2013 presence of  
2 tumours in the course of the superficial branch of 
the radial nerve was detected. The proximal lesion 
measuring 23 × 16 × 36 mm was located about  
2 cm from the site of division of the major trunk of 
the radial nerve. This tumour was well encapsulat
ed, located under the epineurium and caused dis
placement of nerve fascicles. Matrix of the tumour 
was heterogeneous with numerous fluid collections.  
The peripheral lesion had the dimensions 17 × 7 × 
× 5 mm and its matrix was homogeneous. On MRI 

examination performed on 11.04.2013, presence  
of two nodules differing in size located in the super
ficial radial nerve was detected. The larger of them, 
measuring 37 × 20 × 18 mm, was located about  
3 cm from the cubital joint. The other one was locat
ed peripherally, about 9 cm from the cubital joint, 
and measured 7 × 6 × 16 mm. The tumours showed 
heterogeneous contrast enhancement – Figure 4.

Presence of a palpable mass of two tumours 
located in the proximal 1/3 and halfway down the 
forearm was confirmed on clinical examination. Pain 
was triggered by applying pressure to the tumours. 
On percussion of the tumours HoffmanTinel sign 
was elicited, and the patient reported paraesthesias 
of the dorsal side of the 1st and 2nd finger as well 
as radial aspect of the dorsum of the hand. Exam
ination of superficial sensory function in this region 
did not reveal significant impairment compared to 
the opposite side. No muscle atrophy in the hand 
and forearm was observed. The patient was sched
uled for surgical removal of the tumours. The pro
cedure was performed on 15.10.2013 from a single 
incision in the proximal 1/3 and halfway down the 
forearm. The operation was performed using tour
niquet ischemia and an operating microscope. Two 
tumours measuring 32 × 20 × 15 mm and 12 × 8 × 
× 5 mm were excised with transection of one fasci
cle – Figures 5 and 6. In the peripheral portion of the 
superficial radial nerve, presence of a third nodule, 
previously not visible on imaging scans, was detect
ed. This small nodule, measuring 3 mm in diameter, 
was removed without damage to the fascicular struc
ture. The crosssection of the largest of the excised 

Fig. 3. Histopathological examination results: A) neurilemmoma Antoni A, H&E stain, ×100 magnification; 
B) immunohistochemical expression of S100 protein in Schwann cell.

A B
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Fig. 4. Magnetic resonance imaging examination results: visualization of tumours in the course of the super
ficial radial nerve.

Fig. 5. Intraoperative view: A) larger tumour of superficial radial nerve in proximal third of the forearm,  
B) transection of the single fascicle entering the tumour, C) removal of the tumour from the superficial 
radial nerve, D) appearance of the superficial radial nerve after tumour resection.

A B

C D

tumours (located in the proximal forearm) revealed 
macroscopic features of cystic degeneration with  
a leak of gelatinous, yellowish liquid and presence of 
tiny beige nodules – Figure 7. On histo pathological 

examination this tumour had charac teristics enabling 
diagnosis of ancient schwannoma: microcyst and cyst 
formation, perivascular hya linisation, nuclear atyp
ia without mitotic figures (sample number – 32456 
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Fig. 6. Intraoperative view: A) smaller tumour of the superficial radial nerve located halfway down the fore
arm, B) dissection of the tumour, C) removal of the tumour, D) appearance of the superficial radial nerve 
after resection of the tumour.

Fig. 7. Postoperative view: A) larger tumour after removal, B) both tumours after removal (crosssection of 
the larger tumour with leak of gelatinous substance), C) smaller tumour after removal.
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from 24.10.2013) – Figure 8. The other two tumours 
had a histological pattern of classical schwannoma. 
The postoperative course was uncomplicated. No 
symptoms of recurrence of tumours were detected 
at followup examinations, and pain and paraesthe
sias resolved. TinelHoffman sign is negative.

Discussion

Location of solitary schwannomas in the hand 
and fingers is rare [8,27]. Cases of multiple schwan
nomas in this region are of great rarity [41]. In 
material presented by Rockwell et al. schwannomas 
located in the hand and wrist constituted 7.5% of 
all schwannomas. The most frequent site of origin 
in material presented by authors mentioned above 
were proper digital nerves (52%) and common dig
ital nerves (19%). Multiple tumours were detected 
in two female patients described by these authors; 
they derived, however, from separate nerves. Rock
well et al. did not describe any tumours located 
peripherally to the proximal interphalangeal joint 
[27]. Peripheral location of schwannomas in fingers 
is a subject of casuistic reports [15,32]. Kilic et al. 
presented a case of a painful solitary schwannoma 
located in middle and distal phalanges of the 3rd fin
ger of the left hand [15]. Takeuchi et al. described a 
solitary schwannoma located in the distal phalanx 
of the 4th finger of the right hand [32]. The case pre
sented in this work is unique due to the fact that 
schwannomas developed in both digital nerves and 
occurred simultaneously proximally and distally to 
the proximal interphalangeal joint.

In the second of the described cases the tumours 
were located in the superficial radial nerve. The super

ficial radial nerve is a sensory branch of the radial 
nerve that provides cutaneous innervation to the 
dorsal aspect of the hand, including the thumb, index 
finger and the radial aspect of the long finger [23]. 
The superficial radial nerve might be compressed or 
injured at various anatomical sites along its course 
in the forearm [26]. Cases of external compression 
by an osteochondroma, lipoma or ganglion cyst 
[19,26,36,40] as well as development of tumours such 
as nerve sheath ganglion, lipofibroma and plasmocy
toma intraneurally [4,11,30] have been described.  
The first case of schwannoma located in the super
ficial radial nerve was described by Visser in 2009 
[37]. The tumour was located 7 cm above the styloid 
process of the radius [37]. Other cases of solitary 
schwannoma were presented by Kim et al. and Tang 
et al. and were located halfway down the forearm 
and in the wrist, respectively [16,34]. Compression of 
the superficial radial nerve occurring at the proximal 
third of the forearm is unusual [26,36]. In our material 
the largest tumour was located in the proximal third 
of the forearm and 2 smaller ones halfway down its 
length. Tanabe et al. presented a case of a 38year
old woman with multiple schwannomas (5 tumours) 
in the radial nerve (arm) and posterior interosseous 
nerve (forearm) [33]. According to the authors it was 
the first documented description of multiple schwan
nomas in the radial nerve and its motor branch [33]. 
To the best of our knowledge, multiple schwannom
as of the superficial radial nerve have not previously 
been described.

Cystic degeneration of the largest tumour locat
ed in the superficial radial nerve (case 2), which was 
detected both on imaging scans and intraoperatively, 

Table I. Criteria for diagnosis of schwannomatosis

Schwannomatosis* Diagnostic criteria

Definite Age > 30 years and two or more non-intradermal schwannomas (at least one with histological con-
firmation)

or One schwannoma confirmed with histology and a first-degree relative who meets the above criteria

Possible Age < 30 years and two or more non-intradermal schwannomas (at least one with histological confir-
mation)

or Age > 45 years and no symptoms of eighth cranial nerve dysfunction and two or more non-intradermal 
schwannomas (at least one with histological confirmation)

or Radiographic evidence of a schwannoma and a first-degree relative who meets the criteria for defi-
nite schwannomatosis

Segmental Meets criteria for definite or possible schwannomatosis but limited to one limb or five or fewer 
contiguous segments of the spine

*Individuals must not fulfil the criteria for NF2 or have any of the following: Vestibular schwannoma on MRI, constitutional NF2 mutation, or a first degree 
relative with NF2.
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prompted us to perform detailed histopathological 
examination. Ancient schwannoma was diagnosed 
on the basis of the following features: microcyst 
and cyst formation, perivascular hyalinisation and 

nuclear atypia. In our histopathological samples no 
calcification or hemorrhagic areas were detected. 
However, these features are not always present. 
Isobe et al. observed calcification only in two out of 

Fig. 8. Histopathological examination results: A) focally palisading nuclei of spindle cells represented by  
a Verocay body (“Antoni A”) (left side of the image) and marked myxoid degeneration area (right side of the 
image), B) multiple microcyst formation, C) irregular vessels with hyalinized walls, D) marked cellular and 
nuclear atypia but no mitotic figures, E) immunohistochemical expression of S100 protein in differentiated 
Schwann cells, F) proliferative index Ki67 positive, low (4%).
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seven patients diagnosed with ancient schwanno
ma [10]. Ancient schwannoma is a rare degenera
tive type of schwannoma described for the first time 
in 1951 by Ackerman and Taylor [1] and accounts 
for 0.8% of soft tissue tumours [4,22]. This type of 
neoplasm occurs predominantly in the form of large, 
slowgrowing tumours located in deep tissue layers 
of the head, neck, chest, retroperitoneum, pelvis and 
limbs [10,18,31,38]. Ancient schwannoma develops 
mainly in elderly people [38]. Presence of degener
ative changes in this type of tumour is associated 
with a prolonged period of its growth [10,38]. Very 
rare cases of ancient schwannoma characterised 
by rapid growth have been described. Isobe et al. in 
their material comprising 7 patients diagnosed with 
ancient schwannoma in 2 cases observed a short 
period of tumour growth lasting one and two years 
[10]. Lee et al. described a case of ancient schwan
noma development in a thigh with very fast increase 
in tumour size within one year [18]. Likewise, in our 
22yearold female patient development of ancient 
schwannoma in the superficial radial nerve lasted 
only 2 years. Lee et al. concluded that longterm clin
ical history is not essential for ancient schwannoma 
diagnosis [18]. Ancient schwannoma with degener
ative changes including nuclear atypia, hyperchro
masia and pleomorphism can be misdiagnosed as 
sarcoma [17]. According to Klijanienko et al., the 
principal discriminative morphological differences 
between welldifferentiated malignant peripheral 
nerve sheath tumour (MPNST) and schwannoma rely 
on the presence of mitotic figures and the absence 
of Verocay bodies [17].

In both of the described cases, diagnosis of neu
rofibromatosis type 1 and 2 was excluded based on 
clinical examination and additional examinations’ 
results. The patients’ families had no history of neu
rofibromatosis type 1 and 2 or schwannomatosis. 
Both described cases can be classified as segmen
tal schwannomatosis. Schwannomatosis is a genetic 
disorder described for the first time in the 1970s and 
for more than 20 years considered a form of neurofi
bromatosis [13]. In the late 1990s the suggestion was 
made that schwannomatosis should be classified as 
a separate condition [21]. The first clinical diagnos
tic criteria were formulated in 1997 by Jacoby et al. 
[12]. Contemporary diagnostic clinical criteria for 
schwannomatosis were established in 2005 during  
a meeting under the patronage of the National Neu
rofibromatosis Foundation [20]. One year later they 

were made even more precise, and in this form they 
are valid until today [2,3] – Table I.

Schwannomatosis occurs with an annual inci
dence estimated at 0.58 cases/1 000 000 persons 
[5,20]. There are two types of schwannomatosis: 
sporadic and familial [5]. Patients diagnosed with 
schwannomatosis constitute a small fraction of all 
patients treated surgically for schwannomas. In 
material presented by Seppälä et al. patients with 
schwannomatosis accounted for 3.7% and in materi
al by Huang for 4.6% of all patients who underwent 
operative treatment [9,28]. In material presented by 
Wang et al. 5 cases of segmental schwannomatosis 
constituted 1.4% of all treated patients [39]. It is esti
mated that segmental schwannomatosis constitutes 
about 30% of all cases of schwannomatosis [20]. 
Gonzalvo et al. described 4 cases of the segmental 
form among 14 patients diagnosed with schwan
nomatosis. The segmental form was found only in 
patients with sporadic schwannomatosis [5]. It was 
similar in our two patients. Medical history and clin
ical manifestations enabled diagnosis of segmental 
sporadic schwannomatosis.

Conclusions

To conclude, we have presented two cases of  
a rare disorder (segmental schwannomatosis) of an 
extremely rare location (digital nerves, superficial 
radial nerve) and histopathological pattern – ancient 
schwannoma (case 2).
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A b s t r a c t

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is caused 
by mutations in the NOTCH3 gene. Pathophysiologically, there seems to be multimerization of the extracellular 
domain of the protein with a possible gain of function on vascular smooth muscular cells. However, the mechanisms 
and determinants of NOTCH3 multimerization are not completely understood, and it is not completely elucidated 
whether NOTCH3 multimerization contributes to the appearance of granular osmiophilic material (GOM) deposits, 
which are the pathological hallmark of CADASIL.
We recently reported a patient with parkinsonism and cognitive impairment and with evidence of diffuse white 
matter changes on imaging, carrying a NOTCH3 nonsense mutation in exon 3 (c.307C>T), and suggested that such 
a hypomorphic NOTCH3 mutation was likely to be pathogenic. 
We further pursued ultrastructural examination of skin vessels in our case, and here we report the results, wishing to 
make a comment on whether GOM deposits should be considered the pathological hallmark for a definitive diagno-
sis of CADASIL in those patients whose mutations are predicted in the production of hypomorphic protein products.

Key words: CADASIL, NOTCH3, granular osmiophilic material, GOM deposits.

Cerebral autosomal dominant arteriopathy 
with subcortical infarcts and leukoencephalopathy 
(CADASIL) is the most common heritable cerebral 
small vessel disease, caused by mutations in the 
NOTCH3 gene [2]. The gene encodes a  single pass 
transmembrane protein, which is predominantly 
expressed in vascular smooth muscle cells (VSMC) 

[2]. NOTCH3 mutations typically affect the extracel-
lular domain (N3ECD) within one of the 34 epidermal 
growth factor (EGF)-like repeat domains [2]. Each 
EGF-like repeat domain contains a highly conserved 
number of cysteine residues which seem to stabilize 
the N3ECD by the formation of disulfide bonds. Virtu-
ally, all CADASIL mutations hitherto described result 
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in an uneven number of cysteine residues, leading to 
a multimerization of the N3ECD with a possible gain 
of function effect on VSMC [2,3]. However, me cha-
nisms and determinants of NOTCH3 multimerization 
are not completely understood. 

We recently described a  subject carrying 
a NOTCH3 nonsense mutation in exon 3 (c.307C>T), 
who presented parkinsonism, cognitive impairment, 
and psychiatric features in his seventies. Despite 
the late onset, he had typical CADASIL imaging 
features and a  positive family history for cerebral 
ischemic events in at least two different genera-
tions [4,13]. The variant is located in the EGF-like 2 
region of exon 3 and causes the substitution of argi-
nine with a stop codon at position 103 of the pro-
tein (p.R103X). The formation of such a premature 
stop codon results in the production of a truncated 
protein product lacking part of exon 3 and all the 
subsequent exons (4/33) and therefore character-
ized by the absence of all EGF-like repeat domains 
with the exception of EGF-like 1. A number of piec-
es of evidence (i.e., family history, MRI findings and 
the segregation of the mutation with the disease) 
led us to suggest that such a variant was likely to 
be pathogenic [4,13]. Concomitantly, Rutten et al. 
described another patient carrying the same vari-
ant [16]. They argued that it was a neutral polymor-
phism, based on immunohistochemical analysis and 
ultra-structural examination of skin vessels, which 
were found negative for N3ECD and granular osmio-
philic material (GOM) deposits [16]. GOM deposits 
have been in fact described only in CADASIL patients 
and constitute a pathognomonic feature for the dis-
ease [1,10,15]. Prompted by their report, we further 
pursued ultrastructural examination of skin vessels 
in our case. Here, we report such results, aiming to 
make a comment on whether GOM deposits should 
be considered the pathological hallmark for a defin-
itive diagnosis of CADASIL in those patients whose 
mutations are predicted in the production of hypo-
morphic protein products.

Skin biopsy samples were fixed in 2.5% glutaral-
dehyde/0.1 M cacodylate buffer, rinsed in cacodylate 
buffer and post-fixed in 1% osmium tetroxide/0.1 M 
cacodylate buffer, then rinsed again in buffer. Tissue 
samples were gradually dehydrated in a  series of 
ascending concentrations of ethanol and, then, were 
immersed in propylene oxide before infiltration with 
the epoxy resin Epon 812. Ultrathin sections double 
stained with uranyl acetate and lead citrate were 

examined with a  transmission electron microscope 
(Zeiss 900).

At the ultrastructural level, analysis of two skin 
biopsies performed in two different body sites (right 
and left arm) showed endothelial cells and smooth 
muscle cells with electron-lucent vacuoles and nucle-
ar chromatin condensation (Figs. 1 and 2). Further-
more, smooth muscle cells presented irregular shape 
and electron-lucent vacuoles within the cytoplasm, 
as for degeneration or absence of cytoplasmic 
organelles (Fig. 3). Notably, such abnormalities were 
only observed in cells of the blood vessel walls and 
not in other regions of examined samples, arguing 
against fixation or orientation artefacts. Ultrastruc-
tural analysis of at least 20 vessels per skin biopsy 
did not show presence of GOM deposits (Figs. 1-3).

Presence of multiple deposits of GOM at ultra-
structural examination of brain or skin vessels is the 
pathognomonic hallmark of CADASIL [1,8,11], with 
100% specificity and 96% sensitivity [7]. Neverthe-
less, the origin, chemical nature and function of 
GOM deposits are still not clear. There is a sugges-
tion that N3ECD constitutes a  component of GOM 
deposits [5]. If the latter hypothesis is true, then it 
is not surprising that our patient did not show GOM 
deposits. His genetic variant is indeed characterized 
by a premature stop codon, which results in a trun-
cated protein product lacking almost all the N3ECD. 
On the other hand, it is still unknown whether GOM 
accumulation is necessary for development of the 
disease. In fact, analysis of vessels from transgenic 

Fig. 1. Endothelial cell (EC) and smooth muscle 
cell (SMC) with electron-lucent vacuoles (arrow) 
and nuclear chromatin condensation. L – lumen, 
N – nucleus.
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mice expressing mutant NOTCH3 shows that VSMC 
dam age precedes N3ECD and GOM accumulation 
[6,12]. Moreover, there is no apparent correlation 
between the presence and number of GOM depos-
its and severity of VSMC damage [9,15]. In addition, 
it is interesting that even though GOM deposits 
are detected along the vasculature throughout the 
body, the symptoms of CADASIL are almost exclu-
sively restricted to the central nervous system [12]. 
Although a gain of function effect on VSMC triggered 
by multimerization of the mutated protein (and pos-
sibly by presence of GOM deposits) is the most sup-
ported pathophysiological mechanism in CADASIL, 
certain naturally occurring mutations unambiguous-

ly result in abolished NOTCH3 signaling and func-
tion [14]. In addition, several studies have revealed 
that mutations leading to NOTCH3 over-expression 
dominantly suppress Notch signaling rather than 
increase it [12]. However, it has also been argued 
that the archetypal Arg169Cys mutation in NOTCH3 
does not drive the pathogenesis through a  loss-of-
function mechanism [16]. Overall, it is conceivable 
that different mechanisms can contribute to the 
pathophysiology of CADASIL, among which one 
holds that accumulation of N3ECD/GOM in the brain 
vessels would promote the abnormal recruitment of 
functionally important extracellular matrix proteins 
that may eventually cause multifactorial toxicity. 
Unfortunately, the lack of appropriate instruments 
to directly assess, in vivo, the consequence of muta-
tions on NOTCH3 transcriptional activity in the brain 
arteries leaves opens the question of whether hypo-
morphic NOTCH3 can drive CADASIL-like symptoms, 
regardless of the presence of the GOM. 

More consistent data on the role of NOTCH3 in 
VSMC have been obtained from animal models, even 
though both knock-out and knock-in mice are not 
entirely considered robust models of CADASIL [6]. 
On the one hand, Notch3–/– mice exhibit abnormal-
ities in the cerebrovascular patterning [6] and show 
marked defects in distal muscular arteries, particu-
larly in the cerebral ones, in the absence of N3ECD 
and GOM accumulation, even if they do not develop 
the disease [6]. On the other hand, in some of the 
knock-in models overexpression of NOTCH3 up to 

Fig. 3. A  blood vessel. Insets showing smooth 
muscle cells irregular in shape and size, with 
a  few degenerated cytoplasmic organelles and 
clear variable areas (arrows). L – lumen, C – col-
lagen fibrils, E – erythrocyte.

Fig. 2. Endothelial cells (EC) with irregularly shaped nuclei (asterisk) and clear areas located in the cytoplasm 
(arrows). L – lumen.
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4-fold does not lead to CADASIL features or to GOM 
accumulation (for an extensive review, see [6]).

Such a  pattern (i.e., vascular abnormalities in 
the absence of GOM accumulation) might resemble 
what we observed in our patient (Figs. 1-3), and we 
would argue that another mechanism, which is not 
mediated by N3ECD and GOM accumulation, might 
underlie such vascular abnormalities, at least for 
hypomorphic NOTCH3 mutations. We acknowledge 
that a higher vascular abnormality burden may have 
been expected in our case. However, it is conceiv-
able that a  brain vessel biopsy would have shown 
more extensive damage. Moreover, we acknowledge 
that we did not use another technique (e.g. immu-
nogold staining), but, as stated above, we only found 
abnormalities in the VSMC and consistently within 
different samples, rendering the chance of artefacts 
unlikely. 

In summary, there seems to be a spectrum of dis-
orders associated with different NOTCH3 mutations, 
with hypomorphic NOTCH3 presumably causing 
CADASIL-like symptoms via loss-of-function mecha-
nisms, in line with other studies showing that com-
mon NOTCH3 variants may increase the cerebrovas-
cular risk in the elderly [13,17]. 

A number of lines of evidence support the hypoth-
esis that NOTCH3 haploinsufficiency can be clinically 
relevant, and further neuropathological data will be 
crucial to define the spectrum of CADASIL-like dis-
orders and to definitively elucidate the role of GOM 
deposits. 
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