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Review article

Can neurodegenerative disease be defined by four ‘primary 
determinants’: anatomy, cells, molecules, and morphology?

Richard A. Armstrong

Vision Sciences, Aston University, Birmingham, United Kingdom

Folia Neuropathol 2016; 54 (2): 89-104� DOI: 10.5114/fn.2016.60438

A b s t r a c t

Traditional methods of describing and classifying neurodegenerative disease are based on the clinico-pathological 
concept supported by molecular pathological studies and defined by ‘consensus criteria’. Disease heterogeneity, 
overlap between disorders, and the presence of multiple co-pathologies, however, have questioned the validity and 
status of many traditional disorders. If cases of neurodegenerative disease are not easily classifiable into distinct 
entities, but more continuously distributed, then a new descriptive framework may be required. This review proposes 
that there are four key neuropathological features of neurodegenerative disease (the ‘primary determinants’) that 
could be used to provide such a  framework, viz., the anatomical pathways affected by the disease (‘anatomy’),  
the cell populations affected (‘cells’), the molecular pathology of ‘signature’ pathological lesions (‘molecules’), and 
the morphological types of neurodegeneration (‘morphology’). This review first discusses the limitations of existing 
classificatory systems and second provides evidence that the four primary determinants could be used as axes to 
define all cases of neurodegenerative disease. To illustrate the methodology, the primary determinants were applied 
to the study of a group of closely related tauopathy cases and to heterogeneity within frontotemporal lobar degen-
eration with TDP-43 proteinopathy (FTLD-TDP).
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Introduction

Traditional methods of describing and classify-
ing cases of neurodegenerative disease are based 
on the original clinico-pathological concept, viz., 
a distinct clinical profile in combination with ‘signa-
ture’ pathological lesions. This system was used to 
describe the first cases of Alzheimer’s disease (AD) 
[2], Pick’s disease (PiD) [139], dementia with Lewy 
bodies (DLB) [107], and Creutzfeldt-Jakob disease 
(CJD) [44,88]. Subsequently, these original descrip-

tions were refined and modified by molecular stud-
ies which resulted in the discovery of disease-spe-
cific antibodies and enabled the molecular signature 
of brain lesions to be established [20,59]. Ultima- 
tely, ‘consensus criteria’ have been established for 
the majority of disorders, e.g., AD [120,125,133,162], 
DLB [120], multiple system atrophy (MSA) [71,72], 
and progressive supranuclear palsy (PSP) [108,109], 
representing the coordinated views of experts in 
the field regarding the most important clinical and 

http://rcin.org.pl 



90 Folia Neuropathologica 2016; 54/2

Richard A. Armstrong

pathological features useful in diagnosis. As a result, 
neurodegenerative disorders have continued to be 
regarded as more or less distinct ‘entities’, neuro-
pathologically defined by signature pathological 
lesions, and characterised by a  specific molecular 
pathology [20,59]. 

Recent research, however, has revealed consider-
able heterogeneity within existing disorders [15,22], 
overlap between closely related entities [19,55,63,76], 
and the co-occurrence in individual cases of two or 
more co-pathologies [19,93,172]. Hence, in a recent 
comparative study of 1032 cases representing ten 
different disorders, 361 cases, approximately 35% 
of the sample, were excluded largely as a  result of 
multiple pathology [25]. Not only do these exclusions 
ignore a large quantity of data, a bias is also created 
in favour of ‘typical’ or ‘pure’ examples of a  disor-
der, thus ignoring potential intermediate, overlap, or  
multiple pathology cases. As a consequence, a recon-
sideration of existing disease entities and a  new 
descriptive framework which can accommodate over-
lap and heterogeneity may be necessary [8,19,54,62, 
128,137]. 

An alternative method of describing cases of 
neurodegenerative disease is to use a  geometrical 
system based on ‘ordination’, i.e., by arranging indi-
vidual cases with reference to a co-ordinate frame so 
that their similarities and differences can be spatial-
ly represented [8,15,22,140]. In such a system, there 
may be no attempt to name a disorder or to classify 
cases into any pre-existing groups, but only to plot 
individual cases with reference to the co-ordinate 
frame. Location of a case would reveal its similari-
ties and differences to other cases, and proximity to 
similar cases may reveal underlying common patho-
logical mechanisms. To define the axes of such a co- 
ordinate frame, however, would require quantitative 
measures of a range of neuropathological variables.

This review proposes that there are four key 
features of neurodegenerative disease (the ‘prima-
ry determinants’) which could be used to provide 
such a  descriptive framework, viz., the anatomical 
pathways affected by the disease (‘anatomy’), the 
cell populations affected (‘cells’), the major molecu-
lar pathology of the ‘signature’ pathological lesions 
(‘molecules’), and the morphological types of neu-
rodegeneration (‘morphology’). Hence, this review 
discusses: (1) limitations of existing classificatory 
systems, (2) evidence that the four primary deter-
minants could provide a description of cases of neu-

rodegenerative disease, (3) whether the four deter-
minants are ‘independent’ variables, (4) whether  
the four determinants should be differentially 
weighted, and (5) describes the application of the 
method to the study of a  group of closely-related 
tauopathy cases and heterogeneity within fronto-
temporal lobar degeneration with TDP-43 proteino- 
pathy (FTLD-TDP) [22]. 

Limitations of existing classifications

Several studies have questioned whether neuro-
degenerative diseases are distinct or whether indi-
vidual cases represent points in a  ‘continuum’ of 
neuropathological change [8,19,20]. Hence, exten-
sive overlap was observed between cases of AD and 
Parkinson’s disease (PD), interpreted as the action 
of common pathogenic mechanisms within vulnera-
ble neuronal populations [137]. The authors argued 
that currently defined disease entities failed to deal 
with disease overlap and that a  new classification 
should be considered [137]. In addition, Forstl [62] 
argued that the traditional clinico-pathological con-
cept often accommodates genetically and clinically 
diverse conditions within the same group and there-
fore may have outlived its usefulness. The frequent 
use by authors of such terms as ‘complex syndrome’, 
‘spectrum of disorders’, ‘multiple pathologies’, or 
even ‘continuum’ testifies to the extent to which 
boundaries between different disorders are more 
indistinct than previously thought [8,38,68,160]. 

Central to the argument of how neurodegenera-
tive disease should be classified has been the status 
of AD [101,118]. Alzheimer’s disease is heterogeneous 
[145] and can be divided into clinically relevant sub-
groups such as sporadic AD (SAD), tangle only AD, 
and the various genetic subtypes of familial AD (FAD), 
but only one subgroup actually corresponds to the 
disease originally described by Alzheimer [169]. In 
addition, a number of descriptive terms are used to 
describe AD co-pathology, e.g., AD neuropathological 
change (ADNC), and neurofibrillary tangle (NFT)-only 
change in medial temporal lobe (NFT-MTL). Defining 
exact criteria for AD has always been difficult due 
to phenotypic heterogeneity, the absence of specif-
ic markers, and overlap of pathology with cognitive-
ly normal brain and related disorders [7,90]. Hence, 
the term ‘AD’ may describe disease subgroups with 
markedly different characteristics, and it has been 
suggested that the looser term ‘Alzheimer syndrome’ 
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could be used or the term ‘AD’ dispensed with alto-
gether [169]. If AD was to disappear as an entity, it 
would have significant implications for the status of 
many closely related disorders such as argyrophilic 
grain disease (AGD) [32,163,178], vascular dementia 
(VD) [95,106], and DLB [120].

The status of many other classically defined dis-
orders has been equally controversial. Pick’s disease 
[139], for example, is defined pathologically by the 
presence of tau-immunoreactive Pick bodies (PB) and 
abnormally enlarged neurons (‘Pick cells’), but many 
cases of clinically typical PiD are at variance with 
these classic neuropathological features [98], e.g., 
some clinically typical PiD cases may lack PB [83]. 
Moreover, there is no convincing evidence linking  
the clinical symptoms of PiD with its histology, a chal-
lenge to the original clinico-pathological concept [60]. 
Subsequently, PiD became subsumed within the con-
cept of ‘frontotemporal dementia’ (FTD) [87], but this 
classification also resulted in a heterogeneous group 
of disorders with considerable overlap between its 
constituent members [19]. Subsequent genetic and 
molecular studies have led to considerable changes 
in the classification and nomenclature within FTD 
and its neuropathological variants, viz. fronto-tempo-
ral lobar degeneration (FTLD) [37,164]. Clinical vari-
ants of FTD include the behavioural variant (bvFTD), 
language variants, e.g., semantic dementia (SD) and 
primary progressive aphasia (PPA), and motor vari-
ants such as corticobasal syndrome (CBS) and motor 
neuron disease (MND). In addition, pathological 
variants of FTLD include those with tau, transactive 
response (TAR) DNA-binding protein of 43 kDa (TDP-43), 
and fused in sarcoma (FUS)-immunoreactive inclu-
sions [37].

Discrimination between different FTLD entities is 
often only possible using neuropathological criteria, 
the majority of which are based on the morphology 
and molecular composition of ‘signature’ patholog-
ical inclusions such as neuronal cytoplasmic inclu-
sions (NCI), neuronal intranuclear inclusions (NII), 
and glial inclusions (GI), the latter including oligoden-
droglial inclusions (‘coiled bodies’), tufted astrocytes 
(TA), astrocytic tangles (AT), and astrocytic ‘plaques’ 
(AP) [130]. Nevertheless, the clinical features of FTD 
may not predict their pathology, and neuropatholog-
ical features alone cannot establish a  diagnosis of 
FTD. In addition, studies have questioned whether 
some members should even be classified within FTD. 
Hence, corticobasal degeneration (CBD) is a predo

minantly extrapyramidal motor disorder in which 
there is poor correlation between neuropathology 
and clinical syndrome [119]. In addition, there are 
FTD cases that exhibit a frontal lobe type of demen-
tia but accompanied by a typical MND-type pathol-
ogy not typical of any currently described FTD entity 
[30]. Consequently, FTD may define a group of cas-
es, loosely united by clinical presentation, but with 
heterogeneous pathologies and therefore not easily 
classifiable according to clinico-pathological or any 
other criteria [77,79,99].

Similar problems can be observed within CJD, 
which in the past was regarded as a doubtful dis-
ease entity [100]. The original CJD concept [44,88] 
was subsequently discarded in favour of the term 
‘prion disease’ [1,41], but there still remain problems 
such as overlap between CJD and other disorders, 
most notably with AD [19,20,76]. In addition, the 
prion-like behaviour of such pathological proteins as 
tau and a-synuclein [74,155] further blurs the dis-
tinction between classic prion diseases, tauopathies, 
and synucleinopathies.

The four primary determinants 

This review proposes four key features, viz. the 
‘primary determinants’, to describe the neuropa-
thology of neurodegenerative disease: (1) anatom-
ical pathways affected by the disease (‘anatomy’), 
(2) cell types affected (‘cells’), (3) primary molecular 
pathology of ‘signature’ pathological lesions (‘mole-
cules’), and (4) morphological types of neurodegen-
eration (‘morphology’). How currently defined disor-
ders may be related to these variables is shown in 
Table I.

Anatomy

One of the first demonstrations that a neurode-
generative disease was related to the breakdown of 
specific anatomical pathways was in AD [45,136]. 
Hence, a  major feature of the pathology of AD is 
the disruption of afferent and efferent connections 
between the hippocampal formation and the rest of 
the brain [45]. Alzheimer’s disease pathology may 
initially affect the temporal pole, especially the ento-
rhinal cortex (EC), before spreading to the posterior 
parahippocampal gyrus (PHG) and then in a stepwise 
fashion to the hippocampus and association cortex, 
leaving primary sensory areas unimpaired until lat-
er in the disease [31,58,91,136]. The pathology may 
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then spread among cortical gyri and to subcortical 
regions via cortico-cortical and cortical-subcortical 
pathways respectively [5,45,136]. This hypothesis 
is supported by studies of the spatial patterns of 
SP and NFT [6,13] and of transgenic mice, in which 
there is selective disruption of cortico-cortical path-
ways [47]. Furthermore, this pattern of neurodegen-
eration correlates with specific neurotransmitter 
deficits, e.g., acetylcholinesterase-immunoreactive 
neurites are present at the periphery of SP, which 
could represent the degeneration of ascending and 
cortical cholinergic pathways [157]. 

Although many authors continue to argue that AD 
is a  distinct entity [118], it is highly heterogeneous 
[42,61], and cases exhibit considerable neuropatho-
logical variation [15,19]. Variation in the anatomical 
spread of disease from its origin in the MTL could 
account for many of these differences [15,33,45]. Con-
sequently, there may be a close relationship between 
the distribution of the pathology and the clinical fea-
tures of individual patients [67]. For example, MTL 
areas are relatively spared in aphasic cases of AD, 
while more severe occipito-parietal degeneration, also 

termed posterior cortical atrophy (PCA), is often asso-
ciated with visual-spatial deficits at presentation [67].

The second commonest form of dementia is DLB, 
accounting for up to a  quarter of all cases [120]. 
An essential feature of the neuropathological diag-
nosis of DLB is the presence of LB in the cerebral 
cortex and/or brain stem. Nevertheless, DLB exists 
in a  variety of forms including neocortical, limbic 
[144], cerebral, and brainstem types, the neocortical 
subtype being the most common [85]. Many cases 
of DLB also exhibit ADNC [48,70,78], and therefore 
each pathological subtype of DLB can be divided 
into a ‘pure’ or ‘mixed’ form based on the degree of 
AD co-pathology [85]. Some studies have suggested 
anatomical differences in the pathways affected in 
AD and DLB. Brain glucose metabolism studies, for 
example, indicate that hypometabolism of the pri-
mary visual cortex (area V1) is more marked in DLB, 
whereas reductions in the posterior/temporal cortex, 
posterior cingulate gyrus, and frontal cortex occur in 
both AD and DLB [122]. Studies of regional cerebral 
blood flow (rCBF) report similar results, i.e., occipital 
hyperperfusion may be more frequent in DLB [110]. 

Table I. Description of the major neurodegenerative diseases according to the four primary determinants

Primary determinants

Disorder Anatomy Cells Molecules Morphology

AD GC, L N Aβ, 3R/4R tau SP, NFT

AGD L N, A, O 4R tau P-NFT, NT, GR, EN, V

CBD FT, M, SC N, A 4R tau NCI

CJD GC N PrPsc SP, V

DLB L, C N a-synuclein LB, NT, EN

FTD-MND MC, SC N, O tau NCI, GI

FTLD-TDP FT N, O TDP-43 NCI, GI, V

MSA SC O, N a-synuclein GCI

NIFID FT, L, SC N, O FUS NCI, GI

PD-Dem L, MC, SC N a-synuclein LB, LT, LG

PiD FT N 3R tau PB, PC

PSP SC N, A 4R tau NFT, GI, AP

Disorders: AD – Alzheimer’s disease, AGD – argyrophilic grain disease, CBD – corticobasal degeneration, CJD – Creutzfeldt-Jakob disease, DLB – dementia with 
Lewy bodies, FTDP-17 – fronto-temporal dementia and parkinsonism linked to chromosome 17, FTD-MND – motor neuron disease with dementia, MND – motor 
neuron disease, MSA – multiple system atrophy, NIFID – neuronal intermediate filament inclusion disease, PiD – Pick’s disease, PD – Parkinson’s disease, PSP 
– progressive supranuclear palsy; Anatomy: GC – general cortical, L – limbic, FT – frontotemporal, SC – subcortical; Cells: N – neurons, A – astrocytes, O – oligo-
dendrocytes; Molecules: Aβ – β-amyloid, PrPsc – disease form of prion protein, FUS – fused in sarcoma, TDP-43 – transactive response (TAR) DNA-binding protein 
of 43 kDa; Degeneration: AP – astrocytic plaque, SP – senile plaques, NCI – neuronal cytoplasmic inclusions, P-NFT – pre-tangles, NFT – neurofibrillary tangles, 
NT – neuropil threads, GCI – glial cytoplasmic inclusions, GR – grains, EN – abnormally enlarged neurons, LB – Lewy bodies, LT – Lewy neurites, LG – Lewy grains, 
PB – Pick bodies, PC – Pick cells, V – vacuolation
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The pattern of temporal lobe atrophy may also differ 
between AD and DLB, with less hippocampal atro-
phy in DLB, which could explain the preservation of 
memory function in DLB [26].

In FTLD, which accounts for approximately 20% 
of all pre-senile cases of dementia [159], the patho-
logical changes are usually more circumscribed, 
affecting primarily frontal and temporal lobes [156]. 
Nevertheless, there is often selective anatomical 
degeneration within this group. For example, in FTLD 
with transactive response (TAR) DNA-binding protein 
of 43 kDa (TDP-43)-immunoreactive inclusions, atro-
phy of the frontal lobe and temporal pole is seen in 
97% of cases, but the hippocampus and subcortical 
areas are less affected [11,22,69]. In FTD and par-
kinsonism linked to chromosome 17 (FTDP-17) and 
CBD, however, degeneration largely affects the glo-
bus pallidus and substantia nigra and is accompa-
nied by pathological changes in the cerebral cortex 
and subcortical areas [143]. In MND, cortical pathol-
ogy is even more restricted to the motor cortex, 
although the brain stem and spinal cord may also 
be affected [29].

A  further group of disorders exhibit a predomi-
nantly subcortical pathology including MSA, PD lack-
ing dementia, and PSP. Hence in MSA, the substan-
tia nigra, striatum, inferior olivary nucleus, pontine 
nuclei, and cerebellum are affected [18,49,105]. In 
some cases, there may be progressive cerebral atro-
phy affecting the frontal lobes [103] and the motor/
premotor areas [168], the limbic system also being 
affected, principally in longer duration cases [138]. 
Although MSA is regarded as a  single entity, two 
main subtypes are now recognized [72], viz., the cer-
ebellar subtype (MSA-C) and parkinsonian subtype 
(MSA-P). The most consistent clinical syndrome, 
however, is parkinsonism, followed by cerebellar 
ataxia, and pyramidal tract signs [171]. Similarly, the 
anatomical distribution of pathological changes in 
PD is largely subcortical but with two clinical sub-
types, viz., an ‘akinetic-rigid’ form with cell losses in 
the ventrolateral substantia nigra and related motor 
systems and a ‘tremor-dominant’ form with cell loss-
es in the medial substantia nigra [89]. In addition, in 
PD with dementia (PD-Dem), which may be indistin-
guishable from DLB [28], there is spread of pathol-
ogy to affect the cortical regions and hippocampus 
[24]. Progressive supranuclear palsy exhibits a more 
restricted form of subcortical degeneration, often 
sparing the cerebral cortex entirely [113]. Two clin-

ical phenotypes have been identified, viz., Richard-
son’s syndrome (RS) and PSP-parkinsonism (PSP-P), 
the two subtypes varying in disease duration and in 
tau isoforms [173]. In addition, there is loss of cho-
linergic innervation to the thalamus and cerebral 
cortex in PD, but only to the thalamus in PSP [153].

Cells

The developing pathology of neurodegenerative 
disease may target specific cell populations. In AD, 
for example, it is the larger cortical pyramidal cells 
that are most vulnerable, smaller neurons being 
more resistant [80]. In addition, labelling of damaged 
neurons in AD is most conspicuous in lamina III of 
the cerebral cortex early in the disease but becomes 
more widespread as the pathology progresses [165]. 
This observation suggests a specific loss of cortico- 
cortical connections in AD [136], many of which use 
glutamate as neurotransmitter. The disease may 
then spread in either an orthograde or retrograde 
direction [45], gradually involving other neuronal 
types and eventually glial cells. In AD there is also 
loss of neurons which express the 75 kD neurotro- 
phic receptor p75NIR [174] which preferentially 
binds β-amyloid (Aβ), and hence cells that under-
go apoptosis could be mediated by this reaction. By 
contrast, cultured hippocampal neurons immunore-
active to the calcium-binding protein calretinin are 
more resistant to degeneration associated with Aβ 
[142]. Moreover in FTLD, glutamate-immunoreactive 
pyramidal cells as well as calbindin D-28 g-amino-
butyric acid (GABA) neurons are lost but parvalbu-
min-immunoreactive cells preserved [57], consistent 
with loss of the cortico-cortical connections in FTLD. 

A  distinctive pattern of hippocampal pathology 
is present in CJD involving selective vulnerability of 
GABA neurons [75]. Hence, parvalbumin-immunore-
active neurons are severely depleted while calbindin- 
immunoreactive cells, which represent an early loss of 
inhibitory neurons, are largely preserved [75].

In FTLD, GI can be observed in oligodendroglial 
cells in the hippocampus, PHG, and amygdala [134]. 
In addition, a fundamental cytoskeletal alteration of 
oligodendrocytes occurs in MSA [18,50,170] resulting 
in the formation of characteristic ‘glial cytoplasmic 
inclusions’ (GCI) [135] which can be observed in the 
substantia nigra, striatum, inferior olivary nucleus, 
pontine nuclei, and cerebellum [105]. A close associ-
ation between GCI and microtubules has also been 
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demonstrated [129], aberrant or ectopic expression 
of cdk5 and MAPK leading to abnormal phosphory-
lation of microtubule cytoskeletal proteins and the 
formation of inclusions. In MSA cases with frontal 
lobe atrophy [103], there are cell losses in laminae  
V/VI of the cerebral cortex, and GCI are often found 
in white matter. In addition, inclusions are found 
in the granule cell layer of the dentate gyrus and 
pre-frontal cortex and ‘dot-like’ structures or grains 
in the PHG [4]. The GCI may represent a pathological 
change synchronous with or preceding that of neu-
ronal loss in MSA [84]. In addition, TA [82,102,175] 
are present in the motor cortex and striatum in 
PSP [51]. Neurons affected in PSP also appear to be 
functionally related, NFT occurring in interconnect-
ed extrapyramidal and oculomotor structures [151]. 
The presence of astrocytic pathology is regarded 
as a diagnostic feature of PSP [82] which may dis-
tinguish the disorder from the closely related CBD 
[81,109].

Molecules

The molecular pathology of ‘signature’ patho-
logical lesions has played a highly significant role in 
diagnosis, the identification of new disease entities, 
and the development of theories of pathogenesis 
[20,59]. Studies of pathological lesions, however, 
reveal considerable molecular diversity [20]. In AD, 
for example, Aβ exists in several forms, the most 
common being Aβ42/43, found largely in SP, whereas 
the more soluble Aβ40 is also found in association 
with blood vessels [121,146] and may develop lat-
er in the disease [46]. In addition, Aβ deposits may 
be associated with a variety of additional molecular 
constituents [20] including apolipoprotein E (Apo E) 
[176], a-antichymotrypsin, sulphated glycosamino-
glycans, and complement factors [166]. Aβ-immu-
noreactive deposits also occur in DLB, but the ratio 
between the isoforms may differ from AD. In DLB, 
the predominant form of Aβ is Aβ42/43, as in AD, but 
the level of Aβ40 is reduced compared with AD [117]. 

The majority of disorders have either tau- or 
a-synuclein-immunoreactive pathology. Within the 
tauopathies, PiD is characterised by tau with three 
microtubule repeats (3R tau), while PSP and CBD 
are composed of four-repeat (4R) tau [50,127]. Cel-
lular inclusions in these disorders, however, are also 
associated with additional molecular constituents. 
Hence, PB in PiD are immunoreactive to ubiquitin 

and Alz-50 [111] and in the synucleinopathy DLB 
[27], LB are also reactive for intermediate filaments 
(IF) [65], neurofilament (NF) proteins [66], cyclin 
dependent kinase-5 [34], a-B crystallin [112], and 
polyubiquitinated chains [86]. Furthermore, aggre-
gates of abnormal intermediate filaments (IF) immu-
noreactive for a-internexin have been identified as 
a component of inclusions in neuronal intermediate 
filament inclusion disease (NIFID), a rare subtype of 
FTLD [10,30,36,92]. Subsequently, ‘fused in sarcoma’ 
(FUS) protein was identified as a  major pathologi-
cal protein in this disorder [23,132,177]. In addition, 
a significant number of cases of FTLD are linked to 
the product of the transcriptional repressor gene 
(TARDP), viz. TDP-43 [131], suggesting that these 
diseases may form another molecular group, viz., the 
TDP-43 proteinopathies.

Morphology

There are six main types of morphological degen-
eration observed in neurodegenerative disease. 
First, extracellular protein deposits are deposited in 
the neuropil e.g., Aβ in AD [73] or the disease form 
of prion protein (PrPsc) in CJD [152]. Second, intra-
cellular protein aggregates develop as inclusions 
in cell bodies, nuclei, and the processes of neurons 
and glial cells. These include the various types of 
NCI, including NFT in AD, LB in PD and DLB [120], 
PB in PiD [111], and tau-reactive neurons in CBD 
[81]. In addition, GI, including the GCI characteristic 
of MSA [135], occur in a variety of disorders includ-
ing FTLD-TDP, AGD, and CBD. Third, some disorders 
exhibit extensive neuropil threads (NT) or dystrophic 
neurites (DN) in specific brain regions such as in 
FTLD-TDP [22] and PD-Dem [24,149]. Fourth, disor-
ders such as PD-Dem also possess Lewy grains (LG) 
which are a-synuclein-immunoreactive and which 
resemble the tau-reactive argyrophilic grains (AG) 
commonly observed in AGD [32,163,178], AD [148], 
and elderly, cognitively normal brains [52,94]. 

Fifth, abnormally enlarged neurons (EN), defined 
as having an irregularly enlarged or swollen cell body 
in which the largest diameter of the perikarya is at 
least three times the nuclear diameter [9], are a com-
mon feature of many disorders including AD [64], 
PiD, CBD, and AGD [163]. Enlarged neurons are also 
present in CJD, especially in cases with severe white 
matter degeneration [17,96,104]. In PSP, however,  
EN are less numerous and where present confined to 
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limbic regions [124,167]. There are also different types 
of EN. Hence, in PiD and CBD [14,16], there is uniform 
swelling of the neuronal perikaryon resulting in the 
characteristic ‘ballooned’ neurons, these cells being 
referred to as either Pick cells (PC) in PiD or ballooned 
neurons (BN) in CBD [126]. In addition, there are swol-
len achromatic neurons (SAN) in which the cell body 
is more irregularly enlarged, the Nissl substance uni-
formly pale, powdery, and eosinophilic, and the cell 
nucleus displaced to the cell margin [113]. Finally, 
there are swollen cells which occur in inherited neu-
rovisceral disorders such as Niemann-Pick disease 
type-C in which swelling of the cell is associated with 
abnormalities in lipid storage [35,53]. Hence, EN in 
neurodegenerative disease lack specificity to any par-
ticular disease [64] but may indicate particular types 
of pathological change. Ballooned neurons occur after 
infarction and could represent an attempt at regener-
ation following axonal damage [3]. Enlarged neurons 
could also be a stress response since many swollen 
neurons are immunoreactive to a-B-crystallin induced 
by neuronal stress and which may have a protective 
function [123]. In addition, peripheral nerve transec-
tion, which separates nerve cells from their targets, 
may also lead to EN [141].

Sixth, significant vacuolation is a feature of many 
disorders, most notably CJD (‘spongiform change’) 
[152], but also to varying degrees AD, DLB, and FTLD, 
the latter often present as microvacuolation in super-
ficial cortical laminae [22]. In the sporadic subtype of 
CJD (sCJD), clustering of vacuoles occurs in associa-
tion with either neuronal perikarya or PrPsc deposits 
[17], while in the cerebellum of the variant subtype of 
CJD (vCJD), clusters of vacuoles in the molecular layer 
are negatively correlated with surviving Purkinje cells 
[21]. Hence, the degree of vacuolation could be an 
indication of the extent of neuronal loss in a region.

Independence of primary determinants

An important consideration is whether the four 
primary determinants are independent variables. If 
variables are inter-correlated, however, degeneration 
of a specific anatomical pathway may predict cell type 
affected, molecular pathology, or type of neurodegen-
eration. If this hypothesis is correct, then only certain 
combinations of anatomy, cells, molecules, and mor-
phology would define neurodegenerative disease. 
Hence, in AD, which has tau-immunoreactive NFT, LB 
may also be present, and there is a  strong correla-

tion between the presence of cortical a-synuclein-im-
munoreactive LB and degeneration of the substantia 
nigra [97]. In addition, in FAD linked to the APP717 
mutation, extrapyramidal features were present in all 
members of a single family and LB were present in 
a proportion of individuals [147]. Moreover, cortical LB 
in DLB are composed of intermediate filaments (IF) 
and a granular matrix, while brain stem LB have an 
electron-dense core and radially oriented filaments 
[65]. These results suggest that it is degeneration 
of a  specific anatomical pathway, e.g., the extrapy-
ramidal system, that could determine the molecular 
pathology, e.g., in this case, a-synuclein-immunore-
active LB. However, there is no specific relationship 
between grains (GR) and molecular pathology, GR 
being a-synuclein- or tau-immunoreactive in PD-Dem 
[149] and AGD [32,163,178] respectively. 

In AD, cortical and subcortical NFT are composed 
of morphologically similar paired helical filaments 
(PHF), but cortical and subcortical PHF have a differ-
ent molecular composition [161]. In addition, within 
the tauopathies, diseases may have morphological-
ly similar tau-immunoreactive inclusions [56] but 
exhibit regional differences in distribution, espe-
cially in PSP, PD and CBD, which could be associat-
ed with different types of tau abnormality. Further-
more, in Niemann-Pick disease, the clinical spectrum 
of the disease is heterogeneous, rapid progression 
being associated with axonal spheroids and slow 
progression with NFT and neuronal dystrophy [158]. 
The NFT have a similar composition to those of AD 
but a different morphology reflecting their regional 
origin. In addition, frontal lobe atrophy could occur 
in both PSP and DLB associated with either NFT or 
LB respectively [43]. Differences in the neuronal pop-
ulation affected in the frontal cortex or in patient 
genotype could account for these differences. Posi-
tive correlations have also been observed among the 
densities of LB, LN, and LG in PD-Dem, suggesting 
that they could result from degeneration of the same 
neurons, LB aggregating in cell bodies and LN and LG 
in adjacent neurites and synapses respectively [24].

Studies that directly correlate a molecular pathol-
ogy with loss of a specific cell type are rare. Howev-
er, McKenzie et al. [115] found that specific areas of 
MTL secreted large quantities of amyloid precursor 
protein (APP), and that more APP-immunoreactive 
neurons were found in these areas in head injury 
patients, which could explain the high density of SP 
in the temporal lobe in AD [12] and the subsequent 
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spread of pathology [45]. In PSP, tau mRNA isoforms 
containing 4R tau are increased in the brainstem but 
not in the frontal cortex or cerebellum, which could 
predict the eventual anatomical distribution of these 
inclusions [40].

Weighting of primary determinants

Of the four primary determinants, molecular pa- 
thology has had the most profound impact over the 
last 25 years [20,54]. Should therefore this variable 
be regarded as the most fundamental? Classification 
based on molecular pathology, however, is often at 
variance with more traditional concepts based on 
anatomy. For example, AD and DLB are closely relat-
ed and overlap extensively in clinical and pathological 
features [20], but AD is a tauopathy and DLB a synu-
cleinopathy and therefore different at the molecu-
lar level. In addition, PSP is a tauopathy, but also an 
example of ‘atypical parkinsonism’ and therefore clin-
ically related to the synucleinopathies PD, MSA, and 
DLB [154]. Recent research has criticised the concen-
tration on ‘signature’ pathological lesions and their 

molecular determinants and has questioned whether 
this emphasis has been detrimental to the study of 
neurodegenerative disease as a  whole [39]. Hence, 
given current uncertainties regarding which variables 
are ‘important’ or ‘fundamental’, it is suggested that 
all four determinants should be given equal weight.

Application

An important practical question concerns what 
categories of anatomy, cells, molecules, and neuro-
degeneration should be used to define the descrip-
tive axes. The multiplicity of possible defining vari-
ables suggests the use of a multivariate data analysis 
method such as principal components analysis (PCA) 
[15,22]. Principal components analysis simplifies 
a description of cases based on multiple variables by 
selecting two or three axes which describe sources 
of maximum variation in the data, i.e., ‘the principal 
components’ (PC). Hence, a PCA enables the degree 
of similarity and dissimilarity between cases to be 
studied based on quantitative estimates of their 
neuropathological characteristics [15,22]. The result 
of a PCA is a scatter plot of cases in relation to the PC 
in which the distance between cases reflects their 
similarity or dissimilarity, based on the defining his-
tological features. Each PC therefore accounts for 
a proportion of the total variance in the data, PC1 
accounting for the greatest amount of the variance 
and remaining PCs for diminishing amounts of the 
remaining variance. Such a system appears to have 
the requisite multivariate geometry and simplici-
ty necessary to provide a  possible framework for 
describing neurodegenerative disease. The following 
examples are based on relatively small numbers of 
cases and a restricted range of descriptive variables 
to illustrate the methodology. 

Example 1: Investigating  
the relationships between  
closely related tauopathies

The objective was to investigate similarities and 
differences among 15 closely related tauopathy cases 
traditionally classified as AD, AGD, CBD, Guamanian 
Parkinson’s disease dementia complex (GPDC), or pri-
mary age-related tauopathy (PART). The defining vari-
ables include: (1) anatomy: frontal and temporal lobes 
and substantia nigra, (2) cells: neurons, astrocytes, 
oligodendrocytes, (3) molecules: tau, Aβ, and TDP-43, 
and (4) morphology: NCI, NT, GR, AT, GI, SP, EN, and 

Fig. 1. Principal components analysis of 15 tauo- 
pathy cases (AD – Alzheimer’s disease, AGD – argy-
rophilic grain disease, CBD – corticobasal degen-
eration, GPDC – Guamanian Parkinson’s disease 
dementia complex [GPDC], PART – primary age- 
related tauopathy) using variables derived from 
the four primary determinants. A plot of the cases 
in relation to the first two principal components 
(PC) 1 and 2 (Armstrong, unpublished data).
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vacuolation. A plot of the 15 cases in relation to the 
first two principal components is shown in Figure 1. 

Several features are evident from this plot. First, 
the majority of cases form a  single cluster towards 
the upper left of the plot, the two remaining cases 
(AD/AGD, CBD) being more atypical. Second, within 
the main cluster, there is no obvious clustering of cas-
es with similar co-pathology such as AD or TDP-43, 
although the two PART cases do occupy closely relat-
ed positions. Third, several neuropathological vari-
ables are correlated with the factor loadings of the 
cases on the PC but overall there is a general increase 
in tau pathology with increasingly negative loadings 
on PC1 and positive loadings on PC2. Hence, if a new 
tauopathy case were to be added to this analysis, it 
would be possible to determine: (1) from its location, 
whether the new case was a  typical or an atypical 
tauopathy, (2) the affinity of the new case relative 
to previous cases, and (3) the relative location of the 
case along a continuum of severity of tau pathology.

Example 2: Investigation of subtypes 
of FTLD-TDP

The second example is a  study of neuropatho-
logical heterogeneity within FTLD with TDP-43- 
immunoreactive pathology (FTLD-TDP). These cas-
es have a complex neuropathology comprising NCI, 
NII, GI, and DN. Four pathological subtypes of FTLD-
TDP have been proposed [37,114,150] based on the 
type and regional distribution of the various types 
of inclusion. Hence, type 1 cases (Mackenzie-type 2) 
are characterized by long DN in superficial cortical 
laminae with few or no NCI or NII, type 2 (Mackenzie- 
type 3) by numerous NCI in superficial and deep 
cortical laminae with infrequent DN and sparse or 
no NII, type 3 (Mackenzie-type 1) by pathology pre-
dominantly affecting the superficial cortical laminae 
with numerous NCI, DN and varying numbers of NII, 
and type 4 by numerous NII, and infrequent NCI 
and DN especially in neocortical areas. The defin-
ing variables were: (1) anatomy: frontal and tem-
poral lobes, (2) cells: neurons and oligodendroglia, 
(3) molecules: TDP-43, and (4) neurodegeneration: 
NCI, NII, DN, and GI. Hence, quantitative estimates 
of density of TDP-43-immunoreactive neuronal and 
glial inclusions were made in frontal and tempo-
ral regions of 94 cases of FTLD-TDP [22]. A PCA of 
the data is shown in Figure 2 and shows that cases 
representing the four subtypes exhibit considerable 
overlap, subtypes 1 and 4 being the most distinctive 

and located towards the bottom and top of the plot 
respectively. Cases of subtype 2 and 3 were less dis-
tinct, with a greater degree of overlap. Hence, new 
cases could be added to the analysis over time and 
their location relative to PC1 and PC2, and therefore 
to all previous cases, established. Location of a new 
case would suggest to which subtype the case may 
belong. Hence, in Figure 2, new case A  would be 
most likely to be an example of subtype 1 and case B 
of subtype 4. New cases C and D are more difficult to 
classify, although it is probable that they have more 
affinity with subtypes 2 and 3. 

Further applications

More extensive applications of the methodology 
could include all cases of neurodegenerative disease 
from a single neuropathological centre and ultimate-
ly from several contributing centres. A major prob-
lem in attempting to apply this approach on a larger 
scale, however, is the lack of comparative quanti-
tative data of sufficient scope, detail, quality, and 
consistency to define all possible cases. Most quan-

Fig. 2. Principal components analysis of 94 cases 
of frontotemporal lobar degeneration with TDP 
proteinopathy (FTLD-TDP) based on the densi-
ties of TDP-43 immunoreactive neuronal and 
glial inclusions in frontal and temporal cortex. 
Identified on the plot are the subtypes of disease 
based on the system of Cairns et al. (2007). Cas-
es marked A, B, C, D are new cases added to the 
existing plot (data from Armstrong et al. 2010).
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titative studies of a  disorder quantify only signa-
ture pathological lesions [11], while others confine 
observations to a  restricted number of anatomical 
regions or cell types, whereas all aspects of anato-
my, cells, molecules, and morphology would need to 
be measured in each case. Nevertheless, the recent 
detailed comparative study of a large number of cas-
es of ten neurodegenerative diseases, albeit using 
semi-quantitative data [25], demonstrates that it is 
feasible to collect comparative data across a  large 
number of cases and disorders, enabling a descrip-
tive system to be developed based on the four pri-
mary determinants.

Conclusions

This review proposes that four primary deter-
minants could be used as the basis of a system to 
describe the neuropathology of neurodegenerative 
disease and which can take into account disease 
heterogeneity, overlap, and the presence of multi-
ple pathologies. Such an approach has a number of 
advantages. First, it could describe all cases of neu-
rodegenerative disease, not just those that may fit 
more traditional concepts. Second, it would empha-
sise the continuous nature of neurodegenerative 
disease by incorporating disease heterogeneity and 
overlap to their true extent [8,19]. Third, it would 
remove the necessity to classify new cases within an 
existing system, especially those which exhibit more 
complex multiple pathologies, as each case would 
be regarded as unique and would be located within 
a space defined by the primary determinants. Fourth, 
it potentially reveals the similarities and differences 
between cases included in the analysis, emphasis-
ing that common pathological mechanisms may be 
involved in different disorders. A major limiting fac-
tor in applying such a system on a large scale, how-
ever, is the current lack of detailed quantitative data 
of sufficient quality across cases and disorders [25].
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A b s t r a c t

Epigenetic alterations have been implicated in cancer development. DNA methylation modulates gene expression, 
which is catalyzed by DNA methyltransferases (DNMTs). The objective of our study was to evaluate expression  
of DNMTs in medulloblastoma and analyze its correlation with clinical features. Nuclear expression of DNMT1, 
DNMT3A and DNMT3B was analyzed in human primary medulloblastoma of 44 patients using immunohistochem-
istry. Correlation of expression of DNMT levels with classical histological subtypes, novel molecular subgroups and 
survival of patients was analyzed. Elevated expression of DNMT1, DNMT3A and DNMT3B was observed in 63.64%, 
68.18% and 72.73% of all cases, respectively. None of them showed a correlation with classical histology or survival. 
Concerning molecular subtypes, significantly higher expression of DNMT1 was observed in the SHH group compared 
to non-SHH samples (p = 0.02), but without significant difference in DNMT3A or DNMT3B levels between any sub-
types. In conclusion, DNMT1, DNMT3A and DNMT3B are highly expressed in human medulloblastoma samples, sug-
gesting that promoter hypermethylation may play a role in medulloblastoma development. Demethylation of tumor 
suppressor gene promoters may be considered as a possible future target in therapy of medulloblastoma.
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Introduction

Medulloblastoma (MB) is the most frequent 
malignant brain tumor in childhood, with various 
histological appearances. There are non-overlapping 
histological (classic, desmoplastic, extensive nodular, 
large cell/anaplastic) and molecular classifications 
(SHH, WNT, Group 3 and 4) for medulloblastoma 
[3,6,11,23,25,27,34]. Despite multimodal therapies, 
the 70-75% long-term survival rate has not been 

exceeded yet in high-risk patients [13,29,34]. A more 
precise classification of patients would help to devel-
op a  more effective treatment strategy and reduce 
side effects [3,11,23].

There is emerging evidence that epigenetic chang-
es contribute to carcinogenesis. The most important 
mechanisms of epigenetic alteration are DNA meth-
ylation, histone modification and microRNA regula-
tion. DNA methyltransferases (DNMTs) are enzymes 
transferring methyl groups to cytosine in CpG dinu-
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cleotides, resulting in gene silencing. The DNMT 
family has three active members: DNMT1, DNMT3A 
and DNMT3B. DNMT3A and DNMT3B are regarded 
as de novo methyltransferases, whilst DNMT1 reacts 
on hemimethylated DNA, copying the methylation 
pattern during replication. Generally, tumor cells are 
characterized by global hypomethylation and hyper-
methylation of certain gene promoters. Therefore, 
repetitive elements are hypomethylated and spe-
cific tumor suppressor genes are repressed due to 
hypermethylation. These may contribute to chromo-
somal instability and abnormal gene silencing that 
could promote tumor-initializing steps [2,9,14,28,38].  
Promoter hypermethylation of tumor suppressor 
genes and DNA repair genes has been observed in 
a wide variety of tumors, such as colorectal, breast 
cancer, glioma and medulloblastoma [19,22,36]. 
Overexpression of DNMTs was detected at the mRNA 
or protein level. Increased DNMT1 expression was 
described in gastric cancers, along with DNMT3A in 
breast and pancreatic cancer, or along with DNMT3B 
in glioma [8,16,30,38,39]. Although there is emerging 
evidence that epigenetic events play a  remarkable 
role in the development of adult cancers, our knowl-
edge about their role in pediatric brain tumors is still 
very limited.

DNA methylation studies in medulloblastoma 
have focused on the role of tumor suppressor genes 
in the development of brain tumors, and shed light 
on contradictory results in the majority of genes, 
except for RASSF1A [37]. Recent studies indicate that 
the DNA methylation profile can be used for MB sub-
grouping and disease risk assessment [18,35].

The aims of our study are to characterize the 
expression of DNMTs in human medulloblastoma 
samples and their potential prognostic role in surviv-
al of patients. Possible correlations of DNMT proteins 
and clinicopathological features are also analyzed.

Material and methods

Medulloblastoma tissue samples

Formalin-fixed, paraffin-embedded MB tumor 
samples were collected from the National Insti-
tute of Neurosciences (Budapest, Hungary) and 
1st Institute of Pathology and Experimental Cancer 
Research, Semmelweis University (Budapest, Hun-
gary). Forty-four primary medulloblastoma samples 
removed surgically between 2004 and 2010 and 
related clinical data of patients derived from the 

Hungarian Pediatric Cancer Registry were used. 
The study was approved by the Ethics Committee  
of the Institutional Ethical Review Board of Sem
melweis University (TUKEB No. 30/2015).

Tissue microarray (TMA) construction 
and immunohistochemistry

Hematoxylin and eosin (HE) stained sections 
were reviewed by a neuropathologist to select rep-
resentative areas for producing TMA. TMA blocks 
were created by a  computer-controlled TMA Mas-
ter (3DHISTECH, Budapest, Hungary) instrument. 
Depending on sample quality one or two cores of 
representative areas with a diameter of 2 mm were 
taken from each tumor sample. From the TMA blocks 
4 μm sections were created. Sections were depar-
affinized, rehydrated, and endogenous peroxidase 
activity was blocked. Heat-induced antigen retriev-
al was performed with Tris-EDTA buffer (pH = 9.0)  
for 45 min in a  microwave oven. Sections were 
incubated overnight using anti-DNMT1 antibody 
(dilution 1 : 200; Ab19905, Abcam, Cambridge, UK), 
anti-DNMT3A antibody (dilution 1 : 600; Ab13888, 
Abcam, Cambridge, UK) and anti-DNMT3B antibody 
(dilution 1 : 200; Ab13604, Abcam, Cambridge, UK)  
diluted in 5% BSA containing Tris-buffered saline 
(TBS; pH = 7.4). Antigen development was per-
formed by Novolink Polymer Detection System 
(Novocastra, Wetzlar, Germany) following the man-
ufacturer’s instructions. Reactions were visualized 
by 3,3’-diaminobenzidine (DAB) (DAKO, Denmark) 
as a substrate, and then slides were counterstained 
by hematoxylin. Tonsil for DNMT1, and kidney for 
DNMT3A and DNMT3B were used as positive tissue 
controls.

For determination of the WNT subgroup 
anti-β-catenin antibody (dilution 1 : 150; M-3539, 
DAKO, Denmark) and of the SHH subgroup anti- 
secreted frizzled-related protein 1 (SFRP1) antibody 
(dilution 1 : 1500; ab-4193, Abcam, Cambridge, UK), 
characteristic proteins of these pathways, were 
applied. Immunohistochemical reactions were exe-
cuted as described above, but antigen retrieval was 
performed in TE buffer boiled in a pressure cooker 
for 20 minutes.

Evaluation of immunostaining

Slides were digitalized by a  Pannoramic Scan 
instrument and examined by Pannoramic Viewer 
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software (3DHISTECH, Budapest, Hungary). To eval-
uate DNMT expression only nuclear staining was 
considered. Intensity of staining and rate of positive 
cells were calculated from 1,000 cells in a represen-
tative area of each sample. According to the intensi-
ty of staining, four values were created: 0 (negative), 
1 (weak), 2 (moderate) and 3 (strong). The proportion 
of positive cells was ranked in five groups: 0 (neg-
ative), 1 (1-25%), 2 (26-50%), 3 (51-75%) and 4 (76-
100%). The products of the two values (0-12) were 
divided into two groups: 0-3 regarded as no/weak 
expression and 4-12 regarded as moderate/strong 
expression. Samples were classified into WNT or 
SHH subgroups when the proportion of positive cells 
with nuclear β-catenin or negative nuclear β-catenin 
and positive SFRP1 staining was above 10% [7,27].

Statistical analysis

All statistical analysis was performed using Sta-
tistica software (StatSoft Inc., Tulsa, OK, USA). Sur-
vival of patients was calculated by the Kaplan-Meier 
method. Correlation of expression of DNMTs and 
survival was examined by the log-rank test. Correla-
tion of expression of each DNMT was analyzed by 
the Spearman rank order test. Correlation of expres-
sion of DNMTs and age, gender, histological sub-
type or molecular subgroups was examined by the 
Mann-Whitney U-test and Fisher’s exact test, when 
appropriate. Results were considered statistically 
significant when the p value was less than 0.05.

Results
Patients’ data

Demographic characteristics of the studied 
cohort are summarized in Table I. Median age of 
44 patients was 8.5 years (range 1.1-28.7 years).  
The proportion of male patients was 55%. Histologi-
cally, 84.1%, 11.4% and 4.5% of patients showed clas-
sic, desmoplastic and large cell/anaplastic (L/A) type 
of medulloblastoma, respectively. Survival data were 
available in 40 patients (90.9%). Median follow-up 
time was 5.6 years (range 0-9.7 years). Patients were 
treated according to the Hungarian MBL2004/2008 
schedules [15]. There is no standard treatment for 
adults with medulloblastoma in Hungary. Patients 
are treated according to the individual decision of 
each treating physician, and these treatment details 
are poorly accessible in Hungary. Therefore, adult 
patients were omitted from the survival analysis.

Expression of DNMTs in human 
medulloblastoma

Elevated (moderate/strong) expression of DNMT1, 
DNMT3A and DNMT3B was observed in 63.64%, 
68.18% and 72.73% of patients, respectively (Table I). 
Representative stains are shown in Figure 1. The re- 
lationship of histology and DNMT expression was 
evaluated only in the classic and desmoplastic type. 
Moderate/strong expression of DNMT1 was detect-
ed in 62.2% of classic and 60.0% of desmoplastic, of 
DNMT3A in 70.3% of classic and 60.0% of desmo-
plastic, and of DNMT3B in 70.3% of classic and 80.0% 
of desmoplastic samples. We could analyze only two 
samples of L/A subtype. Both of them showed mod-
erate/strong expression for DNMT1 and DNMT3B, 
but only one for DNMT3A.

Correlation between DNMT expression 
and patients’ data

There was no correlation between the expression 
of DNMT1, DNMT3A and DNMT3B and age at disease 
onset or gender or histological subtype (Table II). 
Kaplan-Meier curves, based on different expres-
sion of DNMTs, did not show a  significant differ-
ence in overall survival (Fig. 2). None of the DNMTs 
could be used as a  prognostic marker for medul-
loblastoma in our cohort. DNMT1 and DNMT3A  
(p = 0.08), or DNMT1 and DNMT3B (p = 0.17) or 
DNMT3A and DNMT3B (p = 0.69) did not show 
a co-expression pattern. Expression of nuclear β-cat-
enin was shown only in one patient (2.3%) with weak 
staining. There were 12 (27.3%) patients belonging to 
SHH subgroup according to their cytoplasmic, mem-
branous or secreted SFRP1 expression and lack of 
nuclear β-catenin (Table I). Expression of DNMT1 in 
the SHH subgroup compared to the non-WNT/non-
SHH subgroup of patients was significantly higher 
(p = 0.02), whereas expression of DNMT3A and 
DNMT3B did not differ significantly between different 
groups (p = 0.78 and p = 0.17, respectively, Table II).

Discussion
In recent years a new prognostic classification of 

medulloblastoma was introduced by molecular find-
ings, whilst there are still several twists in this clas-
sification system. It is still motivating to find further 
prognostic markers [3,6,11,23,25,27,34]. Nowadays, 
an exact diagnosis of pediatric brain tumors can be 
established based on the methylation profile of dif-
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Table I. Characteristics of patients and results of immunohistochemical staining of DNMTs, β-catenin, and SFRP1

Gender Histology Age at disease 
onset (years)

State Survival 
(years)

DNMT1* DNMT3A* DNMT3B* β-catenin SFRP1

1 F Classic 1.18 Dead 0.18 0 0 0 Negative Negative 

2 M L/A 7.84 Dead 1.47 9 4 6 Negative Positive 

3 F Classic 5.99 Dead 4.56 4 9 3 Negative Negative 

4 F Classic 14.04 Dead 0.00 4 6 8 Negative Negative 

5 M Classic 10.81 Dead 7.98 4 8 8 Negative Positive 

6 F Classic 3.31 Alive 9.38 6 8 12 Negative Negative 

7 M Classic 13.54 Alive 9.74 8 12 12 Negative Negative 

8 M Classic 17.09 Alive 8.99 2 0 8 Negative Positive 

9 F Classic 10.09 Dead 3.07 2 8 8 Negative Negative 

10 M Desmoplastic 14.54 Alive 9.08 1 2 3 Negative Negative 

11 M Desmoplastic 5.14 Dead 0.59 4 4 6 Negative Negative 

12 F Classic 17.90 Dead 5.02 4 2 8 Negative Negative 

13 M Classic 3.11 Dead 0.92 2 1 4 Negative Negative 

14 F Classic 4.71 Alive 8.54 4 6 12 Negative Negative 

15 M Classic 15.30 Alive 7.80 2 4 2 Positive Negative 

16 F Classic 8.48 Alive 7.24 12 2 2 Negative Negative 

17 F Classic 14.28 Alive 8.09 4 8 8 Negative Negative 

18 M Desmoplastic 6.63 Alive 7.90 3 12 8 Negative Positive 

19 M L/A 13.84 Dead 1.94 4 3 12 Negative Positive 

20 M Desmoplastic 4.34 Dead 0.09 9 12 4 Negative Negative 

21 M Classic 8.56 Alive 7.00 2 4 12 Negative Negative 

22 M Classic 15.46 Alive 6.52 2 8 12 Negative Negative 

23 M Desmoplastic 2.59 Alive 6.52 4 2 4 Negative Positive 

24 M Classic 4.50 Dead 1.92 4 12 3 Negative Negative 

25 F Classic 9.30 Dead 5.54 8 12 12 Negative Negative 

26 M Classic 6.81 Alive 6.63 4 2 3 Negative Negative 

27 F Classic 8.50 Alive 6.07 8 0 12 Negative Negative 

28 M Classic 7.70 Alive 6.02 2 8 8 Negative Negative 

29 F Classic 1.77 Alive 6.76 9 8 8 Negative Positive 

30 F Classic 4.92 Alive 6.56 6 8 6 Negative Negative 

31 M Classic 22.90 NA NA 6 4 8 Negative Positive 

32 M Classic 10.76 Dead 5.22 2 2 4 Negative Negative 

33 F Classic 21.43 NA NA 6 0 12 Negative Positive 

34 F Classic 16.71 Alive 5.67 2 12 1 Negative Negative 

35 M Classic 7.92 Alive 5.48 1 1 4 Negative Negative 

36 F Classic 10.75 Alive 5.65 4 4 3 Negative Negative 

37 F Classic 1.78 Dead 0.48 2 8 6 Negative Negative 

38 M Classic 4.63 Alive 4.99 4 3 4 Negative Negative 

39 M Classic 28.25 NA NA 9 4 6 Negative Positive 

40 F Classic 1.07 Alive 3.23 6 12 3 Negative Negative 

41 F Classic 2.84 Alive 3.12 2 8 2 Negative Negative 

42 M Classic 13.18 Alive 2.80 2 8 8 Negative Negative 

43 F Classic 28.69 NA NA 9 12 2 Negative Positive 

44 M Classic 9.68 Alive 2.12 9 12 12 Negative Positive 

*Product of intensity (0-3) and rate of positive cells (0-4), maximal value: 12 SFRP1 – secreted frizzled-related protein 1, DNMT – DNA methyltransferase,  
M – male, F – female, L/A – large cell/anaplastic, NA – not available
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A B

Fig. 1. Representative immunohistochemical staining of DNMTs in medulloblastoma. A) Negative staining 
of DNMT3A. B, C, D) Moderate/strong immunopositivity of DNMT1, DNMT3A and DNMT3B, respectively.

C D

Table II. Evaluation of patients’ characteristics and expression of different DNMTs. Correlation of DNMTs 
and clinical features are shown by probability value (p)

All DNMT1 p DNMT3A p DNMT3B p

No/
Weak

Moderate/
Strong

No/
Weak

Moderate/
Strong

No/
Weak

Moderate/
Strong

Number of patients 44 16
(36.36%)

28 
(63.64%)

0.91a

14 
(31.82%)

30 
(68.18%)

0.91a

12 
(27.27%)

32 
(72.73%)

0.65a

Median age 
of patients (years)

8.53 9.33 8.49 8.49 8.93 7.65 8.93

Gender

Male 24 11 13
0.21b 9 15

0.52b 4 20
0.10b

Female 20 5 15 5 15 8 12

Histological subtype

Classic 37 14 23
1.00b 11 26

0.64b 11 26
1.00b

Desmoplastic 5 2 3 2 3 1 4

Large cell/anaplastic 2 0 2 # 1 1 # 0 2 #

Molecular subtype

Wnt 1 1 0 # 0 1 # 1 0 #

Shh 12 2 10
0.02a *

4 8
0.78a 1 11

0.17a

Non-Wnt/non-Shh 21 13 18 10 21 10 21

aMann-Whitney U-test, bFisher’s exact test, two-tailed, # – not applicable, * – statistically significant
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Fig. 2. Kaplan-Meier survival curves for DNMT1 
(A), DNMT3A (B) and DNMT3B (C) expression. 
Presence of DNMTs did not influence survival in 
our patient cohort (without adult patients). 
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ferent tumor types [18,21,35]. DNMTs are respon-
sible for DNA methylation, an important epigenetic 
regulation process, which contributes to develop-
ment of cancer. DNMT1 is responsible for mainte-
nance of methylation patterns during DNA repli-
cation. DNMT3A and DNMT3B are regarded as de 
novo methyl-transferases and abundantly expressed 
during embryonic development [2,9,14,19,22,28,38].

In our study, expression of three members of  
the DNMT family (DNMT1, DNMT3A, DNMT3B) in me

dulloblastoma samples and their possible effect on 
disease outcome were examined. During the devel-
opment and progression of MB, the biological role 
of DNMTs, crucial regulators of the methylation pat-
tern, is not completely understood yet. In our study, 
the correlation of expression of these enzymes at 
the protein level and clinical data of MB patients 
were investigated.

In our experiments elevated expression of all 
DNMTs was observed in most of the MB samples. 
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Correlation of expression of DNMTs and histologi-
cal subtype of MB, age at disease onset or gender 
was not proven in our experience. Increased DNMT1 
expression indicates worse outcomes in several 
types of cancers, such as gastric cancer, hepatocel-
lular carcinomas and pancreatic ductal adenocarci-
noma [10,26,33]. In contrast, our analysis showed 
no difference in disease outcome when comparing 
patients with no/weak and moderate/strong expres-
sion of three DNMTs, so DNMTs are not predictive 
markers for medulloblastoma survival. The different 
result may be due to the different biological nature 
of medulloblastoma and above-mentioned tumor 
types. While there are some common dysregulated 
signaling pathways (WNT, SHH, Notch) in medullo-
blastoma and in these other cancer types, differenc-
es could also be observed in regulation of the follow-
ing pathways: in gastric cancer altered EGFR, ErbB, 
mTOR, VEGF, HGF/MET pathways, etc.; in hepatocel-
lular carcinoma altered Ras/Raf/MAPK, mTOR, etc.; 
and in pancreatic ductal adenocarcinoma FGF, Notch, 
TGF-β, EGF and retinoid signaling [1,31,32].

The SHH subgroup of MB is characterized by the 
expression of SFRP1 and lack of nuclear β-catenin 
[17,27]. Our results indicate that SHH pathway acti-
vation is associated with elevated DNMT1 expres-
sion, which could be a consequence of upregulation 
of DNMT1 by SHH in SHH-associated medulloblas-
tomas. Similar observations were made in pancre-
atic cancer and in myelodysplastic syndrome (MDS) 
[16,40]. DNMT1 and DNMT3A could be regulated 
by Gli1, an effector of the SHH signaling pathway.  
The SHH pathway was inhibited in pancreatic 
cancer and MDS cell lines, resulting in decreased 
DNMT1 expression, whereas induction of the SHH 
pathway resulted in higher DNMT1 expression 
[16,40]. In contrast, DNMT1 inhibition resulted in 
increased expression of SFRP1 in MB cell lines [20]. 
One explanation could be that investigated MB cell 
lines do not belong to the SHH subgroup, since 
they showed lower levels of SFRP1 compared to the 
SHH subgroup. Among non-WNT/non-SHH patients,  
other mechanisms could result in DNMT1 activa-
tion. Further studies are needed to clarify the rela-
tionship between regulation of DNA methylation 
and SHH signaling pathway.

Theoretically, inhibition of DNA methylation is 
a therapeutic opportunity by reversing gene silenc-
ing [9,12,14,38]. An in vitro experiment showed that 
the DNMT inhibitor 5-aza-2’-deoxycytidine (decit-

abine) reactivates the tumor suppressor PTCH1 gene 
in the MB cell line [4]. A combination of DNMT and 
histone deacetylase (HDAC) inhibitors was effective 
to prevent MB development in Ptch knockout mice, 
while in advanced stage tumors this therapy was 
less efficient [5]. Epigenetic modulators combined 
with multi-kinase inhibitor could enhance apoptosis 
in vitro in medulloblastoma cells [24].

In conclusion, this is the first study to analyze 
DNMT expression in medulloblastoma in terms of 
expression level and correlation with clinical data. 
Elevated expression of DNMTs in human medullo-
blastoma, and association of DNMT1 and SHH sub-
groups were observed, without an effect on survival. 
Based on increased expression of DNMTs in medul-
loblastoma, their inhibition has potential for further 
investigation to optimize therapy of medullobla
stoma.
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A b s t r a c t

Although tumour recurrence is an important and not infrequent event in meningiomas, predictive immunohistochemical 
markers have not been identified yet. The aim of this study was to address this clinically relevant problem by systematic 
retrospective analysis of surgically completely resected meningiomas with and without recurrence, including tumour 
samples from patients who underwent repeat surgeries. Three established immunohistochemical markers of routine 
pathological meningioma work-up have been assessed: the proliferative marker Ki-67 (clone Mib1), the tumour sup-
pressor gene p53 and progesterone receptor (PR). All these proteins correlate with the tumour WHO grade, however the 
predictive value regarding recurrence and progression in tumour grade is unknown.
One hundred and fourteen surgical specimens of 70 meningioma patients (16 male and 54 female) in a 16 years’ inter-
val have been studied. All tumours had apparently complete surgical removal. On Mib1, PR and p53 immunostained 
sections, the percentage of labelled tumour cells, the staining intensity and the multiplied values of these parameters 
(the histoscore) was calculated. Results were statistically correlated with tumour WHO grade, (sub)type, recurrence and 
progression in WHO grade at subsequent biopsies. 
Our results confirmed previous findings that the WHO grade is directly proportional to Mib1 and p53 and is inversely 
proportional to the PR immunostain. We have demonstrated that Mib1 and p53 have a significant correlation with and 
predictive value of relapse/recurrence irrespective of the histological subtype of the same WHO grade. As a quantitative 
marker, Mib1 has the best correlation with a percentage of labelled cells, whereas p53 with intensity and histoscore.
In conclusion, the immunohistochemical panel of PR, p53, Mib1 in parallel with applying standard diagnostic criteria 
based on H&E stained sections is sufficient and reliable to predict meningioma recurrence in surgically completely resect-
ed tumours.

Key words: immunohistochemistry, Ki-67, meningioma, p53, progesterone receptor, prognostic markers, tumour recurrence.
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Introduction

Meningioma is one of the most frequent brain 
tumours [9]. According to the World Health Orga-
nization (WHO) classification, there are several 
subtypes like meningothelial, fibrous, transitional, 

psammomatous, angiomatous, microcystic, secre-
tory, lymphoplasmacyte-rich, metaplastic, choroid, 
clear cell, rhabdoid, papillary and other rare mor-
phological phenotypes [6,21]. The assigned WHO 
grade I-III reflects the probable prognosis which is 
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determined by the subtype and/or specified mor-
phological features such as mitotic rate, presence or 
absence of small geographic necrosis, nucleus-cyto-
plasm ratio an others [21]. Although tumour recur-
rence is an important and not infrequent event, our 
knowledge on predisposing factors is rather limit-
ed. The risk of recurrence increases with the WHO 
grade being 7-25% in WHO grade I, 30-50% in WHO 
grade II and 50-95% in WHO grade III [27,28,32,33]. 
The extent of resection assessed by the Simpson 
Grading System influences recurrence rates which 
is one reason of the wide range of probability [30]. 
The Simpson Grading System classifies the com-
pleteness of removal in a 5-tier scale ranging from 
macroscopically complete removal (grade I) to sim-
ple decompression with or without biopsy (grade V). 
Skull irradiation, inherited mutation of the NF2 gene 
(neurofibromatosis type 2) and epigenetic factors 
may also predispose to recurrence [22,23].

Another important phenomenon is tumour pro-
gression to a higher WHO grade. However, the risk 
and probability of progression remains rather unpre-
dictable – even less so than tumour recurrence. 
Hence, there is a  growing clinical need to identify 
additional and better predictors for recurrence and 
tumour progression than the currently used his-
tological grade and extent of resection. Because 
immunohistochemistry has been routinely used in 
the pathological diagnostic practice for decades, the 
search for predictive immunohistochemical markers 
is of importance. In our study we focussed on 3 well-
known immunohistochemical markers in routine 
pathological work-up of meningioma: the prolifera-
tive marker Ki-67 (clone Mib1), the tumour suppres-
sor gene p53 and progesterone receptor. All these 
proteins have been studied in meningioma and the 
correlation with tumour grade has been confirmed 
by several studies. However, the predictive value 
regarding recurrence and progression in tumour 
grade remains unknown. The aim of this study is 
to address these clinically relevant questions by 
a systematic retrospective analysis of meningiomas 
with and without recurrence, with special emphasis 
on tumour samples from patients who underwent 
repeat surgeries due to tumour recurrence.

p53 is one of the major tumour suppressor pro-
teins. The physiological functions of p53 are cell 
cycle regulation and conservation of the stability 
of the genome by preventing mutations, therefore 
it is called ‘the guardian of the genome’ [17]. More 

than 50 percent of human tumours carries a dele-
tion or mutation of the p53 genes (TP53) [13]. p53 
can be activated by DNA damage, oxidative stress, 
osmotic shock, ribonucleotide depletion or oncogene 
expression. The activation is marked by an increase 
in the half-life of p53 and a change of its conforma-
tion [16], therefore shows increased Labelling Index 
(LI) with immunohistochemistry with the polyclon-
al antibodies routinely used in tumour diagnostics.  
The anticancer activity of p53 is through sever-
al mechanisms: it activates DNA repair proteins, 
induces growth arrest at the G1/S regulation point 
through p21 or initiates apoptosis if the DNA dam-
age is irreversible [12]. It has been investigated also in 
meningioma and several studies showed a positive 
correlation with the grade and tumour recurrence 
[4,7,8,14,15,24,26], whereas authors reported the 
grade as an independent predictive factor of recur-
rences with high Mib1 and p53 LI being a supportive 
marker helpful in borderline cases [31].

Ki-67 is necessary for cellular proliferation; it is 
present during all active phases of the cell cycle, 
and absent from the G0 phase. Mib1 is the usually 
applied clone of the Ki-67 antibody which is widely 
used as a proliferative marker in the routine diagnos-
tic work-up. The Mib1 LI shows a strong correlation 
with tumour growths, relapse/recurrence, length 
of disease free survival in various tumours [2,3,34] 
including meningioma [18,19].

Progesterone receptor (PR) is a steroid hormone 
receptor. It has been demonstrated that menin-
gioma cells show positivity for PR; the ratio of the 
positive cells is inversely proportional to the WHO 
grade [18,27]. Also described earlier that the cellular 
biosynthesis of PR in meningioma is not oestrogen 
regulated as it is other sex steroid in tissues [5,7].  
PR is encoded by the PGR gene on the long arm of 
chromosome 11. In a  physiological situation after 
binding the progesterone hormone, the receptor 
undergoes a  dimerization and is transported to 
the nucleus to bind to the DNA and induce tran-
scription. Both forms (progesterone receptor A and 
progesterone receptor B) have a regulatory domain, 
a DNA binding domain, a hinge section and a ligand 
binding domain, but only the PR-B form possesses 
a transcription activation function.

The Mib1 antibody, p53 and PR are widely used 
immunohistochemical markers in meningioma diag-
nosis. In high-grade meningioma, the Mib1 LI is high-
er [1,4,28,29]. In our previous study we have reported 
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a significant correlation between the frequency and 
intensity of p53 immunostaining and WHO grade 
[10]. The reduced of PR immunoreactivity is anoth-
er known feature in the high grades of meningioma 
[18,20,25].

The aim of this study is to establish an easy-to-
use immunohistochemical panel for the routine neu-
ropathological use, which can predict meningioma 
relapse/recurrence. For validation we analysed the 
changes in immunohistochemical characteristics and 
expression patterns during relapse/recurrence and 
examined their relation to tumour grade.

Material and methods

One hundred and fourteen surgical specimens of 
70 meningioma patients (16 male and 54 female) in 
a 16 years’ interval have been retrospectively stud-
ied. All cases were revised by a  consultant neuro-
pathologist (TH) and divided into three grades and 
histological subtypes according to the WHO classifi-
cation [21].

We established two study groups: patients with 
one or more recurrence/relapse(s) (R/R group) and 

patients with meningioma without any radiologi-
cal or post mortem evidence of recurrence/relapse 
(non-R/R group). Only cases with apparently com-
plete surgical removal and no evidence of residual 
tumour on post-operative MRI were included.

After the surgical removal tissue samples were 
processed to generate sections from formalin fixed 
and paraffin embedded (FFPE) blocks which were 
stained with haematoxylin-eosin (H&E). One repre-
sentative tissue block was selected per case. From 
these blocks tissue micro arrays (TMAs) were built. 
Each TMA contained samples from 10 cases (three 
samples from each cases) plus 2 normal brain tissue 
samples in the left upper corner as a  reference to 
enable specimen identification in the TMA (Fig. 1). In 
total 12 TMA were built, containing tissue samples 
from 114 neurosurgical interventions.

Immunohistochemistry (IHC) was performed 
according to standardized methods. In brief, 4 µm 
thick sections from TMA blocks were stained with 
p53 mouse monoclonal antibody (clone DO-7, 
M7001, DAKO, Glostrup, Denmark); PR antibody 
(NCL-PGR-312, clone 16, Novocastra, Newcastle, UK) 
and anti-Ki-67 antibody (clone Mib1, M7240, DAKO, 

Fig. 1. Low magnification image of histological slide stained with haematoxylin-eosin, made from tissue 
microarray (TMA) paraffin block. In the upper left corner there are two tissue (brain) samples for guidance 
regarding localization. The numbers from 1 to 10 represent the individual cases. Every ‘donor’ case have 3 dif-
ferent samples in the ‘recipient’ block. Scale bar 5 mm.
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Fig. 2. Ki-67 (clone Mib1), p53, and progesterone receptor (PR) immunostain with representative images 
of the different immunolabeling intensities: negative (0), minimal positivity (1+), moderate positivity (2+), 
strong positivity (3+). Scale bar 20 µm.

Glostrup, Denmark) according to the manufacturer’s 
protocol with 1 : 100, 1 : 100 and 1 : 200 dilution for 
p53, PR and Ki-67, respectively. Sections were incu-
bated with the primary antibody for 6 hours at room 
temperature; the visualization was performed with 
SuperSensitive™ One-step Polymer-HRP Detection 
System on Leica Bond Max™ fully automated IHC 
stainer with negative controls (omitting the primary 
antibody).

All of the H&E and immunostained TMA sections 
were scanned with a Panoramic Scanner (3DHistech, 
Budapest, Hungary). Two digital images were taken 
at 400× magnification from each tissue samples, in 
total 6 from each case. According to the intensity  
of nuclear staining of cells, 4 semi quantitative 
scores were applied: 0 (none), 1+ (weak), 2+ (moder-
ate) and 3+ (strong) (Fig. 2).

Images in 10 reference cases were analysed 
quantitatively with ImageJ (NIH, Bethesda, USA) soft-
ware Cell Counter function, to determine the exact 
percentage of immunopositive cells (Fig. 3). These 
images were used as reference cases to aid accu-
rate semi-quantitative assessment in all cases. This 
is a method easily and reliably applicable in the rou-
tine pathological diagnostic practice, similarly to the 
assessment of percentage of immunopositive cells in 
other tumours.

Not only the percentage value of immunopositive 
cells but also the average labelling intensity score 
(0-3+; for reference images see Fig. 2) of the stain-
ing were calculated in each picture. Similarly to the 
histoscore of breast carcinoma i.e. the multiple of 
the percentage of the positive cells and the average 
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Fig. 3. Ki-67 (clone Mib1), p53 and progesterone receptor (PR) immunopositive cells counted using ImageJ 
software. A, C, E, G, I, K pictures are the originals, whereas B, D, F, H, J, L show cells numbered with ImageJ 
Cell Counter plug-in. The numbers from 1-4 stand for the negative, 1+, 2+ and 3+ cells, respectively. A-B pic-
tures are immunostained for Mib1 (43.5% positivity). C-D pictures are immunostained for Mib1 (6.9% posi-
tive). E-F pictures are stained for p53 (58.9% positive). G-H pictures immunostained for p53 (9.8% positive). 
I-J pictures stained for PR (93.9% positive). K-L pictures immunostained for PR (31.3% positive).
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intensity of the positive cell nuclei [11] were calcu-
lated.

Data were analysed with SPSS 22.0 for Win-
dows (IBM, Armonk, NY, USA) statistical programme, 
using Kruskal-Wallis H-test, Mann-Whitney U-test 
and Wilcoxon signed ranks test. The patients were 
grouped by the grades (65 WHO grade I; 33 WHO 
grade II and 16 WHO grade III) and also based on the 
recurrence or relapse (R/R group) showed up at least 
5 years after resection: patients without recurrence 
or relapse (non-R/R group), patients with definitive 
relapse or recurrence (R/R group).

The non-R/R cases were WHO grade I, while the 
R/R group have 18 WHO grade I, 9 WHO grade II and 
2 WHO grade III tumour in the 1st histological sample. 

Ethical approval has been obtained from the Insti-
tutional Research Ethics Committee (Number: DEOEC 
RKEB: 2437-2005).

Results

The 70 patients’ average age was 56 years at the 
time of the first pathological examination. There 
were no significant differences between the R/R 
group and the non-R/R group. There were 16 patients 
(3 male and 13 female; average age 54 years) without 
recurrence or relapse (non-R/R group) with at least  
5 years’ survival after surgery and 31 patients (8 male 
and 23 female; average age 53 years, overall time of 
recurrence 19.6 months) with definitive relapse or 
recurrence (R/R group). Further 23 patients (5 male 
and 18 female, average age 59 years) were operated 
within 5 years without recurrence/relapse; however 
the time window was too short to include them in 
the non-R/R group. There were 65 WHO grade I cases, 
33 WHO grade II cases and 16 WHO grade III cases. 
All of the non-R/R cases were WHO grade I. The R/R 
group contained 19 WHO grade I, 9 WHO grade II 
and tree WHO grade III cases according to the 1st 
neuropathological diagnosis of the first surgical 
specimen. There were 8 patients whose subsequent 
surgical specimens had higher WHO grade than the 
first; 15 patients whose first and last cases both 
showed the same grade; and 6 patients who only 
had 1 histological sample and the recurrence/relapse 
was diagnosed by imaging techniques.

The histological subtypes were not statistically 
different between the R/R group and non-R/R group: 
there were 6 meningothelial, 5 transitional, 3 fibrous 
and 2 psammomatous in the non-R/R group, while  

9 meningothelial, 6 transitional, 3 fibrous, one psam-
momatous, one clear cell, 8 atypical and 3 anaplastic 
in the R/R group. There was no increased tendency 
for recurrence for any WHO grade 1 subtype. Among 
grade 2-3 meningiomas, there was no specific sub-
type which had higher frequency of recurrence than 
the respective grade in general.

There is a significant correlation between WHO 
tumour grade and Mib1 LI (%) (p < 0.001), Mib1 stain-
ing intensity (p = 0.001), Mib1 histoscore (p < 0.001), 
p53 staining intensity (p < 0.001), p53 histoscore  
(p = 0.031), PR LI (%) (p < 0.001), PR intensity  
(p < 0.001) and PR histoscore (p < 0.001), respective-
ly (Kruskal-Wallis test). Comparing only grade I and 
grade II tumours there is a  significant correlation 
with Mib1 LI (%) (p < 0.001), Mib1 intensity (p < 0.001), 
Mib1 histoscore (p < 0.001), p53 intensity (p = 0.001), 
PR LI (%) (p = 0.014), PR intensity (p = 0.029) and  
PR histoscore (p = 0.013). Comparing grade II and 
grade III tumours there is a  significant correlation 
with p53 intensity (p = 0.049), PR LI (%) (p = 0.008), 
PR intensity (p = 0.008) and PR histoscore (p = 0.009). 
When comparing grade I and grade III tumours there 
is a significant correlation of the higher grade with 
increased Mib1 LI (%) (p < 0.001), Mib1 histoscore 
(p < 0.001), p53 intensity (p < 0.001), p53 histoscore 
(p = 0.023), PR LI (%) (p < 0.001), PR intensity (p < 0.001), 
PR histoscore (p < 0.001) (Mann-Whitney test) (Ta- 
ble I, Fig. 4).

Irrespective of the grades of the R/R group, com-
paring the non-R/R and R/R groups there is a signifi-
cant correlation with the Mib1 LI (%) (p < 0.001), Mib1 
intensity (p = 0.004), Mib1 histoscore (p < 0.001), 
p53 LI (%) (p = 0.027), and the WHO grade  
(p = 0.003) (Fig. 5). In WHO grade I tumours in the R/R 
group there is a significant correlation with the Mib1 
LI (%) (p = 0.009), Mib1 histoscore (p = 0.029), p53 
LI (%) (p = 0.032), p53 histoscore (p = 0.038) (Table II, 
Fig. 6).

In the R/R groups when comparing the first case 
with the recurrent/relapsed cases there is a signifi-
cant difference between the Mib1 LI (%) (p = 002), 
Mib1 histoscore (p = 0.001), p53 intensity (p = 0.006) 
and the grade (p = 0.001); and with Wilcoxon signed 
rank test when compared the first and last case of 
the same patient, there is a significant difference in  
the grade (p = 0.007), Mib1 LI (%) (p = 0.042), Mib1 
histoscore (p = 0.050), and p53 LI (%) (p = 0.042) 
(Table III, Fig. 7).
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Table I. Comparison of grade I, grade II and grade III cases with Kruskal-Wallis test, and the WHO grade 
pairs with Mann-Whitney test. Immunostain percentage, intensity (average intensity of cells: 0, 1, 2 or 3) 
and histoscore (intensity × percentage) for Mib1, p53 and pogesterone receptor (PR)

 Mib1
Percentage

Mib1
Intensity

Mib1
Histoscore

p53
Percentage

p53
Intensity

p53
Histoscore

PR
Percentage

PR
Intensity

PR
Histoscore

Kruskal-
Wallis

0.000 0.001 0.000 0.316 0.000 0.031 0.000 0.000 0.000

Mann-
Whitney
grade I-II

0.000 0.000 0.000 0.272 0.001 0.065 0.014 0.029 0.013

Mann-
Whitney
grade II-III

0.449 0.320 0.831 0.654 0.049 0.376 0.008 0.008 0.009

Mann-
Whitney
grade I-III

0.000 0.086 0.000 0.198 0.000 0.023 0.000 0.000 0.000

According to our data, the WHO grade has strong 
forward proportion to Mib1 and p53 and an inverse 
proportion to the PR immunostain (as shown in 
several previous papers). As a  quantitative marker 
the Mib1 has a better correlation with percentage, 
whereas p53 with intensity and histoscore. There-
fore, the panel of PR, p53, Mib1 is sufficient to 

characterize meningioma immunohistochemically 
regarding the risk of recurrence as an integral part 
of the routine diagnostic histopathological practice.

Discussion
Meningioma is one of the most common intra-

cranial tumours with high incidence in the neuro-

Table II. Comparison of the non-recurrence/relapse (non-R/R) cases and recurrence/relapse (R/R) cases’ first 
surgical specimens without regarding the grade (first row) and only in WHO grade I cases (second row)

 Grade Mib1
Percentage

Mib1
Intensity

Mib1
Histoscore

p53
Percentage

p53
Intensity

p53
Histoscore

PR
Percentage

PR
Intensity

PR
Histoscore

Mann-
Whitney 
any 
grades

0.003 0.000 0.004 0.000 0.027 0.955 0.069 0.207 0.497 0.215

Mann-
Whitney 
grade I

1.000b 0.009b 0.126b 0.029b 0.032b 0.195b 0.038b 0.708b 0.708b 0.858b

Table III. Comparison of the first and last surgical specimens of the recurrence/relapsed (R/R) cases with 
Mann-Whitney test (first row) and Wilcoxon signed rank test (second row). Immunostain percentage, inten-
sity (average intensity of cells: 0, 1, 2 or 3) and histoscore (intensity × percentage) for Mib1, p53 and pro-
gesterone receptor (PR)

 Grade Mib1
Percentage

Mib1
Intensity

Mib1
Histoscore

p53
Percentage

p53
Intensity

p53
Histoscore

PR
Percentage

PR
Intensity

PR
Histoscore

Mann-
Whitney 
progression

0.001 0.002 0.098 0.001 0.861 0.006 0.553 0.154 0.154 0.159

Wilcoxon 
progression

0.007 0.042 0.237 0.050 0.042 0.484 0.559 1.000 0.545 0.876
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Fig. 4. Percentage (%), intensity (0, 1+, 2+, 3+) and histoscore (intensity × percentage) of immunostain with 
Ki-67 (clone Mib1), p53 and progesteron receptor (PR) for WHO grade I, II and III.

surgical practice. The histological subtypes are well 
characterised by the WHO, and the grading is based 
on these histological characteristics, morphological 
findings and the mitotic ratio. The Simpson Grading 
System also can provide further information of the 
probability of the recurrence [30]. 

The aim of this study was to establish an easy-
to-use immunohistochemical panel for the routine  
neuropathological use, which can predict meningi-
oma relapse/recurrence. This is particularly relevant 

for tumours in problematic localization (e.g. falx 
meningiomas).

For validation we analysed the changes in immu-
nohistochemical characteristics and expression pat-
terns during relapse/recurrence and their relation to 
tumour grade.

Meningiomas usually are non-infiltrative neo-
plasms therefore complete surgical resection is cura-
tive. However, the tumour may spread laterally in small 
nests in the dura mater which could be a source of 
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Fig. 5. Percentage (%), intensity (0, 1+, 2+, 3+) and histoscore (intensity × percentage) of immunostain with 
Ki-67 (clone Mib1) (A), and p53 (B) for non-reccurence/relapse (non-R/R) and reccurence/relapse (R/R) cases, 
without regarding the WHO grades.

recurrence. Hence no chemotherapy is effective even 
in high grade meningiomas – radiotherapy increases 
malignant transformation [33] – another argument 
for discovery of relatively simple predictive markers of 
tumour progression and recurrence.

Although the Mib1 labelling index can be differ-
ent according to which laboratory-performed reac-
tion [8], standardized method can help the data 
interpretation and comparison both for routine and 
experimental practice. In accordance with previous 

studies the higher initial Mib1 LI has a  predictive 
value regarding increased probability of recurrence. 
In R/R cases during evolution in time (i.e. time 
between 1st and last surgical procedure) there was 
an increase in Mib1 LI consistent with the known 
fact that tumour progression may occur over time 
which is reflected by increased proliferative poten-
tial and higher WHO grade.

The routinely used p53 antibody does not differ-
entiate between the wild type and the mutant pro-
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Fig. 6. Percentage (%), intensity (0, 1+, 2+, 3+) and histoscore (intensity x percentage) of immunostain 
with Ki-67 (clone Mib1) (A), and p53 (B) for non-reccurence/relapse (non-R/R) and WHO grade I of the rec-
curence/relapse (R/R) cases.

tein. Interestingly, the p53 LI and histoscore (but not 
the labelling intensity) has an inverse correlation with 
the chance of recurrence in the WHO grade I tumours 
in our study, but if we examine all the WHO grades, 
the increased staining in the higher grades, chang-
es to forward proportion, similarly to prior studies 
[7,14,15]. This may be explained by the fact that the 
p53 immunoreactivity does not distinguish between 
the wild type (WT) and mutant protein; in non-re-
current cases increased normal protein may have 

a beneficial effect as p53 is involved in DNA damage 
repair. In contrast, in recurrent cases p53 is more like-
ly to be mutant and ineffective thereby contributing 
to tumour growth and recurrence. Mutation analy-
sis could answer this problem, however, the focus of 
our study is on immunohistochemical markers, and 
therefore it is beyond the scope of the current proj-
ect. Today the antibodies specific to mutated p53 
are not routinely used therefore not applied in this 
study. The p53 LI and histoscore decreased during 
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Fig. 7. Percentage (%), intensity (0, 1+, 2+, 3+) and histoscore (intensity x percentage) of immunostain with Ki-67 
(clone Mib1) (A), and p53 (B) for the 1st, 2nd and last surgical specimens of the recurrence/replased (R/R) cases.

time to recurrence which may indicate decreased 
levels of WT protein.

PR has an inverse relation with tumour grade in 
concert with previous reports [10,18,20,25] with no 
predictive value regarding recurrence.

Using p53 and Ki-67 molecular markers and the 
relatively simple and quick assessment method the 
increased risk of recurrence can be reliably predict-
ed. However, it is foreseeable that the presented 
method has the potential for further improvement 
with the use of digitalized histological specimens, 

because this enables automated quantitative image 
analysis as an integral component of the diagnostic 
process.

In summary, we have demonstrated a rather sim-
ple immunohistochemistry-based method with rou-
tinely used molecular markers to identify patients 
with increased risk of recurrence. Further work is 
needed to validate our work in more patients, mul-
tiple centres and in a prospective manner with long 
follow-up. The combination of histological, surgical 
and imaging markers may be a more sensitive tool 
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to predict recurrence and this can also be tested in 
future studies.
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A b s t r a c t

Cerebellar cortical biopsies of the peritumoural region of seven patients with cerebellar haemangioma, mesencephalic 
meningioma, cerebellopontine astrocytoma, cerebellopontine meningioma, and medulloblastoma of cerebellar ver-
mis were examined by means of conventional transmission electron microscopy. Granule cells showed oedematous 
cytoplasm and mitochondria. Swollen Golgi cells exhibited lipofuscin granules and intranuclear inclusions. Both neu-
ron cell types displayed swollen dendritic digits synapsing with afferent mossy fibre endings. Degenerated myelin-
ated axons corresponding to afferent mossy and climbing fibres and efferent Purkinje cell axons were observed at 
the granular layer. Dense and clear ischaemic Purkinje cells established degenerated synapses with swollen parallel 
fibre synaptic varicosities. Degenerated Purkinje cell recurrent axonal collaterals were found at the molecular layer. 
Swollen and clear Bergmann glial cell cytoplasm was observed closely applied to the oedematous clear and dark 
Purkinje cell body, dendritic trunk, secondary and tertiary dendritic branches. Swollen climbing fibre endings featured 
by numerous microtubules and neurofilaments, and a decreased number of synaptic vesicles were observed making 
degenerated axo-spinodendritic synapses with clear and swollen dendritic spines from Purkinje, Golgi, basket and 
stellate cell dendrites. Swollen stellate neurons showed oedematous mitochondria. Lipofuscin-rich astrocytes and 
reactive phagocytic astrocytes were observed. The latter appeared engulfing haematogenous proteinaceous oedema 
fluid. All cerebellar neurons showed stress endoplasmic reticulum dysfunction featured by focal dilated cisterns and 
detachment of associated ribosomes. Myelin sheath degeneration was related with oligodendrocyte degenerating 
hydropic changes. The peritumoural ischaemic cerebellar nerve and glial cell abnormalities were related with neuro-
behavioral changes, tremor, nystagmus, dismetry and gait disturbance observed in the patients examined. The ultra-
structural pathological changes were correlated with the biochemical cascade induced by vasogenic and cytotoxic 
oedema, altered calcium homeostasis, increased glutamate excitotoxicity, oxidative stress and DNA damage.
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Introduction

Some earlier research investigations have been 
reported on ultrastructural biology and pathology 
of cerebellar tumours [14,15,16,27]. Axonal torpe-
does on Purkinje cells of the cerebellum have been 

observed at electron microscopic level in infan-
tile neuroaxonal dystrophy, in two cases of brain 
tumours, and in a case of a 5-year-old boy suffering 
from juvenile astrocytoma [21,24,32]. The presence 
of intranuclear filamentous inclusions in cerebellar 
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Golgi cells was reported by us in three patients with 
cerebellar tumours [4]. 

However, very few electron microscopic studies 
have been devoted to study the cortical biopsies of 
the cerebellar peritumoral region taken during neu-
rosurgical treatment of human cerebellar, cerebello-
pontine and mesencephalic tumours for systemati-
cally examining the alterations of cerebellar neurons 
and their abnormal intracortical circuits. This study 
is basically important to understand the pathogen-
esis of clinical cerebellar syndromes, such as gait 
disturbance, tremor, nystagmus, compression of cra-
nial nerves, cognitive and neurobehavioural changes 
observed in the affected patients.

Material and methods

The present study describes the ultrastructural 
changes of focal peritumoural cerebellar cortex by 
means of cortical biopsies immediately taken during 
neurosurgical treatment of seven patients with cere-
bellar, cerebellopontine and mesencephalic tumours. 
Table I contains the clinical data, neuropathological 
features and localization of tumours. The neurosur-
gical study was performed and the cortical biopsies 
were taken according to basic principles of Helsinki. 
Cerebellar cortical biopsies of seven patients, rang-
ing from 2- to 50-years old, with clinical diagnosis of 
cerebellar haemangioma, mesencephalic meningio-
ma, cerebellopontine astrocytoma, cerebellopontine 
meningioma, and medulloblastoma of cerebellar 
vermis were examined by means of conventional 
transmission electron microscopy. Two to five mm 
thick cortical biopsies were immediately fixed in the 
surgical room in 4% glutaraldehyde-0.1M phosphate 
or cacodylate buffer, pH 7.4, at 4°C. After 2 hours’ 
glutaraldehyde-fixation period, the cortical biopsies 
were divided into approximately 1 mm fragments  

and observed under a  stereoscopic microscope to 
check the quality of fixation of the sample, the 
glutaraldehyde diffusion rate, and the brown-
ish coloration of the surface and deeper cortical 
regions, indicative of good glutaraldehyde fixation 
by immersion technique. Immersion in fresh glutar-
aldehyde solution of 1 mm slices was secondarily 
done for 2 hours after eliminating the remaining 
blood from the cortical biopsy by washing in sim-
ilar 0.1 M phosphate or cacodylate buffer, pH 7.4 
to avoid oxidation of the primary fixative solution. 
Secondary fixation in 1% osmium tetroxide-0.1 M 
phosphate buffer, pH 7.4, was carried out for 1-2 
hours at 4°C. Black staining of the cortical slices 
also was observed under a stereoscopic microscope 
to check osmium tetroxide diffusion rate and qual-
ity of secondary fixation. They were then rinsed for 
5 to 10 minutes in phosphate or cacodylate buffer 
of similar composition to that used in the fixative 
solution, dehydrated in increasing concentrations 
of ethanol, and embedded in Araldite or Epon. For 
proper orientation during the electron microscope 
study and observation of cortical layers, approxi-
mately 0.1 to 1 µm thick sections were stained with 
toluidine blue and examined with a  Zeiss photo-
microscope. Ultrathin sections, obtained with Por-
ter-Blum and LKB ultramicrotomes, were stained 
with uranyl acetate and lead citrate, and observed 
in a  JEOL 100B transmission electron microscope 
(TEM) at magnifications ranging from 20,000× to 
90,000×. For each cortical biopsy, approximately 50 
electron micrographs were systematically studied. 
Digital images were Photoshop analysed [7]. This 
paper was carried out according to the ethical prin-
ciples of Helsinki Declaration, Ethical Committee of 
Biological Research Institute. The relative written 
consent was obtained in each case.

Table I. Neurosurgical study of oedematous human cerebellum

Case No. 1: MRR, 45 y, M Tremor in upper and lower limbs, incoherent 
speech, gait disturbance, visual hallucinations, 
clouded sensorium, stupor

Medulloblastoma of cerebellar vermis

Case No. 2: ARM, 30 y, M Headache, dismetry, gait disturbance and tremor Cerebellopontine angle astrocytoma

Case No. 3: MIJ, 50 y, F Headache, dismetry, tremor and ataxic gait Cerebellar haemangioma cavernosum

Case No. 4: EJPV, 10 y, M Dismetry, tremor, ataxic gait Cerebellopontine angle meningioma

Case No. 5: GPRM, 2 y, F Headache, vomits, nystagmus,  
paralysis of VI cranial nerve and ataxic gait

Medulloblastoma of cerebellar vermis

Case No. 6: FMQ, 9 y, F Headache, tremor, nystagmus and ataxic gait Cerebellopontine angle meningioma

Case No. 7: AML, 25 y, M Headache, nystagmus, tremor and ataxia Mesencephalic meningioma
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Results

Close examination of cerebellar cortex showed 
at the level of granule cell layer, swollen granule 
cells characterized by an electron translucent cyto-
plasm and swollen mitochondria. There appeared 
closely apposed and their continuous limiting plas-
ma membrane appeared separated by a  20 nm 
extracellular space (Fig. 1). The neighbouring mossy 
fibre glomerulus showed the oedematous afferent 
mossy fibre endings synapsing with swollen gran-
ule cell dendrites. Degenerated myelinated axons 
were observed at the granular layer. Some of these 
degenerated axons could correspond to the efferent 
Purkinje cell axons and the incoming afferent cer-
ebellar mossy and climbing fibres (Fig. 2). Reactive 
astrocytes containing an increased amount of huge 
lipofuscin granules were found at the granular and 
molecular layers (Fig. 3).

The oedematous Golgi cell depicted an electron 
translucent cytoplasm, notably swollen mitochondria, 
dilated rough endoplasmic reticulum cisterns with 
focal detachment of associated ribosomes, enlarged 

flattened cisterns of Golgi apparatus, numerous lipo-
fuscin granules, and intranuclear inclusions (Fig. 4). 

At the level of Purkinje cell layer, clear and dark 
ischaemic Purkinje cell bodies exhibited a  dilated 
smooth and rough endoplasmic reticulum with focal 
detachment of membrane associated ribosomes 
(Figs. 5 and 6). The Purkinje cell bodies appeared 
covered by the swollen Bergmann glial cell cyto-
plasm. Dense Purkinje cell dendrites can be traced 

Fig. 1. Cerebellar medulloblastoma. Cerebellar 
cortex granular layer. Two swollen granule cells 
(GC) showing oedematous mitochondria (M). 
Note the twisted course of confronting limiting 
plasma membranes due to the expansive forces 
induced by the tumour.

Fig. 2. Cerebellar meningioma. Cerebellar cortex 
granular layer. Notably swollen mossy fibre end-
ing (MFE) containing a central core of oedema-
tous mitochondria and numerous clear spheroi-
dal synaptic vesicles. The long arrows indicate 
the synaptic contacts with granule cell dendrit-
ic tips (GD). A Golgi cell synaptic ending (GoE) 
localized at the periphery of cerebellar glomer-
ulus appears making asymmetric synaptic con-
tact (short arrow) with a granule dendrite (GD). 
Neighbouring degenerated myelinated axons 
(DA) corresponding to cerebellar afferent and/or 
efferent fibres also are distinguished.
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throughout the width of molecular layer exhibiting 
the emergency sites of Purkinje dendritic spines, 
which establish axo-spino-dendritic synaptic con-
tacts with the swollen synaptic varicosities of par-
allel fibres (Fig. 7). Oedematous Bergmann glial cells 
were observed containing swollen mitochondria  
and lipofuscin granules, and exhibiting the char-
acteristic ascending Bergman fibres in the molec-
ular layer (Fig. 8). The cytoplasm of Bergman glial 
cell also appeared surrounding the Purkinje recur-
rent axonal collaterals. In addition, swollen basket 
cells were found surrounding the Purkinje cell layer  
(Fig. 9).

The oedematous stellate neurons displayed swol-
len mitochondria, invaginated nuclear envelope, and 

Fig. 4. Cerebellar haemangioma. Cerebellar cortex 
granular layer. Oedematous and clear Golgi cell 
soma (GC) exhibiting a lobulated nucleus and prom-
inent nucleolus (NL), dilated rough endoplasmic 
reticulum (ER), and Golgi apparatus (GA), clustered 
free ribosomes and polyribosomes, lipofuscin gran-
ules (LG), and notably swollen mitochondria (M). 

Fig. 5. Cerebellar meningioma. Cerebellar cortex 
Purkinje cell layer. Ischaemic and clear Purkinje 
cell body exhibiting a lobulated nucleus (N), and 
the irregularly dilated nuclear envelope, swollen 
rough (ER) endoplasmic reticulum with detach-
ment of associated ribosomes, dense lyso-
somes (L), and swollen both mitochondria (M), 
and Golgi apparatus (GA), swollen mitochondria 
(M) and Golgi apparatus (GA), and lysosomes 
(L) with dark and fine granular matrix deposits.  
The satellite oedematous Bergmann glial cell 
(BG) is seen covering the Purkinje cell body.

Fig. 3. Cerebellar meningioma. Cerebellar cortex 
granular layer. Lipofuscin-rich astrocyte (LRA) 
showing numerous and huge lipofuscin granules. 
The neighbouring swollen granule cells (GC) also 
are seen.
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enlarged rough endoplasmic reticulum with detach-
ment of associated ribosomes (Fig. 10). Protein-
aceous oedema fluid with fibrinous organization was 
found occupying the enlarged extracellular space of 
cerebellar molecular layer (Fig. 11).

Swollen longitudinal granule cell axons or paral-
lel and climbing fibres were observed at the molecu-
lar layer alternating with the ascending and swollen 
Bergmann glial fibres, and clear dendritic processes 
of Golgi, basket and stellate cells. The parallel fibres 
were identified by the characteristic cross-sectioned 
bundles of parallel fibres and their degenerated “en 
passant” synaptic varicosities. In addition, the swol-
len cytoplasm of Bergman glial cell closely surrounds 
the degenerated parallel fibre-Purkinje dendritic 
spine synapses. The latter appeared as dark degen-
erated structures (Fig. 12). Swollen climbing fibre 
branches appeared as electron translucent unmy-

elinated axons ascending in the molecular layer 
and containing numerous microtubules and neuro-
filaments. The large climbing fibre synaptic ending 
showed a  decreased number of synaptic vesicles 
closely aggregated toward the presynaptic mem-
brane. They appeared making synaptic contacts with 
clear and oedematous processes, presumably corre-
sponding to ascending dendrites of Golgi, stellate 
and basket cell dendrites. Swollen and reactive Berg-
mann glial cells were observed surrounding climbing 
fibre endings (Fig. 13).

Swollen and dark microglial cells were observed 
engulfing haematogenous serum proteinaceous 
oedema fluid (Fig. 14). Some cerebellar capillaries  
showed a  reduplicated basement membrane (Fig. 
15), and open and apparently intact endothelial 
junctions. Similar findings also were reported by us 
in traumatic brain injuries [7].

Fig. 6. Cerebellar meningioma. Dark Purkinje 
cell (DPC) body showing the dense cytoplasmic 
matrix, tortuous aspect of rough endoplasmic 
reticulum (ER), the notably swollen mitochon-
dria with fragmented cristae (M), oedematous 
Golgi apparatus (GA), vacuolated lysosomes 
(L). The oedematous and vacuolated Bergmann  
glial cell (BG) also is seen.

Fig. 7. Cerebellar meningioma. Cerebellar molec-
ular layer outer surface showing a dark tertia-
ry Purkinje dendrite (PTD) showing the sites 
of emergency of dark dendritic spines (short 
arrows), and the degenerated axo-spinoden-
dritic contacts of parallel fibre varicosities with 
Purkinje dark dendritic spines (long arrows).  
The cross sections of non-synaptic segments 
(PFNS) of parallel fibres also are distinguished.
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Fig. 8. Cerebellar medulloblastoma. Cerebellar 
Purkinje cell layer. Swollen Bergmann glial cell 
(BGC) showing oedematous mitochondria (M) 
and lipofuscin granules (LG). The ascending Berg-
mann fibres (BF) and Purkinje recurrent axonal 
collaterals (PR) also are seen.

Fig. 9. Cerebellar meningioma. Cerebellar cor-
tex Purkinje cell layer. Swollen basket cells (BC) 
surrounded by segments of swollen Bergmann 
glial cell (BG), dark Purkinje cell (PC) and lipofus-
cin-rich astrocyte (A) cytoplasm. The profile of 
parallel fibre bundles (PF) ascending toward the 
molecular layer, and the stellate neurons (SN) 
also are distinguished.

Discussion

The present study describes the oedematous 
intracellular changes and degenerated intracorti-
cal circuits of cerebellar neurons, and the reactive 
changes and neuroglial cells of cerebellar cortex in 
different cerebellar and brain stem tumours exam-
ined. Swollen clear granule, Golgi, Purkinje, stellate 
and basket cells, and Bergmann glial were found. 
On the contrary, some dark ischaemic Purkinje cells 
were observed suggesting a  major vulnerability of 
Purkinje cells to the tumour expansion forces and 
the sustained ischaemic process. Similar results 
in cerebellar neurons, mainly dark Purkinje cells 
and Bergmann glial cells as described above, were 
also reported earlier by Sobaniec-Lotowska [28] in 
experimental encephalopathy induced by chronic 
application of valproate. According to this author, 
the general pattern of submicroscopic alterations of 
Purkinje cell perikarya suggested severe disorders in 
several intercellular biochemical extents, including 

inhibition of oxidative phosphorylation and abnor-
mal protein synthesis, both of which could lead to 
lethal damage. The enlargement of smooth and 
endoplasmic reticulum (ER) and the focal detach-
ment of associated ribosomes suggest a  form of 
stress-induced endoplasmic reticulum dysfunction 
[16]. According to Paschen [26], changes in neuronal 
calcium activity in the various subcellular compart-
ments have divergent effects on affected cells. In the 
cytoplasm and mitochondria, where calcium activity 
is normally low, a  prolonged excessive rise in free 
calcium levels is believed to be toxic. On the con-
trary, in the endoplasmic reticulum, calcium activi-
ty is relatively high and severe stress is caused by 
a depletion of ER calcium stores.

Dark Purkinje cell dendritic branches and dendrit-
ic spines were observed at the molecular layer. These 
findings herein interpreted as characterizing isch-
aemic Purkinje neurons, could also be due to acti-
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Fig. 10. Cerebellar hemangioma. Cerebellar mo
lecular layer. Notably swollen stellate neuron 
(SN) with a  degenerated mitochondrion (M), 
and surrounded by swollen and vacuolated 
Bergmann glial cell cytoplasm (BG) and ascend-
ing parallel fibre bundles (PF).

vation of caspases and mitochondrial dysfunction 
[31], or hypoxia induced excitotoxic-type of dark cell 
degeneration [2]. Dark Purkinje dendritic arborisa-
tion and the degenerated parallel fibre and climbing 
Purkinje spines dendritic synapses could be relat-
ed to the cognitive impairment and motor deficits 
of patients under study. Similar findings have been 
reported on dendritic Purkinje cells from human cer-
ebellar vermis in Alzheimer’s disease [25].

The presence of intranuclear filamentous inclu-
sions in cerebellar Golgi cells was earlier reported by 
Castejon and Arismendi [4] in three patients with cer-
ebellar tumours. They were related with stress condi-
tions, excitotoxicity, damage of mitochondrial respi-
ratory chain and impaired energy metabolism [18].

Degenerated cerebellar afferent and efferent 
myelinated axons were found in the granular and 
molecular layers of cerebellar cortex, which provide 

evidence for myelin lipid dysfunction in the oedema-
tous cerebellar cortex related with the oligodendrocyte 
degenerating hydropic changes [6,13]. Cytoskeletal 
disassembly and caspases are recently implicated in 
these processes highlighting the degenerating axonal 
processes in human hypoxic- ischaemic injury [29].

The presynaptic synaptic terminals of climbing 
fibres synapsing on Purkinje cell dendrites exhibited 
a decreased number of synaptic vesicles, indicating 
climbing fibre presynaptic degeneration [11]. Simi-
lar findings were reported by Baloyannis in vascular 
dementia [1]. 

We found lipofuscin-rich astrocyte which can be 
related with the associated ischaemic and degen-
erative processes. Similar observations have been 
reported by the present author in traumatic human 
brain injuries [9,10]. We also found reactive phago-
cytic astrocytes and microglial cells engulfing hae-

Fig. 11. Cerebellar cavernous haemangioma. Pro
teinaceous oedema fluid (PEF) deposited in the 
enlarged extracellular space exhibiting fibrin-
ous organization (FO) and surrounded by a dark 
Purkinje cell degenerated dendrite (PD) and 
a  phagocytic and lipofuscin-rich astrocyte (PA) 
containing deposits of fibrinous material.
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Fig. 12. Cerebellar meningioma. Cerebellar molec-
ular layer showing the degenerated parallel fibre-
dark Purkinje cell dendritic spine synapses (short 
arrows) and the degenerated climbing fibre-Pur-
kinje dendrite synapses (long arrows). Protein- 
rich Bergmann glial cell (BG) swollen cytoplasm 
surrounds the molecular layer neuropil.

Fig. 13. Cerebellar hemangioma. Large and swol-
len climbing fibre ending (CFE) containing neuro-
filaments, swollen clear mitochondria and scarce 
synaptic vesicles making a swollen axo-spinoden-
dritic contact (arrow) with a degenerated spine (S) 
of a swollen and clear Purkinje cell dendrite (PD). 
Note the enveloping perisynaptic Bergmann glial 
cell cytoplasm (BG). The upper right side of the fig-
ure shows degenerated presynaptic endings (DS).

Fig. 14. Cerebellar meningioma. Cerebellar molecu-
lar layer showing a swollen and phagocytic microg-
lial cell (MC) containing lipofuscin granules (LG) and 
phagocytic vacuoles, and a  swollen oligodendro-
cyte (OL) intercalated among stellate neurons (SN).

Fig. 15. Cerebellar meningioma. Cerebellar molec-
ular layer. Cerebellar capillary showing the swollen 
abluminal cytoplasm of endothelial cell (EC), the 
reduplicated, swollen and vacuolated basement 
membrane (BM) exhibiting fine granular deposits 
of degraded glycoproteins basement matrix, and 
the oedematous perivascular astrocytic end-feet 
(PA). The swollen pericyte cytoplasm is observed 
between the basement membrane layering.
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matogenous proteinaceous oedema fluid. These 
findings have been also described by Stoll et al. [30] 
in ischaemic brain lesions, and by us in severe trau-
matic and complicated human brain injuries [5,9,10].

Clinical correlates of peritumoural 
ischaemic process

The electron microscopic findings described here-
in and related with the oedematous microneurons 
(granule, basket, and stellate cells) and macroneu-
rons (Golgi and Purkinje cells) of cerebella cortex, and 
their degenerated synaptic contacts in both granule 
cell and molecular layers with cerebellar afferent 
and intrinsic fibres could be related with the tremor, 
nystagmus, dismetry, gait disturbance and neurobe-
havioral changes observed in the patients examined. 
According to Louise [21], a cascade of biochemical and 
cellular events occurring in the Purkinje cell layer and 
its neuron neighbourhood, as well as the physiolog-
ical effects of secondary remodelling/rewiring could 
be related with essential tremor. The derangement 
of neurons and intracortical circuits is in agreement 
with the hypothesis that cerebellar damage impairs 
executive control and monitoring of movement gen-
eration [3].

Some molecular considerations  
on peritumoural cerebellar ischaemic 
process

The peritumoural ischaemic process seems to 
include the detrimental biochemical events postulat
ed by Hou and MacManus [17] for ischaemia-induced 
neuronal death, such as perturbation of calcium 
homeostasis leading to increased excitotoxicity, 
malfunction of endoplasmic reticulum and mito-
chondria, elevation of oxidative stress causing DNA 
damage, alteration in proapoptotic gene expression, 
and activation of the effector cysteine proteases 
(caspases) and endonucleases leading to the final 
degradation of the genome. The observed peritu-
moural cerebellar cell changes herein described also 
are similar to those described as permanent com-
pression ischaemia [19]. A role of glutamate recep-
tors in ischaemic process has been firmly estab-
lished and a prominent characteristic of ischaemic 
insults is endoplasmic reticulum (ER) stress. In addi-
tion, a down-regulation of cell surface GABAB recep-
tors has been postulated leading to diminished neu-
ronal inhibition and contributing to excitotoxicity in 

cerebral ischaemia [23]. Cerebellar Purkinje neurons 
are selectively vulnerable to AMPA (alpha-amino-3- 
hydroxy-5-methyl-4-isoxazolepriopionic acid)-induced 
delayed neurotoxicity known as dark cell degener-
ation that is expressed as cytoplasmic and nuclear 
condensation, neuron shrinkage, and failure of phys-
iology [31]. Sustained activation of N-methyl-d-aspar-
tate (NMDA)-type glutamate receptors leads to exci-
totoxic neuronal death as observed in stroke, brain 
trauma, and neurodegenerative disorders. Super-
oxide production by NADPH oxidase is a  requisite 
event in the process leading from NMDA receptor 
activation to excitotoxic death [20].

Alterations of cerebellar excitatory and inhibitory 
synaptic transmission may contribute to the isch-
aemia-induced neuronal degeneration [22]. We have 
observed swollen mitochondria indicating a decrease 
in high energy phosphate produced by ischaemia, 
which causes depletion of the materials necessary 
to produce this phosphate and strongly affecting the 
electron transport chain. The biochemical pathology 
of swollen mitochondria in brain oedema have been 
earlier analysed in detail by us in a previous publica-
tion [12].

The presence of extracellular electron dense 
deposits of proteinaceous oedema fluid and fibrinous 
organization, and the reduplicated capillary basement 
layering have also been described by us in severe 
traumatic brain injuries [7,8]. 
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A b s t r a c t

Factors associated with survival were studied in 84 neuropathologically documented cases of the pre-senile dementia 
frontotemporal dementia lobar degeneration (FTLD) with transactive response (TAR) DNA-binding protein of 43 kDa 
(TDP-43) proteinopathy (FTLD-TDP). Kaplan-Meier survival analysis estimated mean survival as 7.9 years (range: 
1-19 years, SD = 4.64). Familial and sporadic cases exhibited similar survival, including progranulin (GRN) gene 
mutation cases. No significant differences in survival were associated with sex, disease onset, Braak disease stage, or 
disease subtype, but higher survival was associated with lower post-mortem brain weight. Survival was significantly 
reduced in cases with associated motor neuron disease (FTLD-MND) but increased with Alzheimer’s disease (AD) 
or hippocampal sclerosis (HS) co-morbidity. Cox regression analysis suggested that reduced survival was associated 
with increased densities of neuronal cytoplasmic inclusions (NCI) while increased survival was associated with greater 
densities of enlarged neurons (EN) in the frontal and temporal lobes. The data suggest that: (1) survival in FTLD-TDP 
is more prolonged than typical in pre-senile dementia but shorter than some clinical subtypes such as the semantic 
variant of primary progressive aphasia (svPPA), (2) MND co-morbidity predicts poor survival, and (3) NCI may develop 
early and EN later in the disease. The data have implications for both neuropathological characterization and subtyp-
ing of FTLD-TDP.
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Introduction

Studies of the life expectancy of patients with 
dementia are important in calculating prevalence 
rates, while identifying factors that influence sur-
vival is useful both in counseling patients and their 
families and in public health planning [14,60]. How-
ever, there have been relatively few studies of surviv-
al especially in the pre-senile dementias [36] includ-

ing frontotemporal dementia (FTD), the second most 
common form of cortical dementia of early-onset 
after Alzheimer’s disease (AD) [55,59]. Frontotem-
poral dementia is associated with a variety of clin-
ical syndromes including FTD-motor neuron disease 
(FTD-MND), behavioral variant FTD (bvFTD), non- 
fluent variant of primary progressive aphasia (nfPPA), 
and the semantic variant of PPA (svPPA) [12].
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Frontotemporal dementia is a  clinical diagnosis, 
and pathological variants of the disease are termed 
frontotemporal lobar degeneration (FTLD). A specific 
pathological subtype of FTLD, viz., FTLD with trans-
active response (TAR) DNA-binding protein of 43 kDa 
(TDP-43) proteinopathy (FTLD-TDP), previously call
ed FTLD with ubiquitin-immunoreactive inclusions 
(FTLD-U) [38,64], is characterized by a variable neo-
cortical and allocortical atrophy principally affecting 
the frontal and temporal lobes. In addition, there is 
neuronal loss, microvacuolation of superficial cor-
tical laminae, and a  reactive astrocytosis [10,19]. 
A  variety of TDP-43-immunoreactive inclusions are 
present in these cases including neuronal cytoplas-
mic inclusions (NCI), neuronal intranuclear inclusions 
(NII), dystrophic neurites (DN), and glial inclusions 
(GI) [10]. 

FTLD-TDP exhibits considerable pathological  
heterogeneity which may affect survival [10]. First, 
various genetic defects have been identified, the 
majority being caused by mutation of the progran-
ulin (GRN) gene (FTLD-TDP-GRN) [11,13,23,46,51,61]. 
A less prevalent disorder, FTLD with valosin-contain-
ing protein (VCP) gene mutation [28], also has TDP-43 
immunoreactive inclusions, and familial cases have 
also been shown to be caused by the chromosome 9 
open reading frame 72 (C90RF72) gene [39,52]. Sec-
ond, FTLD is associated with various co-morbidities 
including MND (FTLD-MND), such cases being asso-
ciated with a more localized pattern of frontal lobe 
atrophy [63] and with hippocampal sclerosis (HS) 
[1], in which significant neuronal loss occurs in the 
subiculum and sector CA1 of the hippocampus [35]. 
In addition, cases of later onset exhibit AD neuro-
pathological change (ADNC), viz. senile plaques (SP) 
and neurofibrillary tangles (NFT) [10]. Third, various 
subtypes of FTLD-TDP have been proposed based 
on pathological criteria [20,40,53]. Using the system 
proposed by Cairns et al. [20]: type 1 cases are char-
acterized by long DN in superficial cortical laminae 
with few or no NCI or NII, type 2 by numerous NCI 
in superficial and deep cortical laminae with infre-
quent DN and sparse or no NII, type 3 by pathology 
predominantly affecting the superficial cortical lami-
nae with numerous NCI, DN and varying numbers of 
NII, and type 4 by numerous NII, and infrequent NCI 
and DN especially in neocortical areas [20]. 

Many published studies suggest that survival 
rates in the dementias vary considerably and may 
depend on numerous factors [17]. Hence, survival 

may depend on age at diagnosis, sex, disease sub-
type, and severity of progression [5]. The objective of 
the present study was to investigate the influence of 
genetics, demographic variables, co-morbidity, and 
neuropathology on survival, as measured by dura-
tion of dementia, in a  sample of well-documented 
FTLD-TDP cases [10]. Kaplan-Meier survival analysis 
was used to determine whether survival was influ-
enced by genetics, demographic factors, or co-mor-
bidity, while Cox regression analysis was used to 
determine whether there were correlations between 
survival and predictor variables such as the densi-
ties of TDP-43-reactive inclusions in various brain 
regions [33,48,66].

Material and methods

Cases

Eighty-four cases of FTLD-TDP (see Table I) were 
obtained from dementia centers in the USA and 
Canada: (1) Washington University School of Med-
icine, St. Louis, MO, USA; (2) University of California, 
Davis, CA, USA; (3) University of Pittsburgh, Pitts-
burgh, PA, USA; (4) Vancouver General Hospital, Van-
couver, Canada; (5) Harvard Brain Tissue Resource 
Center, Belmont, MA, Emory University, Atlanta, GA, 
USA; (6) University of Washington, Seattle, WA, USA;  
(7) Columbia University, New York, NY, USA; (8) Uni-
versity of California, Irvine, CA, USA and (9) Uni-
versity of Michigan, Ann Arbor, MI, USA. All cases 
exhibited FTD with neuronal loss, microvacuola-
tion in the superficial cortical laminae, and reactive 
astrocytosis consistent with diagnostic criteria for 
FTLD-TDP [19,39]. A variety of TDP-43-immunoreac-
tive inclusions were present in these cases including 
NCI, NII, DN, and GI. Of the 84 cases, 39 (46%) were 
familial (one or more first degree relatives affected) 
and of these, 16 cases (19%) had GRN mutations 
[11,13,23,46,51,61], one had a  VCP gene mutation 
[28], and one case was associated with C90RF72 
[39,52]. The genetic defects in the remaining familial 
cases have not been identified to date. Nine of the 
cases (11%) had coexisting MND (FTLD-MND) [34,37] 
and seven (8%) were identified as having associat-
ed HS (FTLD-HS). Twelve cases (14%) were identified 
as having ADNC greater than expected from normal 
aging [44]. Braak staging was based on the densi-
ty and distribution of b-amyloid (Ab) deposits and 
NFT [15,16] and cases were also assigned to the four 
pathological subtypes [20].
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Case records

The following data were obtained from case and 
post-mortem records: (1) family history, (2) the pres-
ence of MND, HS, or AD co-morbidity, (3) age at death, 
(4) disease duration, measured from the onset of 
dementia symptoms, determined by clinical assess-
ment, and defined as cognitive dysfunction suffi-
ciently severe to impair activities of daily living, and 
(5) total brain weight.

Histological methods 

After death, consent of the next-of-kin was 
obtained for brain removal, following local Ethical 
Committee procedures and the 1995 Declaration 
of Helsinki (as modified in Edinburgh, 2000). Tissue 
blocks were taken from the frontal lobe at the level 
of the genu of the corpus callosum to study the mid-
dle frontal gyrus (MFG) and temporal lobe at the lev-
el of the lateral geniculate body to study the inferior 
temporal gyrus (ITG), parahippocampal gyrus (PHG), 
CA1/2 sectors of the hippocampus, and dentate 
gyrus (DG). Tissue was fixed in 10% phosphate-buff-
ered formal saline and embedded in paraffin wax. 
Immunohistochemistry (IHC) was performed on 4 to 
10 µm sections with a  rabbit polyclonal antibody 
that recognizes TDP-43 epitopes (dilution 1 : 1000; 
ProteinTech Inc., Chicago, IL). Sections were counter-
stained with hematoxylin. 

Quantitative analysis of 
neuropathology

In the MFG, ITG, and PHG of each case, histo-
logical features were counted along strips of tissue 
(1600 to 3200 µm in length) located parallel to the 
pia mater, using 250 × 50 µm sample fields arranged 
contiguously [3]. The sample fields were located in 
both the upper and lower cortex, the short edge 
of the field being orientated parallel with the pia 

mater and aligned with guidelines marked on the 
slide. Between 32 and 64 fields were used to quan-
tify each region. In the majority of cases, the upper 
and lower fields quantified lesions in lamina II and 
part of lamina III and in laminae V/VI respectively. 
In the hippocampus, the features were counted in 
the cornu ammonis (CA) in a region extending from 
the prosubiculum/CA boundary to the maximum 
point of curvature of the pyramidal layer before it 
extends to join the dentate fascia via CA3 and CA4. 
Hence, the region sampled encompassed approxi-
mately sectors CA1 and CA2, the short dimension of 
the contiguous field being aligned with the alveus. 
Little pathology was observed to extend into CA3/4 
in these cases [10]. To quantify pathology in the den-
tate gyrus [38,41,64], the sample field was aligned 
with the upper edge of the granule cell layer. The NCI 
are rounded, spicular, or skein-like in shape [24,65], 
while the GI morphologically resemble the ‘coiled 
bodies’ reported in various tauopathies such as corti-
cobasal degeneration (CBD), progressive supranucle-
ar palsy (PSP), and argyrophilic grain disease (AGD). 
The NII are lenticular or spindle-shaped [50] and the 
DN characteristically long and contorted [31]. Small 
spherical or asymmetrical nuclei without cytoplasm 
but with the presence of a thicker nuclear membrane 
and more heterogeneous chromatin were identified 
as glial cells [2]. Abnormally enlarged neurons (EN) 
had enlarged perikarya, lacked NCI, had a shrunken 
nucleus displaced to the periphery of the cell, and 
the maximum cell diameter was at least three times 
the nucleus diameter [2,4]. The number of discrete 
vacuoles greater than 5 µm in diameter was also 
recorded in each field [9]. 

Data analysis 

First, the survival data as a whole were tested for 
normality using the Kolmogorov-Smirnov and chi-
square (χ2) goodness of fit tests. The degree of skew 

Table I. Demographic details of the 84 cases of frontotemporal dementia lobar degeneration (FTLD) with 
TDP-43 proteinopathy (FTLD-TDP) used in the study. Data for age at death, survival, and disease onset are 
means with standard deviations (SD) in parentheses 

Patient group N Death
(years)

Onset
(years)

Mean survival
(years)

Sporadic cases 45 (22 M,23 F) 71.02 (1.49) 63.31 (1.43) 7.54 (0.80)

GRN mutation 16 (9 M,7 F) 70.33 (2.55) 61.27 (2.45) 7.61 (0.79)

Other familial cases 23 (11 M,12 F) 68.45 (2.10) 60.82 (2.02) 9.07 (1.01)

N – number of cases, GRN – progranulin, M – male, F – female
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in the data was also tested. Second, the Kaplan- 
Meier ‘product limit estimator’ was used to study the 
overall pattern of survival among the 84 cases and is 
the fraction of cases which survive for a certain pe
riod after disease onset. In typical applications, the 
cases can also be grouped according to a categori-
cal predictor variable and the effect of the variable 
on survival tested. Where two groups were present,  
e.g., familial/sporadic, male/female, presence/absence  
of co-morbidity, survival was compared using the 
log-rank test which determines whether the hazard 
ratio (HR) is significantly different from unity [5].  
An assumption of this analysis is that the HR is rel-
atively constant across time intervals (‘proportion-
ality assumption’). This assumption was tested by 
two methods: (1) by examining changes in the HR 
over time and (2) by fitting a model that includes, 
in addition to a fixed covariate group, a time-depen-
dent variable. If the time-dependent covariate is not 
significant, then proportionality can be assumed and 
a model with the single fixed covariate is likely to 
be appropriate. Where more than two groups were 
present, survival was compared using the chi-square 
(c2) test. In addition, a  life table analysis was per-
formed to predict the life expectancy of FTLD-TDP 
patients at each age. Third, Cox regression was used 
to study the relationship between survival and vari-

ous predictor variables. Two such groups of variables 
were tested: (1) demographic variables such as age 
at death, and disease onset, and gross neuropatho-
logical assessments such as brain weight, Braak 
stage and disease subtype and (2) quantitative esti-
mates of density of histological features. In each of 
these analyses, variables were modeled individually 
and were corrected for gender and age. Statistical 
significance in these tests was based on t and the 
Wald statistic [5].

Results

The distribution of the data as a  whole did 
not deviate from normality (KS d = 0.13, p > 0.05;  
χ2 = 9.52, DF = 5, p > 0.05; Skew = 0.45, SE = 0.26).  
Mean disease duration of the 84 FTLD-TDP cases was 
7.9 years (median: 7.0, range: 1-19 years, SD = 4.64).  
The survival function for all cases is shown in Fig-
ure 1, suggesting that 25% of cases died within 
four years, 50% within 6.9 years, and 75% within  
10 years after onset of dementia. In addition, the 
data are summarized as a ‘life table’ (Table II), sug-
gesting that median life expectancy was 7.58 years 
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Fig. 1. Kaplan-Meier survival analysis of all 84 
frontotemporal dementia lobar degeneration 
with transactive response (TAR) DNA-binding 
protein of 43 kDa (TDP-43) proteinopathy (FTLD-
TDP) cases. Survival data are plotted as the pro-
portion of individuals surviving at each time and 
at the upper limit of each yearly time interval.

Fig. 2. Kaplan-Meier survival analysis of the 
data grouped into those FTLD-TDP patients 
with no co-morbidity (None), and those with 
associated Alzheimer’s disease (AD) (HR = 0.51,  
CI = 0.30), hippocampal sclerosis (HS) (HR = 0.35,  
CI = 0.30), or motor neuron disease (MND)  
(HR = 2.23, CI = 0.18) (comparison between 
groups: c2 = 6.83, p < 0.05). Survival data are 
plotted as the proportion of individuals surviv-
ing at each time and at the upper limit of each 
yearly time interval. 
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immediately after diagnosis, 3.4 years 10 years after, 
and 0.75 years 18 years after diagnosis.

The effect of various categorical predictor vari-
ables on survival is shown in Table III. The data sug-
gest no significant differences in survival between 
familial and sporadic cases (log rank = 0.03, p > 0.05) 
or among cases divided into sporadic, GRN muta-
tion, and remaining familial cases (c2 = 1.81, DF = 2,  
p > 0.05). In addition, there were no significant dif-
ferences in survival in males and females (log rank 
= 0.68, p > 0.05). However, significant effects of co-  
morbidity on survival were evident (c2 = 22.70, DF = 3, 
p < 0.001), cases with associated MND exhibiting 
reduced survival compared with those without co- 
pathology (HR = 2.23, CI = 0.18) and those with asso-
ciated AD (HR = 0.51, CI = 0.30) and HS (HR = 0.51,  
CI = 0.35) showing increased survival (c2 = 6.83, DF = 2,  

Table II. Life table for 84 frontotemporal dementia lobar degeneration with transactive response (TAR) 
DNA-binding protein of 43 kDa (TDP-43) proteinopathy (FTLD-TDP) cases 

Interval
(mid-point)

Number
entering

Number
dying

Proportion
dying

Hazard
rate

Median LE 

0.5 84 0 0 0 7.58

1.5 84 8 0.10 0.10 6.67

2.5 76 1 0.01 0.01 6.50

3.5 75 8 0.12 0.11 5.58

4.5 67 5 0.07 0.08 5.21

5.5 62 8 0.13 0.14 4.57

6.5 54 10 0.19 0.20 4.25

7.5 44 3 0.07 0.07 4.50

8.5 41 6 0.15 0.16 3.87

9.5 35 7 0.20 0.22 3.63

10.5 28 4 0.14 0.15 3.40

11.5 24 4 0.17 0.18 2.80

12.5 20 4 0.20 0.22 2.50

13.5 16 5 0.31 0.37 2.33

14.5 11 2 0.18 0.20 2.17

15.5 9 3 0.33 0.40 1.50

16.5 6 3 0.50 0.67 1.00

17.5 3 0 0.17 0.18 1.60

18.5 3 2 0.67 1.00 0.75

19 1 1 0.50 – –

LE – life expectancy

Table III. Comparison of survival among various 
groups of cases of frontotemporal dementia lobar 
degeneration (FTLD) with TDP-43 proteinopathy 
(FTLD-TDP) using the Kaplan-Meier estimator 

Grouping factor Log-rank 
test

c2 p

Familial/Sporadic cases 0.03 – > 0.05

Familial/GRN/Sporadic – 1.81 > 0.05

Gender 0.68 – > 0.05

Co-morbidity all groups – 22.70 < 0.001

Co-morbidity: None, MND 2.33 – < 0.01

Co-morbidity: None, AD, HS – 6.83 < 0.05

Co-morbidity: AD, HS – 0.80 > 0.05

P – probability, GRN – progranulin, MND – motor neuron disease, AD – Alzhei-
mer’s disease, HS – hippocampal sclerosis
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Table IV. Analysis of the influence of demographic variables, brain weight, Braak stage, and disease subtype 
on survival using Cox regression (b – regression coefficient, SE – standard error, p – probability, **p < 0.01). 
Each variable was modeled individually and adjusted for gender

Variable b SE t Wald
statistic

p

Patient age –0.03 0.01 2.73 7.48 < 0.01

Disease onset 0.01 0.01 1.07 1.14 > 0.05

Brain weight 0.01 0.01 3.07 9.43 < 0.01

Braak Aβ stage –0.06 0.19 0.33 0.10 > 0.05

Braak tangle stage –0.06 0.08 0.74 0.55 > 0.05

Disease subtype 0.09 0.11 0.77 0.59 > 0.05

Table V. Analysis of the influence of the densities of neuropathological variables (NCI – neuronal cyto-
plasmic inclusions, GI – glial inclusions, NII – neuronal intranuclear inclusions, DN – dystrophic neurites, 
SN – surviving neurons, EN – abnormally enlarged neurons, Vac – vacuolation) on survival in various brain 
regions (MFG – middle frontal gyrus, ITG – inferior temporal gyrus, PHG – parahippocampal gyrus, HC – 
CA1/2 sectors of hippocampus, DG – dentate gyrus) (b – regression coefficient, SE – standard error, p – prob-
ability). Variables were modeled in groups for each brain region and adjusted for gender. 

Region Histology b SE t Wald p

MFG(U) NCI 0.60 0.79 0.74 0.56 > 0.05

GI 0.68 1.89 0.36 0.13 > 0.05

NII –0.33 0.83 0.59 0.35 > 0.05

DN –0.36 0.36 0.93 0.88 > 0.05

EN –0.16 1.14 0.32 0.10 > 0.05

N –0.01 0.09 1.83 3.34 > 0.05

Vac –0.04 0.02 1.89 3.50 > 0.05

MFG(L) NCI 1.81 1.07 1.67 2.80 > 0.05

GI –3.85 1.75 2.19 4.82 < 0.05

NII 0.42 0.76 0.56 0.31 > 0.05

DN 0.005 0.36 0.01 0.02 > 0.05

EN 0.81 1.42 0.57 0.31 > 0.05

N 0.24 0.10 2.54 6.45 < 0.05

Vac 0.05 0.03 1.91 3.64 > 0.05

ITG(U) NCI 1.46 0.48 3.56 12.69 < 0.001

GI –3.36 1.48 2.26 5.12 < 0.05

NII –0.44 0.82 0.53 0.29 > 0.05

DN –0.80 0.25 2.21 4.88 < 0.05

EN –0.73 2.19 0.33 0.11 > 0.05

N –0.19 0.07 2.86 8.21 < 0.001

Vac –0.03 0.03 1.15 1.33 > 0.05
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ITG(L) NCI 0.52 0.73 0.71 0.51 > 0.05

GI –0.91 1.58 0.57 0.33 > 0.05

NII –0.14 0.72 0.20 0.04 > 0.05

DN –0.64 0.70 0.91 0.84 > 0.05

EN –1.52 1.09 1.40 1.95 > 0.05

N –0.19 0.08 2.39 5.75 < 0.05

Vac 0.03 0.04 0.86 0.75 > 0.05

PHG(U) NCI 0.72 0.63 1.14 1.31 > 0.05

GI 1.85 1.88 0.98 0.97 > 0.05

NII 0.46 0.88 052 0.28 > 0.05

DN –0.15 1.19 0.43 0.18 > 0.05

EN 1.18 1.19 0.99 0.99 > 0.05

N –0.20 0.08 2.47 6.13 < 0.05

Vac –0.10 0.03 3.26 10.67 < 0.001

PHG(L) NCI –1.35 0.89 1.51 2.28 < 0.05

GI 0.57 1.91 0.29 0.09 > 0.05

NII –1.07 0.74 1.45 2.10 > 0.05

DN –0.76 0.49 1.55 2.42 > 0.05

EN –3.17 1.37 2.31 5.37 < 0.05

N 0.09 0.09 0.99 0.98 > 0.05

Vac –0.76 0.03 1.92 3.69 > 0.05 

HC NCI 3.68 1.38 2.67 7.11 < 0.05

GI –0.90 1.97 0.45 0.21 > 0.05

NII –0.27 0.60 0.44 0.20 > 0.05

DN –0.05 0.70 0.06 0.01 > 0.05

EN –1.83 1.04 1.77 3.11 > 0.05

N –0.06 0.11 0.55 0.31 > 0.05

Vac –0.09 0.03 0.69 0.03 > 0.05

DG NCI 0.09 0.33 0.29 0.08 > 0.05

NII –1.06 1.62 0.65 0.43 > 0.05

DN –2.53 4.32 0.59 0.34 > 0.05

EN –2.95 15.94 0.18 0.03 > 0.05

N –0.12 0.05 2.31 5.32 < 0.05

Vac –0.07 0.05 0.59 1.67 > 0.05

Table V. Cont.

Region Histology b SE t Wald p
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p < 0.05). The HR for MND and HS were relatively 
constant across time intervals and the time-depen-
dent covariates non-significant, suggesting that the 
proportionality assumption was valid. However, HR 
for AD varied between time intervals, and the time- 
dependent covariate was significant (t = 2.23, p < 
0.05), thus violating the assumption of proportionality.

The results of the Cox regression analysis, cor-
rected for gender, which included the demographic 
variables, brain weight, Braak staging, and patho-
logical disease subtype, are shown in Table IV.  
The data suggest: (1) a relationship between patient 
age and survival (t = 8.81, p < 0.01), better survival 
being associated with a  later age at death, (2) no 
significant association between survival and disease 
onset (t = 0.79, p > 0.05), (3) a significant relation-
ship with brain weight (t = 3.07, p < 0.01), lower brain 
weight being associated with increased survival, and 
(3) no significant association between survival and 
Braak stages (Ab: t = 0.33, p > 0.05; NFT: t = 0.75,  
p > 0.05), or disease subtype (t = 0.82, p > 0.05).

The results of the Cox regression analysis, cor-
rected for gender, applied to the quantitative neuro-
pathological variables measured in each brain region, 
are shown in Table V. Some histological features 
were associated with increased survival, including 
GI in the MFG (t = 2.19, p < 0.05), DN in the ITG  
(t = 2.21, p < 0.05), EN in the PHG (t = 2.31, p < 0.05), 
neurons in the MFG (t = 2.54, p < 0.05) and ITG  
(t = 2.86, p < 0.001), and vacuoles in the PHG (t = 3.26,  
p < 0.001). By contrast, density of NCI was associat-
ed with poorer survival in the ITG (t = 3.56, p < 0.001) 
and HC (t = 2.67, p < 0.05). A similar pattern of rela-
tionships was seen when the analysis was corrected 
for patient age. Only correlations between NCI in the 
ITG and EN in the PHG remained significant in these 
analyses after Bonferroni correction.

Discussion

Mean survival of the 84 FTLD-TDP cases was 7.9 
years, similar to the 7.1 years recorded in a recent 
study of 102 AD cases [5], but longer than the 5.2 
years and 6.5 years in AD estimated by Doody et al. 
[26] and Feldman et al. [27] respectively. Mean sur-
vival was also greater than the 6.08 years reported 
for a  large sample of pre-senile dementia cases in 
the north of England, UK, but which comprised large-
ly AD and vascular dementia (VD) [36]. Survival was 
increased compared with that reported for a specif-

ic group of AD cases, which had vascular disease 
co-morbidity, in which mean survival was less than 
five years [27]. This difference probably reflects the 
relative ages of the cases, vascular disease co-mor-
bidity being less of a factor in pre-senile dementia. 
Median survival of the group (7 years), however, 
was similar to that of 61 pathologically confirmed 
FTLD patients [32]. Survival was reduced compared 
with a  specific clinical subtype of FTLD, viz. svPPA, 
in which 50% of patients survived more than 12.8 
years [33]. 

Two distinct subtypes of dementia progression 
have been identified, especially in AD [47,54,58], 
cases having either a very short (median survival 10 
months) or a significantly longer survival and which 
may reflect education level [18,21]. Short survival 
cases were also evident in the present sample of 
FTLD-TDP, nine cases surviving for two years or less. 
A  multiple discriminant analysis (MDA) [6] which 
compared these cases with the remaining FTLD-TDP 
cases suggested that reduced survival was not asso-
ciated with different ages at death, disease onset, 
brain weight at post-mortem, difference in quantita-
tive neuropathology, or co-morbidity. 

No significant difference in survival was observed 
between males and females with FTLD-TDP, contrast-
ing with some studies which show poorer survival 
in males with dementia [21,26,29]. In addition, the 
data suggested that survival was similar in familial 
and sporadic FTLD-TDP. This result contrasts with AD 
in which familial cases in general and cases specifi-
cally linked to presenilin 1 (PSEN1) mutation exhibit-
ed increased survival [5]. 

The data suggest that the presence of co-mor-
bidity had a significant effect on survival, associat-
ed MND significantly shortening the lifespan. This 
result is similar to that previously reported for FTD-
MND, which exhibited substantially reduced survival 
(median survival 3 years) [33]. Similarly in AD, the 
presence of at least one co-morbidity decreased sur-
vival [5,67] and the presence of combined co-mor-
bidity and functional disability was an important 
predictor of lower survival [66]. In FTLD-TDP, howev-
er, the presence of associated AD or HS increased 
survival, suggesting possible synergistic interactions 
between competing pathologies. Consistent with 
this suggestion, Hodges et al. [32] found that the 
presence of tau pathology in FTLD improved progno-
sis (median survival 9.07). However, caution is nec-
essary in interpreting these results as, first, HR for 
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AD varied between time intervals and the time-de-
pendent covariate was significant (t = 2.23, p < 0.05), 
thus violating the assumption of proportionality, 
and, second, numbers of patients were small. Bowen 
et al. [14] also found a strong association between 
decreased survival in AD and cardiovascular disease 
(CVD), regarded as a significant determinant of pro-
gression to dementia. No effect of CVD or hyper-
tension on survival, however, has been observed 
in other studies of AD [62] or in Down’s syndrome 
(DS) patients [22], who frequently develop AD-type 
pathology [42,43,45]. Accurate quantitative data on 
CVD load, e.g., lacunar infarcts, micro-infarcts, and 
atherosclerosis of large vessels, were not available 
for many of the FTLD-TDP cases studied, but avail-
able data from some cases suggested that CVD load 
was significantly lower than in AD [5].

Whether brain weight significantly changes over 
the course of dementia has been controversial [5]. 
There are limitations in studying this complex vari-
able post-mortem as many factors can influence 
brain weight, including body height and weight and 
the presence of systemic disease such as osteopo-
rosis [5]. In the present study, lower brain weights 
were associated with better survival consistent with 
a gradual loss of brain volume in FTLD-TDP with dis-
ease progression. By contrast, in one study of AD, 
poorer survival was associated with lower gray mat-
ter volume, and smaller volume reductions in brain 
predicted better survival [56]. 

Cox regression analysis incorporating Bonferroni 
correction suggested that the density of NCI was 
positively associated with decreased survival in the 
ITG, suggesting either that abundant NCI could short-
en survival times or that NCI could be characteristic 
of the early stages of the disease, being lost as the 
disease progresses. By contrast, the density of EN in 
the PHG was negatively associated with decreased 
survival, suggesting either that EN developed later 
in the disease or they could represent the earliest 
affected regions exposed to accumulating patholo-
gy over time. Studies suggest that pathological pro-
teins in various neurodegenerative disorders may 
spread through the brain via anatomical connections 
[7,30,57]. In AD, for example, this spread frequently 
occurs from an origin in the medial temporal lobe to 
the cortical association areas and hippocampus, and 
then to the primary sensory areas [8,25,49]. Patho-
genic TDP-43 may also exhibit this property, and 
therefore changes in density with duration in specif-

ic areas could reflect this spread. That the density of 
a ‘signature’ pathological change, viz., NCI, may vary 
with degree of survival has implications for both the 
neuropathological characterization and subtyping of 
FTLD-TDP, which rely on the relative density and dis-
tribution of TDP-43-reactive inclusions [20]. 

In conclusion, factors associated with surviv-
al were studied in 84 cases of pre-senile dementia 
frontotemporal dementia lobar degeneration (FTLD) 
with transactive response (TAR) DNA-binding pro-
tein of 43 kDa (TDP-43) proteinopathy (FTLD-TDP). 
The data suggested that survival in FTLD-TDP was 
greater than typical for the pre-senile dementias but 
shorter than some clinical subtypes such as SD. In 
addition, MND co-morbidity is a predictor of shorter 
survival times. There are also changes in the densi-
ty of some neuropathological changes with survival, 
and hence the data may have implications for both 
diagnosis and subtyping of FTLD-TDP.

Acknowledgments

I thank the following for making tissue sections 
available for this study: Knight Alzheimer’s Disease 
Research Center, Washington University School of 
Medicine, St. Louis, MO, USA, William Ellis (Depart-
ment of Pathology, University of California, Davis, 
Sacramento, CA, USA), Ronald L. Hamilton (Depart-
ment of Pathology, University of Pittsburgh, Pitts-
burgh, PA, USA), Ian R. A. Mackenzie (Department of 
Pathology, Vancouver General Hospital, Vancouver, 
Canada), E. Tessa Hedley-Whyte (Massachusetts 
General Hospital and Harvard Brain Tissue Resource 
Center, Belmont, MA, USA), Marla Gearing (Center 
for Neurodegenerative Disease, Emory University, 
Atlanta, GA, USA). 

Disclosure

Author reports no conflict of interest. 

References

1.	 Amandor-Ortiz C, Lin WL, Ahmed Z, Personett D, Davies P, Dua- 

ra R, Graff-Radford NR, Hutton ML, Dickson DW. TDP-43 immu-

noreactivity in hippocampal sclerosis and Alzheimer’s disease. 

Ann Neurol 2007; 61: 435-445.

2.	 Armstrong RA. Correlations between the morphology of diffuse 

and primitive b-amyloid (Ab) deposits and the frequency of 

associated cells in Down’s syndrome. Neuropath Appl Neurobiol 

1996; 22: 527-530.

http://rcin.org.pl 



146 Folia Neuropathologica 2016; 54/2

Richard A. Armstrong

3.	 Armstrong RA. Quantifying the pathology of neurodegenerative 
disorders: quantitative measurements, sampling strategies and 
data analysis. Histopathology 2003; 42: 521-529.

4.	Armstrong RA. A quantitative study of abnormally enlarged 
neurons in cognitively normal brain and neurodegenerative 
disease. Clin Neuropathol 2013; 32: 128-134.

5.	 Armstrong RA. Factors determining disease duration in Alz-
heimer’s disease: A postmortem study of 103 cases using the 
Kaplan-Meir estimator and Cox regression. Biomed Intern 2014; 
Article ID: 623487.

6.	Armstrong RA, Hilton AC. Statistical analysis in microbiology: 
Statnotes. Wiley-Blackwell, Hoboken, New Jersey 2011.

7.	 Armstrong RA, Cairns NJ. Different molecular pathologies result 
in similar spatial patterns of cellular inclusions in neurodegen-
erative disease: a comparative study of eight disorders. J Neural 
Transm 2012; 119: 1551-1560.

8.	 Armstrong RA, Myers D, Smith CUM. Alzheimer’s disease: size class 
frequency distributions of senile plaques: do they indicate when 
a brain tissue was affected? Neurosci Lett 1991; 127: 223-226.

9.	Armstrong RA, Ironside J, Lantos PL, Cairns NJ. A quantitative 
study of the pathological changes in the cerebellum of 15 cases 
of variant Creutzfeldt-Jakob disease. Neuropathol Appl Neurobiol 
2009; 35: 36-45.

10.	Armstrong RA, Ellis W, Hamilton RL, Mackenzie IRA, Hedreen J, 
Gearing M, Montine T, Vonsattel J-P, Head E, Lieberman AP, 
Cairns NJ.  Neuropathological heterogeneity in frontotemporal 
lobar degeneration with TDP-43 proteinopathy: a quantitative 
study of 94 cases using principal components analysis. J Neural 
Transm 2010; 117: 227-239.

11.	 Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademak-
ers R, Lindholm C, Snowden J, Adamson J, Sadovnick AD, Rollin
son S, Cannon A, Dwosh E, Neary D, Melquist S, Richardson A, 
Dickson D, Berger Z, Eriksen J, Robinson T, Zehr C, Dickey CA, 
Crook R, McGowan E, Mann D, Boeve B, Feldman H, Hutton M. 
Mutations in progranulin cause tau-negative frontotemporal 
dementia linked to chromosome 17. Nature 2006; 442: 916-919.

12.	Bang J, Spina S, Miller BL. Frontotemporal dementia. Lancet 
2015; 386: 1672-1682.

13.	Behrens MI, Mukherjee O, Tu PH, Liscic RM, Grinberg LT, Car-
ter D, Paulsmeyer K, Taylor-Reinwald L, Gitcho M, Norton JB, 
Chakraverty S, Goate AM, Morris JC, Cairns NJ. Neuropatho-
logic heterogeneity in HDDD1: a familial frontotemporal lobar 
degeneration with ubiquitin-positive inclusions and progranu-
lin mutation. Alz Dis Assoc Disord 2007; 21: 1-7.

14.	Bowen JD, Malter AD, Shepperd L, Kukull WA, McCormick WC,  
Teri L, Larson EB. Predictors of mortality in patients diagnosed 
with probable Alzheimer’s disease. Neurology 1996; 47: 433-439.

15.	Braak H, Braak E. Neuropathological staging of Alzheimer-related 
changes. Acta Neuropathol 1991; 82: 239-259.

16.	Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K. 
Staging of Alzheimer disease-associated neurofibrillary pathol-
ogy using paraffin sections and immunocytochemistry. Acta 
Neuropathol 2006; 112: 389-404.

17.	Brodaty H, K. Seeher K, Gibson L. Dementia time to death: 
a systematic literature review on survival time and years of life 
lost in people with dementia. Intern Psychogeriatr 2012; 24: 
1034-1045.

18.	Bruandet A, Richard F, Bombois S, Maurage CA, Masse I, 

Amouyel P, Pasquier F. Cognitive decline and survival in Alzhei-

mer’s disease according to education level. Dement Cog Geriatr 

2008; 25: 74-80.

19.	Cairns NJ, Neumann M, Bigio EH, Holm IE, Troost D, Hatan- 

paa KJ, Foong C, White CL III, Schneider JA, Kretzschmar HA, 

Carter D, Taylor-Reinwald L, Paulsmeyer K, Strider J, Gitcho M, 

Goate AM, Morris JC, Mishra M, Kwong LK, Steiber A, Xu Y, 

Forman MS, Trojanowski JQ, Lee VMY, Mackenzie IRA. TDP-43 

familial and sporadic frontotemporal lobar degeneration with 

ubiquitin inclusions. Am J Pathol 2007; 171: 227-240.

20.	Cairns NJ, Bigio EH, Mackenzie IRA, Neumann M, Lee VMY, 

Hatanpaa KJ, White CL, Schneider JA, Grinberg LT, Halliday G, 

Duyckaerts C, Lowe JS, Holm IE, Tolnay M, Okamoto K, Yokoo H, 

Murayama S, Woulfe J, Munoz DG, Dickson DW, Ince PG, Tro-

janowski JQ, Mann DMA. Neuropathologic diagnostic and noso-

logical criteria for frontotemporal lobar degeneration: consen-

sus of the Consortium for Frontotemporal Lobar Degeneration. 

Acta Neuropathol 2007; 114: 5-22.

21.	Claus JJ, van Gool WA, Teunisse S, Walstra GJM, Kwa VIH, Hij- 

dra A, Verbeeten B, Koelman JHTM, Bour LJ, De Visser BWO.  

Predicting survival in patients with early Alzheimer’s disease. 

Dem Cogn Geriatr 1998; 9: 284-293.

22.	Coppus AMW, Evenhuis HM, Verberne GJ, Visser FE, Oostra BA, 

Eikelenboom P, van Gool WA, Janssens ACJW, van Duijn CM. Sur-

vival in elderly persons with Down’s syndrome. Am Geriatr Soc 

2008; 6: 2311-2316.

23.	Cruts M, Gijselink I, van der ZJ, Engelborgs S, Wils H, Piri-

ci D, Radamakers R, Vandenberghe R, Dermaut B, Martin JJ,  

van Duijn C, Peeters K, Sciot R, Santens P, De pooter T, Mat-

theijssens M, van den BM, Cuijt I, Vennekens K, De Deyn PP, 

Kumar-Singh S, Van Broeckhoven C. Null mutations in progranu-

lin cause ubiquitin-positive frontotemporal dementia linked to 

chromosome 17q21. Nature 2006; 442: 920-924.

24.	Davidson Y, Kelley T, Mackenzie IRA, Pickering Brown S, Du Ples-

sis D, Neary D, Snowden JS, Mann DMA. Ubiquinated patholog-

ical lesions in frontotemporal lobar degeneration contain TAR 

DNA-binding protein, TDP-43. Acta Neuropathol 2007; 113: 521-

533.

25.	De Lacoste M, White CL. The role of cortical connectivity in Alz-

heimer’s disease pathogenesis: a review and model system. 

Neurobiol Aging 1993; 14: 1-16.

26.	Doody R, Pavlik V, Massman P, Kenan M, Yeh S, Powell S, Cooke N, 

Dyer C, demirovic J, waring S, Chan WY. Changing patient char-

acteristics and survival experience in an Alzheimer’s center pa

tient cohort. Dem Cogn Geriatr 2005; 20: 198-208.

27.	Feldman HH, Pirttila T, Dartigues JF, Everitt B, van Baelen B, 

Brashear HR, Berlin JA, Battisti WP, Kavanagh S. Analysis of mor-

tality risk in patients with dementia treated with galantamine. 

Acta Neurol Scand 2009; 119: 22-31.

28.	Forman MS, Mackenzie IR, Cairns NJ, Swanson E, Boyer PJ, 

Drachman DA, Jhaveri BS, Karlawish JH, Pestrvik A, Smith TN, 

Tu PH, Watts GDJ, Markesbery WR, Smith CD, Kimonis VE. Nov-

el ubiquitin neuropathology in frontotemporal dementia with 

valosin-containing protein gene mutations. J Neuropathol Exp 

Neurol 2006; 65: 571-581. 

http://rcin.org.pl 



147Folia Neuropathologica 2016; 54/2

Survival in FTLD-TDP

29.	Gambassi G, Lapane KL, Landi F, Sgaderi A, Mor V, Bernabel R. 

Sex differences in the relation between co-morbidity and mor-

tality of patients with Alzheimer’s disease. Neurology 1999; 53: 

508-516.

30.	Goedert M, Clavaguera F, Tolnay M. The propagation of prion- 

like protein inclusions in neurodegenerative diseases. Trends 

Neurosci 2010; 33: 317-325.

31.	Hatanpaa KJ, Bigio EH, Cairns NJ, Womack KB, Weintraub S, 

Morris JC, Foong C, Xiao GH, Hladik C, Mantanona TY, White CL. 

TAR DNA-binding protein 43 immunohistochemistry reveals 

extensive neuritic pathology in FTLD-U: A Midwest-Southwest 

Consortium for FTLD-U study. J Neuropathol Exp Neurol 2008; 

67: 271-279.

32.	Hodges JR, Davies R, Xuereb J, Kril J, Halliday G. Survival in fron-

totemporal dementia. Neurology 2003; 61: 349-354.

33.	Hodges JR, Mitchell J, Dawson K, Spillantini MG, Xuereb JH, 

McMonagle P, Nestor PJ, Patterson K. Semantic dementia: demo

graphy, familial factors and survival in a consecutive series of 

100 cases. Brain 2010; 133: 300-306.

34.	Josephs KA, Knopman DS, Whitwell JL, Boeve BF, Parisi JE, Peters-

en RC, Dickson DW. Survival in the two variants of tau negative 

FTLD: FTLD-U versus FTLD-MND. Neurology 2005; 65: 645-647.

35.	Josephs KA, Whitwell JL, Jack CR, Parisi JE, Dickson DW. Fronto-

temporal lobar degeneration without lobar atrophy. Arch Neurol 

2006; 63: 1632-1638.

36.	Kay DWK, Forster DP, Newens AJ. Long-term survival, place of 

death, and death certification in clinically diagnosed pre-senile 

dementia in northern England: follow-up after 8-12 years. Brit  

J Psychiatr 2000; 177: 156-162.

37.	Kersaitis C, Holliday GM, Xuereb JH, Pamphlett R, Bak TH, Hodg-

es JR, Kril JJ. Ubiquitin-positive inclusions and progression of 

pathology in FTD and MND identifies a group with mainly early 

pathology. Neuropathol Appl Neurobiol 2006; 32: 83-91.

38.	Kovari E, Gold G, Giannakopoulos P, Bouras C. Cortical ubiquitin 

positive inclusions in frontotemporal dementia without motor 

neuron disease: a quantitative immunocytochemical study. Acta 

Neuropathol 2004; 108: 207-212.

39.	Luty AA, Kwok JBJ, Thompson EM, Blumsbergs P, Brooks WS, 

Loy CT, Dobson-Stone C, Panegyres PK, Hecker J, Nicholson GA, 

Halliday GM, Schofield PR. Pedigree with frontotemporal lobar 

degeneration-motor neuron disease and Tar DNA binding pro-

tein-43 positive neuropathology: genetic linkage to chromo-

some 9. BMC Neurology 2008; 8: 32. 

40.	Mackenzie IR, Baborie A, Pickering-Brown S, Du Plessis D, Jaros E, 

Perry RH, Neary D, Snowden JS, Mann DMA. Heterogeneity of 

ubiquitin pathology in frontotemporal lobar degeneration: clas-

sification and relation to clinical phenotype. Acta Neuropathol 

2006; 112: 539-549.

41.	Mackenzie IRA, Baker M, Pickering-Brown S, Hsinng GYR, Lind-

holm C, Dwosh E, Cannon A, Rademakers R, Hutton M, Feld- 

man HH. The neuropathology of frontotemporal lobar degener-

ation caused by mutations in the progranulin gene. Brain 2006; 

129: 3081-3090.

42.	Mann DMA, Esiri MM. The pattern of acquisition of plaques and 

tangles in the brains of patients under 50 years of age with 

Down’s syndrome. J Neurol Sci 1989; 89: 169-179.

43.	Mann DMA, Younis N, Jones D, Stoddart RW. The time course 

of the pathological events in Down’s syndrome with particular 

reference to the involvement of microglial cells and deposits of 

b/A4. Neurodegeneration 1992; 1: 201-215.

44.	Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ, Brownlee LM, 

Vogel FS, Hughes JP, van Belle G, Berg L et al. The consortium 

to establish a registry for Alzheimer’s disease (CERAD). II. Stan-

dardisation of the neuropathologic assessment of Alzheimer’s 

disease. Neurology 1991; 41: 479-486.

45.	Motte J, Williams RS. Age-related changes in the density and 

morphology of plaques and neurofibrillary tangles in Down 

syndrome brain. Acta Neuropathol 1989; 77: 535-546.

46.	Mukherjee O, Pastor P, Cairns NJ, Chakraaverty S, Kauwe JSK, 

Shears S, Behrens MI, Budde J, Hinrichs AL, Norton J, Levitch D, 

Taylor-Reinwald L, Gitcho M, Tu PH, Grinberg LT, Liscic RM, 

Armendariz J, Morris JC, Goate AM. HDDD2 is a familial fron-

totemporal lobar degeneration with ubiquitin-positive tau-neg-

ative inclusions caused by a missense mutation in the signal 

peptide of progranulin. Ann Neurol 2006; 60: 314-322.

47.	Musicco M, Salamone G, Caltagirone C, Cravello L, Fadda L, 

Lupio F, Mosti S, Perri R, Palmer K. Neuropsychological predic-

tors of rapidly progressing patients with Alzheimer’s disease. 

Dem Cogn Geriatr 2010; 30: 219-228.

48.	Nitrini R, Caramelli P, Herrera E, de Castro I, Bahia VS, Anghi-

nah R, Caixeta LF, Radanovic M, Charchat-Fichman H, Porto CS, 

Carthery MT, Hartmann APJ. Huang N, Smid J, Lima EP, Taka-

hashi DY, Takada LT. Mortality from dementia in a community 

dwelling Brazilian population. Int J Geriatr Psych 2005; 20: 247-

253.

49.	Pearson RCA, Esiri MM, Hiorns RW, Wilcock GK, Powell TPS. 

Anatomical correlates of the distribution of the pathological 

changes in the neocortex in Alzheimer’s disease. Proc Natl Acad 

Sci U S A 1985; 82: 4531-4534.

50.	Pirici D, Vandenberghe R, Rademakers R, Dermant B, Cruts M, 

Vennekens K, Cuijt I, Lubke U, Centerick C, Martin JJ, Van Broeck- 

hoven C, Kumar-Singh S. Characterization of ubiquinated 

intraneuronal inclusions in a novel Belgian frontotemporal 

lobar degeneration family. J Neuropath Exp Neurol 2006; 65: 

289-301.

51.	Rademakers R, Hutton M. The genetics of frontotemporal lobar 

degeneration. Curr Neurol Neurosci Rep 2007; 7: 434-442.

52.	Renton AE, Majounie E, Waite A, Simón-Sánchez J, Rollinson S, 

Gibbs JR, Schymick JC, Laaksovirta H, van Swieten JC, Myllykan-

gas L, Kalimo H, Paetou A, Abramzon Y, Remes AM, Kaganovitch A, 

Scholz SW, Duckworth J, Ding J, Harmer DW, Hernandez DG, 

Johnson JO, Mok K, Ryten M, Trabzuni D, Guerreiro RJ, Orrell RW, 

Neal J, Murray A, Pearson J, Jansen IE, Sondervan D, Seelaar H, 

Blake D, Young K, Halliwell N, Callister JB, Toulson G, Ricahrdson A, 

Gerhard A, Snowden J, Mann D, Neary D, Nalls MA, Peuralinna T, 

Jansson L, Isoviita VM, Kalvorinne AL, Hölttä-Vuori M, Ikonen E, 

Sulkava R, Benatar M, Wuu J, chio A, Restagno G, Borghero G, 

Sabatelli M, The ITALSGEN Consortium, Heckerman D, Rogaeva E, 

Zinman L, Rothstein JD, Sendtner M, Drepper C, Eichler EE, Alkan C, 

Abdullaev Z, Pack SD, Dutra A, Pak E, Hardy J, Singleton A, Wil-

liams NM, Heutink P, Pickering-Brown S, Morris HR, Tienari PJ, 

Traynor BJ. A hexanucleotide repeat expansion in C9ORF72 is 

http://rcin.org.pl 



148 Folia Neuropathologica 2016; 54/2

Richard A. Armstrong

the cause of chromosome 9p21-linked ALS-FTD. Neuron 2011; 
72: 257-268. 

53.	Sampathu DM, Neumann M, Kwong LK, Chou TT, Micsenyi M, 
Truax A, Bruce J, Grossman M, Trojanowski JQ, Lee VM. Patholog-
ical heterogeneity of frontotemporal lobar degeneration with 
ubiquitin-positive inclusions delineated by ubiquitin immono-
histochemistry and novel monoclonal antibodies. Am J Pathol 
2006; 189: 1343-1352.

54.	Schmidt C, Haik S, Satoh K, Rabano A, Martinez-Martin P, Roe- 
ber S, Brandel JP, de Pedro-Cuesta J, Laplanche JL, Kretzschmar H, 
Zerr I. Rapidly progressive Alzheimer’s disease: a multicenter 
update. J Alz Dis 2010; 30: 751-756.

55.	Snowden J, Neary D, Mann D. Frontotemporal lobar degenera-
tion: clinical and pathological relationships. Acta Neuropathol 
2007; 114: 31-38.

56.	Staff RT, Murray AD, Ahearn T, Salarirad S, MOwat D, Starr JM, 
Deary IJ, Lemmon H, Whalley LJ. Brain volume and survival from 
age 78 to 85: the contribution of Alzheimer-type magnetic reso-
nance imaging findings. J Am Geriatr 2010; 58: 688-695.

57.	Steiner JA, Angot E, Brunden P. A deadly spread: cellular mech-
anisms of a-synuclein transfer. Cell Death Differ 2011; 18: 1425-
1433.

58.	Thalhauser CJ, Komarova NL. Alzheimer’s disease: rapid and 
slow progression. J Roy Soc 2012; 9: 119-126.

59.	Tolnay M, Probst A. Frontotemporal lobar degeneration – tau as 
a pied piper? Neurogenetics 2002; 4: 63-75.

60.	Ueki A, Shinjo H, Shimode H, Nakajima T, Morita Y. Factors asso-
ciated with mortality in patients with early-onset Alzheimer’s 
disease: a five year longitudinal study. Int J Geriatr Psych 2001; 
16: 810-815.

61.	Van Deerlin VM, Wood EM, Moore P, Yuan W, Forman MS,  
Clark CM, Neumann M, Kwong LK, Trojanowski JQ, Lee VMY, 
Grossman M. Clinical, genetic and pathologic characteristics of 
patients with frontotemporal dementia and progranulin muta-
tion. Arch Neurol 2007; 64: 1148-1153.

62.	Weiner MF, Risser RC. Effect of educational attainment on sur-
vival in Alzheimer’s disease. Alzheim Rep 1998; 1: 369-374.

63.	Whitwell JL, Jack CR, Serijeni ML, Josephs KA. Patterns of atrophy 
in pathologically confirmed FTLD with or without motor neuron 
degeneration. Neurology 2006; 66: 102-104.

64.	Woulfe J, Kertesz A, Munoz DG. Frontotemporal dementia with 
ubiquinated cytoplasmic and intranuclear inclusions. Acta 
Neuropathol 2001; 102: 94-102.

65.	Yaguchi M, Fujita Y, Amari M, Takatama M, Al-Sarraj S, Leigh PN, 
Okamoto K. Morphological differences of intraneural ubiquitin 
positive inclusions in the dentate gyrus and parahippocampal 
gyrus of motor neuron disease with dementia. Neuropathology 
2004; 24: 296-301.

66.	Zekry D, Herrmann FR, C.E. Graf CE, Gianelli S, Michel JP, Gold G, 
Krause KH. High levels of co-morbidity and disability cancel out 
the dementia effect in predictions of long-term mortality after 
discharge in the very old. Dem Cogn Geriatr 2011; 32: 103-110.

67.	Zhou B, Zhao QH, Teramukai S, Ding D, Guo QH, Fukushimna M. 
Executive function predicts survival in Alzheimer’s disease. J Alz 
Dis 2010; 22: 673-682. 

http://rcin.org.pl 



149Folia Neuropathologica 2016; 54/2

Introduction

Frontotemporal lobar degeneration (FTLD) is 
a heterogeneous disorder with various clinical and 
histological subtypes [22]. FTLD is the second most 
common cause of presenile dementia with differ-

ent genetic subtypes [20]. Despite the fact that 
most cases have a presenile onset, FTLD is not rare 
amongst elderly patients [3]. A  recent neuropatho-
logical study showed that age together with vascu-
lar and Alzheimer-related co-pathology contributes 
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to the morphological appearance of FTLD-tau [23]. 
In our recent neuropathological assessment of small 
cerebrovascular lesions, only a prevalence of white 
matter changes was observed in the FTLD brains, 
compared to age-matched controls [10]. These find-
ings are in contrast to the high incidence of macro- 
and micro-infarcts, and hematomas and small cere-
bral bleeds observed in brains of patients with Alz-
heimer’s disease (AD), in particular in those with 
associated cerebral amyloid angiopathy (CAA) [6,7].

Cerebral microbleeds (CMBs) are frequently de
tected on T2*-weighted gradient-echo magnetic res-
onance imaging (MRI) of patients with small-vessel 
diseases [26]. They are also found in asymptomatic 
patients as well as in those with various degrees 
of cognitive impairment [5]. The number of CMBs 
detected during life depends on the MRI character-
istics, such as pulse sequence, sequence parame-
ters, spatial resolution, magnetic field strength and 
image post-processing [17]. 7.0-tesla T2*-weighted 
gradient-echo MRI is able to detect reliably even 
the smallest bleeds in the cerebral cortex (CoMBs) 
on post-mortem brain sections [8]. This technique 
allows to determine the topographic distribution and 
to quantify the number of CoMBs on a large number 
of brain sections [25]. In our previous study we have 
demonstrated a significant prevalence of CoMBs in 
the deep cortical layers of the frontal cortex in FTLD 
[9]. However this frontal predominance of CoMBs is 
also observed in AD brains with and without CAA 
and in controls [14].

The aim of the present post-mortem MRI study is 
to compare the prevalence of CoMBs in twenty-two 
different cortical gyri of pure FTLD versus controls 
in order to determine their eventual clinical impact.

Material and methods

Twenty-three patients, followed-up at the Lille Uni-
versity Hospital underwent an autopsy. The cohorts 
consisted of 11 patients with FTLD and 12 controls 
who had no clinical history of dementia or stroke.  
The vascular risk factors were registered from the 
clinical files. The median age at disease onset of  
the FTLD patients was 54 (interquartile range of 
46-64) years. The clinical phenotype of the FTLD 
patients was the behavioral variant in 9 and seman-
tic dementia in 2. Two patients had in addition 
amyotrophic lateral sclerosis. None of them had on 
neuropathological examination Alzheimer features 

or some degree of amyloid angiopathy. The post- 
mortem diagnosis of FTLD was made according to 
the neuropathological diagnostic and the nosologi-
cal criteria of the Consortium for FTLD [4]. The main 
histological subtypes were FTLD-Tau in 3, FTLD-TDP-A 
in 1, FTLD-TDP-B in 3, FTLD-TDP-C in 3 brains and  
FTLD-FUS in 1 brain.

Previously obtained informed consent of the pa
tients or from the nearest family allowed an autopsy 
for diagnostic and scientific purposes. The brain tis-
sue samples were acquired from the Lille Neuro-Bank 
of the Lille University, federated to the Centre de 
Ressources Biologiques that acted as an institutional 
review board.

One fresh cerebral hemisphere was deeply frozen 
for biochemical examination. The remaining hemi-
sphere, the brainstem and most of the cerebellum 
were fixed in formalin for 3 weeks. 

The patients with FTLD were compared concern-
ing the incidence of CoMBs to the control group.

Neuropathological examination

The diagnosis of FTLD was made according to 
a standard procedure examining samples from the 
primary motor cortex, the associated frontal, tem-
poral and parietal cortex, the primary and secondary 
visual cortex, the cingulate gyrus, the basal nucleus 
of Meynert, the amygdaloid body, the hippocampus, 
basal ganglia, mesencephalon, pons, medulla and 
cerebellum. Slides from paraffin-embedded sections 
were immune-stained for protein tau, β-amyloid, 
α-synuclein, prion protein and TDP-43. FUS histo-
chemistry was performed in Tau and TDP negative 
cases.

A  quantitative evaluation of the cerebrovas-
cular lesions was performed on a  standard coro-
nal section of a  cerebral hemisphere, at the level 
of the mammillary body according to a  previously 
described method [6].

MRI examination

Six coronal sections of a  cerebral hemisphere 
from each brain were submitted to MRI: one at the 
prefrontal level in front of the frontal horn, one of 
the frontal lobe at the level of the head of the cau-
date nucleus, a  central one near the mammillary 
body, a post-central one, a parietal one at the level 
of the splenium corporis callosi and one at the level 
of the occipital lobe.
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We used a 7.0-tesla MRI Bruker BioSpin SA with 
an issuer-receiver cylinder coil of 72 mm inner diam-
eter (Ettlingen, Germany), according to a  previously 
described method [8]. The brain sections, previous-
ly cleaned from formalin, were placed in a  plastic 
box filled with salt-free water, the size of which 
did not allow significant tissue movements. Three 
MRI sequences were used: a  positioning sequence, 
a T2 sequence and a T2* sequence. The positioning 
sequence allowed determination of the three-direc

tional position of the brain section inside the magnet. 
The thickness of the T2 images was 1 mm. The field 
of view was a 9 cm-square slide that was coded by 
a 256 matrix giving a voxel size of 0.352 × 0.352 × 
1 mm. T2 weighted images were obtained by using 
RARE sequence (Rapid Acquisition with Relaxation 
Enhancement) with repetition time (TR), echo time 
(TE) and RARE factor of 2,500 ms, 33 ms and 8, respec-
tively. The acquisition time of this sequence was 80 s 
The thickness of the T2* images was 0.20 mm.  

Table I. Brain regions and gyri of interest on magnetic resonance imaging

Frontal lobe Temporal lobe Parietal lobe Occipital lobe

Frontalis inferior Temporalis inferior Postcentralis Lingualis

Frontalis medius Temporalis medius Insula Precuneus

Frontalis superior Temporalis superior Parietalis inferior Cuneus

Precentralis Hippocampus Parietalis medius Occipitotemporalls

Rectus Dentatus Parietalis superior

Orbitalis Parahippocampalis Cinguli

Table II. Comparison of the patients’ characteristics, vascular risk factors and ranking values of the different 
neuropathological lesions in the control brains and those with frontotemporal lobar degeneration (FTLD)

Items Control
(n = 12)

FTLD
(n = 11)

p value

Median age in years (IQR) at decease 67 (58-78) 67 (62-68) 0.52

Gender (% of males) 42 27 0.67 

Vascular risk factors (%)  

Arterial hypertension 17 18 1.0

Diabetes 17 18 1.0

Hypercholesterolemia 17 18 1.0

Smoking 0 0 1.0 

Antithrombotic drug use 25 18 1.0

Neuropathological lesions: ranking scores (standard deviations)

White matter changes 0.3 (0.8) 1.5 (1.1) 0.01 

Lacunar infarcts 0.0 (0.0) 0.2 (0.7) 0.70

Territorial infarcts 0.0 (0.0) 0.0 (0.0) 1.0    

Haematomas 0.1 (0.3) 0.0 (0.0) 0.70

Cortical microinfarcts 0.1 (0.3) 0.1 (0.3) 0.60

Cortical microbleeds 0.1 (0.3) 0.9 (0.8) 0.04

IQR – interquartile range
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The field of view was also a 9 cm2. It was coded by 
a 512 matrix, giving a voxel size of 0.176 × 0.176 ×  
0.2 mm. The slice thickness corresponded to the 
upper part of the brain section. This sequence was 
a GRE sequence with a short TR of 60 ms and TE of 

Fig. 1. Mean values of cortical microbleeds in the 
six coronal sections on T2*-weighted gradient- 
echo (GRE) magnetic resonance imaging of 
brains with frontotemporal lobar degeneration 
compared to those with Alzheimer’s disease 
and to controls. Although their numbers are dif-
ferent between the three groups, they all display 
a similar anterior-posterior decreasing gradient 
of cortical microbleeds.

Fig. 2. Cortical microbleeds (arrows) on T2*-weighted gradient-echo (GRE) magnetic resonance imaging in 
the gyrus frontalis superior (A) and in the gyrus frontalis inferior (B).
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22 ms, a flip angle of 30° and number of excitation  
of 20. The acquisition time of the sequence was 10 
minutes.

The total number and the location of CoMBs 
was determined in 22 gyri of each brain (Table I) by 
consensus evaluation by three observers (JDR, FA, 
ND) blinded to the neuropathological diagnosis and 
based on comparison of brain sections of an ana-
tomical atlas [19]. The inter-rater reliability result-
ed in an interclass correlation coefficient of 0.79.  
The mean values of CoMBs in FTLD brains were com-
pared to the controls.

Statistical analyses

Univariate comparisons of unpaired groups were 
performed with the Fisher’s exact test for categori-
cal data. The non-parametric Mann-Whitney U-test 
was used to compare continuous variables. The sig-
nificance level, two-tailed, was set at ≤ 0.01 for sig-
nificant and ≤ 0.001 for highly significant. Values set 
at ≤ 0.05 and more than > 0.01 were considered as 
marginal significant and not included as relevant due 
to the relative small sample sizes.

Results

The FTLD and control groups did not show any 
statistical differences according to age, gender dis-
tribution and vascular risk factors. However, on the 
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neuropathological examination, white matter chang-
es were significantly increased in the FTLD group 
compared to the control group (p = 0.01), while only 
marginally increased for the CoMBs. The other cere-
brovascular lesions were rare and not statistical dif-
ferent between both groups (Table II).

When comparing on MRI the mean values of 
CoMBs in the six coronal sections on T2* GRE MRI  
an anterior-posterior decreasing gradient was ob
served in the FTLD as well as in the AD and the con-
trol brains (Fig. 1).

The mean values of CMBs in FTLD brains were 
significantly higher in the frontal superior gyrus and 
in the insular cortex (p ≤ 0.001) (Fig. 2) and signifi-
cantly in the frontal inferior and the temporal supe-
rior gyri (p ≤ 0.01) (Fig. 3), compared to the control 
brains (Table III).

Discussion

The present study confirms that associated cere-
brovascular lesions are rare in FTLD due to tau, TAR 
DNA-binding protein 43 and FUS [24]. Although in 
brains of elderly patients suffering from neurode-
generative diseases multiple pathologies are usually 
present [2], our series consist of pure types of FTLD 
allowing to determine more exactly the topography 

of CoMBs related to this disease spectrum. Despite 
a  similar global bleeding load in FTLD and in age-
matched control brains [11], a similar anterior-pos-
terior decreasing gradient of CoMBs is observed on 
the sequential hemispheric sections. This is also 
common to AD brains with or without CAA [14]. This 
similarity is probably related to the larger develop-
ment of the frontal lobe compared to the parietal 
and occipital lobes [21].

However, the main findings in this study are that 
the CoMBs predominate in the superior and infe-
rior frontal gyri, the superior temporal gyrus and  
the insular cortex, regions that are most affected by 
the neurodegenerative process [1].

The findings in FTLD share similarity with those 
observed in our post-mortem 7.0-tesla MRI study in 
progressive supranuclear palsy, in which small bleeds 
are mainly found around the dentate nucleus of the 
cerebellum and in the tegmentum pontis, where also 
the major neurodegenerative changes occur [12].

There is no evidence for increased angiogenesis 
and microglial activation in the neuropathologically 
most affected regions of different neurodegenerative 
diseases such as in Alzheimer, Parkinson, progressive 
supranuclear palsy, and incidental Lewy body dis-
ease. Such neo-angiogenic vessels could contribute 

Fig. 3. Cortical microbleeds (arrows) on T2*-weighted gradient-echo (GRE) magnetic resonance imaging  
of the gyrus temporalis superior (A) and in the insular cortex (B).
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to neuroinflammation and lead to disruption of the 
blood-brain barrier [15,16]. The prevalence of CoMBs 
and the white matter changes in FTLD brains should 
not be considered as the hallmark of cerebrovascu-
lar diseases. Also the increased iron accumulation 
observed in the basal ganglia of brains with FTLD 
should not be related to small-vessel ischemic dis-
ease [13] as recently proposed [18].  

The fact that the CoMBs prevail in the regions 
with the most prominent neurodegenerative lesions 
indicates that blood-brain barrier impairments may 
interact with the severity of the neurodegeneration 

in FTLD and are secondary phenomena without im- 
pact on the clinical features of the disease.
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Cuneus 0.5 (0.9) 0.8 (1.5) 0.56 

Occipitotemporalis 0.6 (10) 1.5 (1.1) 0.03
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A b s t r a c t

Imbalance between production and scavenging of free radicals and other reactive oxygen species (ROS) is a com-
ponent of many diseases, but it is especially important in aging-related diseases of the central nervous system.  
Oxidative stress-induced neuronal dysfunction plays an important role in the pathomechanism of neurodegenerative 
disorders, including Alzheimer’s and Parkinson’s disease. Experimental data showed that free radical scavengers 
may protect the brain against oxidative modifications. The need for efficient and safe antioxidants with therapeutic 
potential stimulated the rise of interest in the medicinal plant products, which are a rich source of phytochemicals 
possessing biological activity. In our studies we focused on alkaloid fractions (AFs) isolated from club moss, Huper-
zia selago and Diphasiastrum complanatum, due to their beneficial activity and exclusive chemical structure. Our 
previous study demonstrated that selected alkaloids from Huperzia selago effectively protect macromolecules from  
oxidative damage. Therefore, in the present study we investigated the effects and mechanisms of action of AFs iso-
lated from Huperzia selago and Diphasiastrum complanatum against sodium nitroprusside (SNP)-induced oxidative 
injury in PC12 cells. The results demonstrated that the selected AFs via reduction of nitric oxide (NO) liberation pro-
tected cells against oxidative stress, DNA and mitochondrial damage, as well as apoptosis caused by SNP. Selected 
AF notably decreased SNP-evoked mitochondrial polymerase γ (Polg) up-regulation. Furthermore, AF which con-
tains Lycopodine, Serratidine, Lycoposerramine-G and (probably) Cermizine B completely inhibited the SNP-induced 
expression of interferon-γ (Ifng) and cyclooxygenase 2 (Ptgs2) as well as significantly down-regulated the expression 
of 12/15-lipoxygenase (Alox12) and tended to decrease the mRNA level of interleukin-6 gene (Il6). In conclusion, 
these results suggest that the AFs from Huperzia selago effectively protect PC12 cells against SNP-induced oxidative 
damage by adjusting the level of reactive nitrogen species, suppression of apoptosis and down-regulation of pro- 
inflammatory genes. The compounds present in these AFs could be potential candidates to develop successful drugs 
preventing oxidative damage and apoptosis in age-related neurodegenerative disorders.
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Introduction

Oxidative stress is an important component of 
pathophysiology of countless human diseases, but it is 
especially important in the pathomechanism of neu-
rodegenerative disorders, such as Alzheimer’s (AD) 
and Parkinson’s (PD) disease, multiple sclerosis (MS), 
amyotrophic lateral sclerosis (ALS) and other age-re-
lated diseases [15]. Neuronal cells need large amounts 
of ATP for maintaining a high rate of metabolic activ-
ity, and they pay a high price for their extraordinary 
energy demand – they are highly vulnerable to oxi-
dative stress [19]. Neurons are, comparing with other 
cell types, mostly dependent on oxidative phosphory-
lation as an energy source, therefore they are exposed 
to high oxygen concentration. Moreover, neuronal 
cells are rich in polyunsaturated fatty acids (PUFA) 
that are prone to oxidation [2]. In addition, brain 
contains relatively poor mechanisms of antioxidant 
defense, for example low levels of catalase and gluta-
thione peroxidase [32]. Neurons are enriched in metal 
ions, which accumulate in the brain during aging and 
may catalyze reactive oxygen species (ROS) formation 
[31]. Therefore, it is suggested that oxidative stress 
that increases during brain aging is an important fac-
tor making the aged brain especially susceptible to 
neurodegenerative processes [8]. Excessive genera-
tion of ROS is responsible for macromolecules modifi-
cation, including lipid peroxidation, as well as protein 
and DNA oxidation which in consequence could lead 
to activation of apoptotic signaling and cell death [29]. 
Furthermore, oxidative stress is a deleterious process 
that can affect cellular Ca2+ homeostasis, composi-
tion of cellular membranes and mitochondria func-
tion. Moreover, oxidative stress is a factor stimulating 
protein misfolding in neurodegenerative diseases, it 
can trigger and/or accelerate aggregation of amyloid 
b peptides (Aβ) and a-synuclein (ASN) [38] that are 
critical in the pathogenesis of AD and PD, respective-
ly. Accumulating data suggest that antioxidant sup-
plementation may be effective in the prevention and 
treatment of neurodegenerative diseases [28,30] and 
several natural compounds with antioxidant proper-
ties are being investigated for treatment of AD and 
PD. Some natural products including quercetin [4], 
curcumin [10], caffeic acid [12] and resveratrol [14] 
have been shown to be neuroprotective against oxi-
dative injury. In addition, the antioxidant activities 
of various alkaloids, like berberine and huperzine A, 
have been investigated [33,40] and it has been shown 

that early, regular usage of phytochemicals and their 
derivatives can delay the onset and progression of AD 
[16]. Huperzia selago (L.) Bernh. ex Schrank et Mart., 
a source of huperzine A  (HupA) and other alkaloids 
commonly known as fir club moss (family Huperzia- 
ceae), is a plant of great interest that is used in com-
bating a  wide variety of diseases in European and 
Asian countries [5,22,36]. Plants of the Diphasiastrum 
complanatum (L.) Holub (Lycopodiaceae sensu stricto) 
do not contain HupA but they are rich in alkaloids, 
mostly lycopodine and its derivatives [7]. Our previ-
ous in vitro studies have shown that some alkaloids 
of H. selago exhibit potent antioxidative properties, 
scavenge free radicals and prevent lipid and protein 
oxidation [7]. However, the cytoprotective activity of 
these extracts against ROS-induced cell damage has 
never been studied. Therefore, in this study, we ana-
lyzed whether alkaloid fractions (AFs) isolated from  
H. selago and D. complanatum may protect cells 
against ROS-evoked death and what mechanism 
may be responsible for protective effects of AFs. Sodi-
um nitroprusside (SNP) was used to induce oxidative 
stress in rat pheochromocytoma PC12 cells. This cell 
line exhibits unique sensitivity to oxidants and is 
widely used as a cellular model to study the mech-
anisms of oxidative stress and apoptosis, as well as 
a model for studying antioxidative and cytoprotec-
tive properties of various antioxidants [24,39,41]. 
For example, studies on PC12 cells have shown that 
amyloidogenic proteins, Aβ and ASN induce cytotox-
icity and also elicit excessive free radical production 
[1,11,18], mitochondrial dysfunction [11], apoptosis 
and cell death [20]. Here, we demonstrate that AFs 
prevent or at least markedly attenuate SNP-induced 
oxidative stress and protect PC12 cells from ROS-in-
duced injury.

Material and methods

Chemicals

LDH-cytotoxicity Assay Kit II was purchased from 
BioVision (Mountain View, CA, USA), APO-DIRECT kit 
from BD Biosciences (San Jose, CA, USA), Dulbec-
co’s Modified Eagle’s Medium (DMEM), Fetal Bovine 
Serum (FBS), Horse Serum (HS), penicillin, strepto-
mycin, glutamine, deoxyribonuclease I, 3-(4,5-dime-
hyl-2-tiazolilo)-2,5-diphenyl-2H-tetrazolium bromide 
(MTT), Hoechst 33342, DTT, polyethylenoimine (PEI), 
Pluronic, dimethyl sulfoxide (DMSO), TRI-reagent, 
DNAse I and all other common reagents were from 
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Sigma-Aldrich (St. Louis, MO, USA). High Capacity 
cDNA Reverse Transcription Kit and TaqMan Gene 
Expression Master Mix were from Applied Biosyste-
ms (Foster City, CA, USA). DAF-2 DA was purchased 
from Cayman Chemical Company (Michigan, USA). 
Fluo-4 AM and Rhod-2 AM was purchased from 
Thermo Fischer Scientific Inc. HPLC grade water was 
purchased were from Merck KGaA, Darmstadt, Ger-
many. Huperzine A was purchased from ChromaDex, 
Inc. (Laguna Hills, CA). The reference compounds, 
lycopodine and annotinine, were obtained from the 
Department of Pharmacognosy and Molecular Basis 
of Phytotherapy, Medical University of Warsaw. 

Preparation of alkaloid fractions (AFs) 

Plant material

Aerial parts of H. selago were collected in The Babia 
Gora Biosphere Reserve (Poland) in September 2010. 
Aerial parts of D. complanatum were collected in  
The Masurian Lake District (Poland). Material was 
identified and authenticated by one of the authors. 
Voucher specimens have been deposited in the her-
barium of the Department of Pharmaceutical Biology 
and Medicinal Plant Biotechnology, Medical University 
of Warsaw. 

Preparation and extracts purification

Alkaloid fractions were obtained by a  conven-
tional procedure from MeOH extract and examined 
using TLC and HPLC-DAD as previously reported by 
Czapski et al. [7]. 

Preparation of standard and sample 
solution of alkaloids

Standard solutions of HupA, lycopodine and 
annotinine as well as isolated AFs were dissolved in 
DMSO at a concentration 25 mg/ml which roughly 
corresponds to molar concentration of approximate-
ly 100 mM for this group of alkaloids. Then dilutions 
were prepared in the same DMSO concentration, and 
AFs were used in final concentrations of 0.25 µg/
ml (approximately 1 µM), 2.5 µg/ml (approximately 
10 µM) and 6.25 µg/ml (approximately 25 µM).

Cell culture

Rat pheochromocytoma PC12 cells were a  kind 
gift from Professor A. Eckert (University of Basel, 
Basel, Switzerland). The cells were cultured in DMEM 

supplemented with 10% heat-inactivated fetal 
bovine serum, 5% heat-inactivated horse serum,  
2 mM L-glutamine, 50 U/ml penicillin, 50 mg/ml 
streptomycin in 5% CO2 atmosphere at 37°C. 

Cell treatment protocols 

Equal PC12 cell numbers were seeded into culture 
dishes, and after 24 h growth medium was changed 
to low-serum medium (DMEM supplemented with 
2% heat-inactivated fetal bovine serum, 2 mM L-glu-
tamine, 50 U/ml penicillin, 50 mg/ml streptomycin). 
Then, tested compounds were added to PC12 cells 
for 8-48 h. Freshly prepared sodium nitroprusside 
(SNP) at a concentration of 0.5 mM was used as an 
inducer of oxidative stress and apoptosis. The appro-
priate controls with DMSO, as a  vehicle, were also 
prepared.

Determination of cell viability

For analysis of the effect of treatment on the 
mitochondrial function and cell survival MTT assay 
was performed. After 24-48 h incubation in the 
presence of tested compounds, the medium was 
changed to serum-free DMEM, MTT (0.25 mg/ml) 
was added and cells were incubated for 2 h. Then, 
medium was removed, cells were dissolved in DMSO 
and absorbance at 595 nm was measured on Bio-
Rad model 680 microplate reader.

Determination of necrotic cell death

For analysis of necrotic cell death LDH assay was 
performed by using commercial LDH-cytotoxicity 
Assay Kit II (BioVision, CA, USA). Shortly, after 24 h 
incubation in the presence of tested compounds, the 
whole medium was collected, mixed and centrifuged 
at 600 × g for 10 min. Samples of supernatant were 
mixed with reaction buffer containing WST substrate 
and absorbance at 450 nm (reference 655 nm) was 
measured every 5 min for 30 min on Bio-Rad model 
680 microplate reader. Data from the linear increase 
phase were used for calculations.

Determination of nitric oxide level 
by DAF-2 staining

Measurement of the nitric oxide level was carried 
out using fluorescent indicator DAF-2 DA (Cayman 
Chemical Company). PC12 cells were loaded with 
10 µM DAF-2 in the presence of pluronic (0.02%), 
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washed, and incubated in pluronic-supplemented 
HBSS without (control) or with SNP (0.5 mM). DAF-2 
fluorescence was measured after 8 h. 

Analysis of gene expression 
by quantitative real time polymerase 
chain reaction (qRTPCR)

Cultured cells were washed two times with ice-
cold phosphate-buffered saline (PBS), scraped down 
and collected by centrifugation (3 min, 1000 × g). 
RNA was isolated with TRI-reagent and DNA remain-
ings were digested with DNase I  according to the 
manufacturer’s protocols (Sigma-Aldrich). Quantity 
and purity of RNA was measured spectroscopical-
ly at 260 and 280 nm wave lengths. Reverse tran-
scription was performed using High Capacity cDNA 
Reverse Transcription Kit according to the manufac-
turer’s protocol (Applied Biosystems, Foster City, CA, 
USA). The level of mRNA for Polg was analyzed using  
SYBR Green JumpStart Taq ReadyMix, using the 
primer pair: forward 5’-CGGCTGACCTAATCCCTTTG-3’, 
reverse 5’-CACTAACTGTTCCTGCCAATCCT-3’. The levels 
of mRNA for Ifng, Il6, Ptgs2, Alox12 and Actb, as a refer-
ence gene, were analyzed using TaqMan Gene Expres-
sion Assays (Rn00594078_m1, Rn01410330_m1, 
Rn01483828_m1, Rn01461082 and 4352340E, respec- 
tively) and TaqMan Gene Expression Master Mix 
(Applied Biosystems). Plates were analyzed on ABI 
PRISM 7500 apparatus (Applied Biosystems, Foster 
City, CA, USA). The relative levels of mRNA were calcu-
lated using the ΔΔCt method. Specificity of PCR reac-
tion was verified by analyzing melting profiles – each 
profile contained only a single peak representing the 
specific product.

Determination of DNA damage 
by TUNEL staining

The presence of DNA damage in cells was deter-
mined by TdT-mediated dUTP-FITC nick end label-
ling (TUNEL) followed by flow cytometric detection. 
Shortly, after incubation in the presence of tested 
compounds for 12 h, cells were fixed and stained 
by using APO-DIRECT Kit according to the manu-
facturer’s protocol (BD Biosciences, San Jose, CA, 
USA). This method allows staining of damaged DNA 
by FITC, and total DNA with propidium iodide (PI). 
Samples were analysed on flow cytometer FACS 
Canto II.

Determination of apoptosis  
by Hoechst 33342 staining

The apoptotic body formation was determined 
by microscopic analysis of the cells stained with 
Hoechst 33342. Shortly, after 12 h incubation in the 
presence of tested compounds, the cells were fixed, 
stained and examined under a fluorescence micro-
scope (Olympus BX51, Japan). Images were taken 
with a digital camera (Olympus DP70, Japan). A min-
imum of 200 cells/experimental group were count-
ed in each experiment. Cells with typical apoptotic 
nuclear morphology (nuclear shrinkage, condensa-
tion) were identified as apoptotic and counted using 
randomly selected 30 fields for each experimental 
group. The results were expressed as % of apoptotic 
cells according to the equation: % of apoptotic cells 
= (apoptotic cells)/(all cells) × 100. 

Statistical analysis

Data are expressed as mean values ± S.E.M. 
Normality of distribution of individual variables 
was checked with Anderson-Darling normality test. 
Two group comparisons were done using Student’s 
t-test. Multiple comparisons were analyzed by one-
way analysis of variance ANOVA with Tukey post-
hoc test. Expression data for IFN-γ and IL-6 are not 
normally distributed. Therefore, Kruskal-Wallis non-
parametric test with Dunn’s multiple comparisons 
post-hoc test was used to assess the statistical sig-
nificance of obtained results. The statistical analyses 
were performed by using Graph Pad Prism version 
5.0 (Graph Pad Software, San Diego, CA). Statistical 
significance was accepted at p < 0.05. 

Results

Our previous studies have shown that selected 
AFs isolated from H. selago and D. complanatum 
scavenge free radicals and effectively protect mac-
romolecules from oxidative damage [7]. In the cur-
rent study we investigate the possible cytoprotective 
properties of these compounds during oxidative 
stress in vitro. SNP, a  donor of NO and other ROS, 
was used to generate oxidative stress and evoke cell 
death in PC12 cell line. 

The initial aim was to define the optimal exper-
imental conditions. First, we checked whether ana-
lyzed AFs possess any cytotoxic properties in our 
experimental system. The PC12 cells were incubated 
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in the presence of AFs at concentration range 0.25-
6.25 µg/ml (approximately 1-25 μM) for 24 h and 48 h. 
It was found that after 24 h of incubation the AFs did 
not affect the viability of PC12 cells. Exclusively two 
fractions, AF2 and AF6 at a concentration ≥ 2.5 µg/ml, 
exerted a cytotoxic effect when the time of incuba-
tion was increased to 48 h (Fig. 1A). To determine 
the optimal concentration of SNP to induce oxidative 

stress and cell death during 24 h treatment, cells were 
incubated in the presence of SNP in a concentration 
range of 25-1000 μM. The results showed that SNP 
reduced PC12 cell viability. Exposure to 500 µM SNP 
for 24 h decreased the viability of PC12 cells to 50% 
compared with the control group (Fig. 1B). 

Therefore, further studies were carried out in 
the presence of AFs at 2.5 µg/ml (approximately 
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Fig. 1. The time-dependent effect of AFs or SNP 
on PC12 cell viability. PC12 cells were cultured 
in low-serum medium in the presence of AFs 
(0.25-6.25 µg/ml) for 24 or 48 hours (A) or SNP 
(25-1000 μM) for 24 hours (B). Then, cell viability 
was determined by MTT assay. Results are the 
mean ± SEM from three independent experi-
ments. *p < 0.05, **p < 0.01, ***p < 0.001, com-
pared to control cells using Student t-test.
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10 μM) concentration in oxidative stress evoked by 
incubation with 500 µM SNP up to 24 h. The MTT 
assay revealed that several AFs demonstrated the 
tendency to protect cells against SNP-evoked dam-
age, whereas, a  statistically significant effect was 
observed exclusively in the presence of two extract 
fractions, AF4 and AF5 (Fig. 2A). However, none 
of the compounds tested had any effect on SNP- 

induced release of lactate dehydrogenase (LDH)  
(Fig. 2B). Based on this observation in further exper-
iments we focused on AF4 and AF5. 

To analyze the mechanism of cytoprotection 
evoked by AF4 and AF5 during SNP-induced stress, 
cells were incubated with SNP in the presence of AF4 
and AF5 for 8 h. The exposure of PC12 cells to SNP 
produced a marked increase in the NO level, as ana-
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Fig. 2. The effect of AFs on SNP-evoked PC12 cell death. PC12 cells were cultured in low-serum medium in 
the presence of AFs (2.5 µg/ml) and SNP (0.5 mM) for 24 h. The effect of tested compounds on cell viability or 
necrotic cell death were analyzed using MTT assay (A) and LDH leakage assay (B), respectively. Data represent 
the mean value ± SEM for 4 independent experiments. ***p < 0.001, compared to control cells; #p < 0.05,  
##p < 0.01, compared to SNP-treated cells using one-way ANOVA followed by the Tukey post-hoc test.
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Fig. 3. The effect of AFs on SNP-evoked nitric 
oxide (NO) production. PC12 cells were loaded 
with 10 µM DAF-2 in the presence of pluronic, 
washed, and incubated in pluronic-supplement-
ed HBSS with AFs (2.5 µg/ml) and SNP (0.5 mM). 
DAF-2 fluorescence was measured after 8 h. Data 
represent the mean value ± S.E.M. for 3 indepen-
dent experiments. ***p < 0.001, compared to 
the control cells; ###p < 0.001, compared to the 
SNP-treated cells using a  one-way ANOVA fol-
lowed by the Tukey post-hoc test.

Fig. 4. The effect of AFs on SNP-evoked chang-
es in Polg gene expression. PC12 cells were 
cultured in low-serum medium in the presence 
of AFs (2.5 µg/ml) and SNP (0.5 mM) for 24 h. 
The Polg gene expression was determined as 
described in the Methods section by qRT-PCR. 
Data represent the mean value ± S.E.M. for  
3 independent experiments. **p < 0.01, com-
pared to the control cells; ##p < 0.01, compared 
to the SNP-treated cells using a one-way ANOVA 
followed by the Tukey post-hoc test.
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lysed by fluorogenic probe DAF-2. The co-treatment 
with AF4 or AF5 led to a significant decrease in the 
NO level, by about 20% and 15%, respectively, when 
compared with the SNP-treated cells (Fig. 3). These 
data suggest that the possible mechanism of AF4 
and/or AF5 action may be related to their NO-scav-
enging properties. Excessive amounts of NO and its 
metabolites are capable of altering gene expression 
as well as can impact the mitochondria function that 
is relevant to cell death. Here, we show that incu-
bation of PC12 cells with SNP for 24 h evoked sig-
nificant up-regulation of the expression of the gene  
for DNA polymerase γ (Polg) that is responsible for rep-

lication of mitochondrial DNA and its repair processes 
(Fig. 4). In the presence of AF5, SNP did not increase 
the expression of Polg. Moreover, as shown in Figure 5, 
the expression of inflammation-related genes for IFN-γ 
(Ifng), IL-6 (Il6), COX-2 (Ptgs2) and 12/15-LOX (Alox12) 
was increased in SNP-treated cells after 24 h incuba-
tion, comparing with the control group. AF5 complete-
ly protected cells against SNP-evoked induction of Ifng 
expression (Fig. 5A), significantly down-regulated the 
expression of Ptgs2 and Alox12 (Fig. 5C and D) and 
tends to decrease the mRNA level of Il6 (Fig. 5B). AF4 
had no effect on the SNP-evoked induction of inflam-
mation-related genes (data not shown). 
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Fig. 5. The effect of AF on SNP-evoked changes in expression of genes encoding pro-inflammatory and 
pro-oxidative proteins. PC12 cells were cultured in low-serum medium in the presence of AF (2.5 µg/ml) and 
SNP (0.5 mM) for 24 h. The expression of genes encoding pro-inflammatory cytokines: IFN-γ (A) and IL-6 (B) 
and pro-oxidative proteins: COX-2 (C) and 12/15-LOX (D) was determined as described in the Material 
and methods section by qRT-PCR. Data represent the mean value ± S.E.M. for 3 independent experiments.  
*p < 0.05, compared to the control cells; #p < 0.05, compared to the SNP-treated cells using nonparamet-
ric Kruskal-Wallis followed by Dunn’s multiple comparisons post-hoc test or one-way ANOVA followed by 
Tukey post-hoc test for genes encoding cytokines and pro-oxidative proteins, respectively. 
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Furthermore, we analyzed the effect of AF5 on 
SNP-evoked loss of DNA integrity by using TUNEL 
method (TdT-mediated dUTP-FITC nick end labelling). 
SNP evoked an increase in the number of TUNEL-pos-
itive cells, indicating that the level of DNA fragmen-
tation was elevated and AF5 reduced the percentage 
of cells classified as TUNEL-positive (Fig. 6A and B). 
The percentage of DNA fragmentation in PC12 cells 
exhibits a  direct correlation with the percentage 
of apoptotic nuclei measured with Hoechst 33342 
staining. SNP evoked typical hallmarks of apoptosis 
including chromatin aggregation and nuclear frag-
mentation, whereas AF5 effectively reduced SNP-
evoked apoptotic processes (Fig. 7A and B). 

Discussion

Oxidative stress is recognized as an important 
component of the pathomechanism of several neu-
rodegenerative disorders [15]. Therefore, in the last 
few years many studies focused on the search for 
new effective antioxidants with neuroprotective 
properties. Many plant extracts or even single com-
pounds exert their protective effect via removal of 

free radicals or by the prevention of ROS generation. 
However, it appears that very often natural anti-
oxidants, even if they show a beneficial protective 
effect in cell culture, have no or just limited effect in 
clinical trials [13]. Therefore, there is still an urgent 
need for new natural effective pharmaceuticals with 
antioxidant and cytoprotective properties. Our pre-
vious results indicated that alkaloid extracts from 
H. selago possess potent antioxidative properties, 
scavenge free radicals and prevent lipid and protein 
oxidation [13]. In the present work, the cytoprotec-
tive effects of alkaloid extracts from H. selago and 
D. complanatum on PC12 cells were tested. We 
found that the selected AFs, which were shown to 
have antioxidative properties, also exert a cytopro-
tective effect against SNP-induced oxidative stress. 

Exposure to SNP in vitro partially mimics the oxi-
dative stress observed in the brains of patients with 
neurodegenerative disorders [25, 27]. Excessive NO 
production plays a  critical role in the pathomech-
anism of neurodegenerative and other neurolog-
ical disorders. It has been shown that in degener-
ative conditions characterized by oxidative stress, 
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Fig. 6. The effect of AF on SNP-evoked DNA frag-
mentation. PC12 cells were cultured in a low-se-
rum medium in the presence of AF (2.5 µg/ml) 
and SNP (0.5 mM) for 12 h. The level of DNA 
fragmentation was determined as described 
in the Material and methods section by TUNEL 
method (A). Representative histograms of com-
pared experimental groups are presented (B). 
Data represent the mean value ± S.E.M. for 4 
independent experiments. ***p < 0.001, com-
pared to the control cells; ##p < 0.01, compared 
to the SNP-treated cells using a one-way ANOVA 
followed by Tukey post-hoc test. 
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Fig. 7. The effect of AF on SNP-evoked apoptosis. 
PC12 cells were cultured in a low-serum medi-
um in the presence of AF (2.5 µg/ml) and SNP  
(0.5 mM) for 12 h. The level of apoptosis was 
determined as described in the Material and 
methods section by Hoechst staining (A). Repre-
sentative images are presented (B). Red arrows 
indicate nuclei with typical apoptotic features. 
Data represent the mean value ± S.E.M. for  
4 independent experiments. ***p < 0.001, com-
pared to the control cells; ###p < 0.001, com-
pared to the SNP-treated cells using a one-way 
ANOVA followed by Tukey post-hoc test.
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increased levels of NO lead to aberrant S-nitrosyla-
tion of proteins that contributes to the pathology 
of the disease [25]. Excessive liberation of NO and 
enhanced S-nitrosylation affects the mitochondrial 
function, proteostasis, transcriptional regulation, 
synaptic activity, and cell survival [26]. In the pres-
ent work, the level of intracellular NO in PC12 cells  
was remarkably increased by SNP. However, co- 
treatment with AF4 or AF5 led to a  reduction in  
the NO level. In the previous work we identified 
components of fractions AF4 and AF5. AF4 contains 
6-β-hydroxyhuperzine, Huperzine A, Huperzine B, 
Lycoposerramine-L or Lycoposerramine-M, Lycopodi
ne, Lycoposerramine-G, probable 8b-Hydroxylyco-
poserramine K and Lyconadin [13]. The identified 
components of AF5 were Lycopodine, Serratidine,  
Lycoposerramine-G and probably Cermizine B [7]. 
Therefore, these alkaloids might be responsible for 
antioxidative and cytoprotective properties of ana-
lyzed fractions. An elevated NO level induces mito-
chondrial failure including alterations in calcium 
homeostasis, mitochondrial energy, ROS genera-
tion and promotes mitochondrial DNA damage [3]. 

Because polymerase γ is the only DNA polymerase 
present in mitochondria, it is necessarily implicated 
in all DNA repair processes, therefore activation of 
this enzyme is considered as an indicator of mito-
chondrial DNA damage. In the present study we sug-
gest that SNP evokes mitochondrial DNA damage 
leading to polymerase γ activation for DNA repair. 
Activation of this enzyme was not observed in the 
presence of AF5 fraction, indicating that compo-
nents of AF5 effectively protected PC12 cells against 
SNP-induced mitochondrial injury. Till now, cytopro-
tective potential of these specific compounds has 
not been tested. 

Oxidative stress affects many cellular signaling 
pathways, including alterations of gene expression, 
for example activation of transcription of inflamma-
tion-related IFN-γ, IL-6, IL-1β, and TNF-α [23]. Our 
work showed that AF5 attenuated transcription of 
inflammation-related genes activated by oxidative 
stress. AF5 completely prevented the SNP-evoked 
induction of Ifng and tends to down-regulate the 
expression of Il6 in PC12 cells. Down-regulation 
of pro-oxidative/pro-inflammatory genes could be 
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an important mechanism of cytoprotection, because 
the inflammatory processes are involved in the pa- 
thomechanism of a  wide range of neurodegener-
ative diseases, including AD and PD [9]. Especially 
intriguing is the effect of AF5 on expression of genes 
Ptgs2 and Alox12, which contribute to synthesis of 
arachidonic acid (AA)-derived lipid mediators. Ara-
chidonic acid is a  free fatty acid that is released 
from the cell membrane in response to various stim-
uli [21]. There are two most important families of 
enzymes involved in the oxidative metabolism of 
AA, lipoxygenases (LOXs), which produce leukot-
rienes and the cyclooxygenases (COXs) COX-1 and 
COX-2, which produce prostaglandins. Recent work 
has highlighted the potential role of 12/15-LOX as 
well as COX-2 in the pathogenesis of neurodegen-
erative disorders [6]. Modulation of the expression 
and activity of LOX and COX might offer an effective 
disease-modifying strategy for therapy of neurode-
generative disorders. In the current study, we found 
that cell treatment with AF5 prevented SNP-induced 
upregulation of Alox12 as well as Ptgs2 expression. 
These data are in agreement with those obtained 
by Wang et al., who showed that Huperzine A, an 
alkaloid compound found primarily in other firmoss,  
H. serrata, suppressed overexpression of inflamma-
tory genes and improved learning and memory in 
rats [37]. Moreover, a lot of other alkaloids demon-
strated significant anti-inflammatory properties 
[35]. The fragmentation of DNA is one of the most 
characteristic phenomena of apoptosis [34]. TUNEL 
assay, which was initially developed to detect apop-
tosis-related DNA degradation, labels DNA strand 
breaks, including the 3’OH termini of single strand 
breaks and all forms of double strand breaks. There-
fore, it may indicate also other types of DNA deg-
radation, for example evoked by oxidative damage. 
Here, using TUNEL method we showed that SNP 
induced DNA fragmentation and AF5 reduced the 
percentage of cells with damaged DNA. To specifical-
ly detect apoptotic fragmentation of DNA we used 
Hoechst 33342 staining, which allows identifying 
late apoptotic cells by morphological characteriza-
tion of typical changes in nuclear chromatine aggre-
gation and fragmentation. Our data indicated that 
SNP significantly increased the number of apoptotic 
cells, and AF5 efficiently reduced the number of cells 
with apoptotic morphology. 

In conclusion, our data demonstrated that only 
selected alkaloid fractions of H. selago contain some 

compounds having potent cytoprotective properties. 
They might be particularly promising compounds for 
discovering and developing novel clinical drugs in the 
treatment of neurodegenerative disorders.
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A b s t r a c t

This study was aimed at evaluating the potential effects of acute subdural hematoma (ASDH) and diclofenac sodium 
(DS) therapy following ASDH on the rat hippocampus.
Twenty-four male Sprague Dawley rats were used and divided into four groups. 0.1 ml of non-heparinized autologous 
blood from the tail vein of the animals in the non-treatment group (NTG) and treatment group (TG) was injected into 
the subdural space. The TG received intramuscular diclofenac sodium at a 15 mg/kg dose daily from the postoper-
ative second hour to the seventh day after the operation. The control group (CG) and sham group (SG) were used 
for control and sham operations, respectively. On the postoperative eighth day, all animals were sacrificed, and the 
hippocampi of all animals were stereologically and histologically evaluated. Also blood samples of the animals were 
biochemically analyzed.
As a result of the study, the mean number of neurons in CA1, CA2, and CA3 regions of the hippocampus and the total 
number of neurons were decreased in the hippocampus samples of the NTG and especially the TG subjects. When 
comparing the second blood samples, there was no difference between the levels of adrenaline and serotonin among 
the groups. However, after the operation, noradrenalin levels in the treatment group were found to be higher than 
those of the sham and control groups (p < 0.05).
In the NTG and TG, histopathological findings were observed such as Nissl condensation as well as completely dead 
and indistinguishable neurons with abnormally shaped, shrunken cytoplasm and nuclei. Also necrotic areas on the 
specimens of the TG were seen. In immunohistochemical sections, c-FOS positivity was decreased in the NTG and 
especially the TG. Otherwise, PGC-1α positive cells were increased in the NTG and especially the TG.
In this study, it was shown for the first time by means of stereological techniques that using DS after ASDH caused 
a decrease in the number of hippocampal neurons (CA1, CA2, and CA3 regions).

Key words: acute subdural hematoma, diclofenac sodium, hippocampus, stereology, rat.
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Introduction

Acute subdural hematoma (ASDH) is a life-threat-
ening situation and generally leads to brain injury 
[16]. Brain damage is an important pathophysiologi-
cal process in patients with ASDH [28]. The adverse 
effects of intracranial hematomas lead to several 
degenerative mechanisms, including ischemia-in-
duced neuronal damage, clot-derived toxic factors, 
and edema formation [26,47]. At this point, levels 
of different mediators were evaluated. For example, 
serotonin may have protective effects on neurons 
[8]. Moreover, serotonin receptor agonists contribute 
to decrease of lesion volume and are considered as 
neuro-protective after ASDH [12,46]. Some research-
ers claim that high levels of dopamine, adrenaline, 
and especially noradrenaline lead to increased 
cerebral blood flow following brain injury [34,35]. 
Although there were mostly positive opinions, neg-
ative results were reported for high catecholamine 
levels. In a previous study, it was suggested that high 
adrenaline levels might have induced the apoptotic 
pathways in neonatal rats exposed to hypoxia [31]. 
Also, some researchers stated that high noradrena-
line levels have potential for deleterious effects and 
the ability to induce apoptosis in PC12 cells, neuronal 
cells, and cardiac myocytes [6,51]. Therefore, in the 
current study we evaluated serotonin and catechol-
amine levels and attempted to detect their associa-
tion with cell death.

In the treatment of cerebral hematomas, decom-
pression was initially applied to minimize damage. 
Post-traumatic headache is one of the possible prob-
lems in the acute rehabilitation period for surviving 
patients [38,45]. Treatment options for the headache 
are non-steroidal, anti-inflammatory agents such as 
acetaminophen, ibuprofen, naproxen, and diclofenac 
sodium (DS) [5,11].

We previously reported deleterious effects of DS 
on the sciatic nerve, hippocampal pyramidal and 
granular cells, and Purkinje cells of male rats fol-
lowing prenatal exposure [14,32]. Also, DS has been 
reported to exert a neuroprotective effect by reduc-
ing the nerve root dysfunction induced by compres-
sion [10]. Additionally, several studies showed that 
DS did not inhibit proliferation and differentiation of 
neural stem cells [25].

Although these side effects have been report-
ed, little is known about the effect of non-steroidal 
anti-inflammatory drugs on the brain following the 

trauma caused by ASDH. The aim of the present 
study was therefore to investigate the effect of DS 
on hippocampus morphometry following ASDH and 
to define serotonin and catecholamine levels and 
their association with cell death caused by ASDH. 

Material and methods
Animals

In this study, 24 adult male Sprague Dawley 
rats, weighing 300-350 g, were obtained from the 
Surgical Research Center. Adult rats were random-
ly divided into four groups, each consisting of six 
animals: control (CG), sham (SG), non-treatment 
(NTG), and treatment (TG). Following this, they 
were housed in standard plastic cages in a  room 
air-conditioned to 20°C, under a 12/12-h light/dark 
cycle, and fed ad libitum. 

One milliliter of autologous venous blood was 
collected from the tail vein of the animals belong-
ing to all groups seven days before the experimen-
tal ASDH operation. No operation or drugs were 
given to the control (CG) group, but the SG, NTG, 
and TG were subjected to a surgical operation. On 
the day of sacrifice, all animals were taken to an 
adjacent room and decapitated, and blood was col-
lected from the CG, SG, NTG and TG in polyethylene 
tubes containing 2% EDTA (0.05 ml) and stored on 
ice until centrifuged. 

For these experiments, all procedures were ap- 
proved by the Animal Experiments and Ethics Com-
mittee of Ondokuz Mayıs University.

Surgical preparation

The animals in the SG, NTG, and TG were turned 
to a prone position, mounted on a stereotactic frame 
(Fig. 1A) and intraperitoneally anesthetized with ure-
thane 1.25 g/kg. Body temperature was measured  
by a  rectal thermometer at 37-37.5°C by using 
a heating light. Following the sagittal scalp incision, 
a burr hole of 3 mm, placed 1 mm posterior to the 
coronal suture and 2 mm from the sagittal suture, 
was formed using a dental drill in the right parietal 
region under the microscope (Fig. 1). The incision 
of the dura mater was performed with a 30-gauge 
dental needle while in the subdural space another 
dental needle insertion was made. In the SG, only 
a  burr hole was created and then the scalp was 
sutured with silk suture. No injection or insertion of 
the needle was made in the SG. The subdural hema-
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toma was produced by the slow injection of 0.1 ml 
non-heparinized autologous venous blood in the 
NTG and TG (Fig. 1A). Then, the scalp was sutured 
with silk suture. After waking up from anesthesia, 
the next seven days were spent in the normal light 
and dark cycle with 21 ± 2°C room temperature. Feed 
and water were supplied ad libitum [25]. The day of 
the operation was considered the first day of the 
experiment, and DS (Voltaren, 75 mg/3 ml ampoule, 
Novartis, Mefar Ilaç Sanayi A.S., Kartal – Istanbul, 
Turkey) in a dose of 15 mg/kg daily was intramuscu-
larly injected into the TG, beginning from the post-
operative second hour to the 7th day of the experi-
ment. Also, no treatment was used for the NTG.

Plasma collection

On the day of the operation, blood samples were 
collected from the tail vein of the all animals into 
polyethylene tubes containing 2% EDTA (0.05 ml) 
and stored on ice until centrifuged. The first analysis 
of plasma levels of serotonin, adrenaline, and nor-
adrenaline was performed in these blood samples. 
On the day of sacrification, after the animals were 
decapitated, polyethylene tubes containing 2% EDTA 
(0.05 ml) were used to collect the blood and the col-
lected blood was kept on ice until the centrifugation. 
The isolation of the plasma from the whole blood 
was performed by centrifugation at 1300 RCF for  

A B

C D

Fig. 1. Application of acute subdural hematoma model and stereological analysis procedures are shown. 
A) The animals were turned prone in a small animal stereotactic frame and burr-hole location; also the 
position of the dental needle in the subdural space is seen. B) Macroscopic appearance of the lesion.  
C) Lining of the hippocampus boundaries during the stereological analysis. D) Systematic random sampling 
and estimation of neuron numbers in the hippocampus.
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25 min. and the supernatant was collected and stor
ed at –80°C until it is assayed. The second analysis of 
plasma levels of serotonin, adrenaline, and noradren-
aline was performed in these blood samples of all the 
groups.

High performance liquid 
chromatography (HPLC) for detecting 
plasma levels of serotonin, adrenaline, 
and noradrenaline

The HPLC system consisted of multichannel 
pumps (LC 20AT), an autosampler (SIL 20ACHT), 
a degasser (DGU 20A5), a diode array detector (DAD, 
SPD M20A) (Shimadzu, Kyoto, Japan) and an electro-
chemical calorimetric array detector (Coulochem III) 
equipped with a model 5020 guard and 5010A dual 
analytical cell (ESA, Chelmsford, MA). A  guard col-
umn (Inertsil ODS-3, 5 µm × 20 mm × 4.0 mm, GL 
Science, Tokyo, Japan) and a  reversed-phase C18 
column (Inertsil ODS-3V, 5 µm × 250 mm × 4.6 mm, 
GL Science, Tokyo, Japan) were also used. The con-
centrations of serotonin (5-HT), adrenaline, and nor-
adrenaline in blood samples were determined by 
HPLC according to the guide of the data sheet of the 
kits (Eureka Serotonin and Catecolamine HPLC detec-
tion KITs, Rotakim Inc., Ankara, Turkey). The detec-
tion limit was 0.03 nM for all three monoamines.

Histological procedure

At the end of the 7th day, the animals were anes-
thetized with ketamine (50 mg/kg) and xylazine  
(10 mg/kg) intramuscularly, and neutral formalin  
perfusion was administered intracardially. After-
wards, the brains were removed and routinely pro-
cessed and embedded in paraffin. For these experi-
ments, all procedures were approved by the Animal 
Experiments and Ethics Committee of Ondokuz 
Mayıs University.

Stereological analysis

Hippocampal sections were taken with a micro-
tome (Leica RM 2135, Leica Instruments, Nussloch, 
Germany) at 20 µm thicknesses. So, from system-
atic random sampling was carried by 1/6. Sampled 
sections in the cornu ammonis (CA 1-3) were collect-
ed and stained with cresyl violet. Optical dissector 
probes were placed in the marked area with random 
angles and evenly spaced. The stereology worksta-
tion consisted of a modified light microscope (Ste-

reo investigator 9.0., Micro Bright Field; Colchester, 
USA). The pyramidal cells in counting frames and 
the pyramidal cells on acceptable sides were count-
ed (Gundersen, 1986; Fig. 1C, D). It is known that 
15-20 sections taken from the hippocampal region 
is sufficient for the estimation of the total number 
of neurons during the application of optical fraction-
ator method [17,49]. 

The total neuron number of the hippocampus 
was estimated by the following formula: 

N = ∑Q· 1
ssf · 1

asf · 1
tsf

where: N – total neuron number, ΣQ – total dis-
sector neuron number, ssf – sectioning sampling frac-
tion, asf – area sampling fraction, and tsf – thickness 
sampling fraction.

The coefficient of error (CE) and the coefficient of 
variation (CV) of the sampling schedule of the hippo-
campus were validated from a pilot study [13,17,19]. 

Immunohistochemistry

TUNEL labeling assay 

TUNEL (TdT-mediated dUTP-biotin nick end label-
ing) stain was applied to the hippocampus slices at 
the 5 µm thickness according to the described meth-
od by Gavrieli et al. [32]. Followed by this process, 
the sections were treated with proteinase K in order 
to improve the antigen for 15 min and the sections 
were incubated in 3% hydrogen peroxidase solution 
prepared with 100% methanol to block endogenous 
peroxidase for five minutes. Slides were rinsed with 
PBS and incubated for 1 hour at 37°C in TdT enzyme.  
The samples were then washed with PBS and incu-
bated for 30 min at 25°C with anti-digoxigenin anti-
body-peroxidase conjugate, rinsed with PBS, and incu-
bated with 3,3′-diaminobenzidine (DAB) at 25°C for 
5 minutes. The slides were stained in Mayer’s hema-
toxylin. The slides were evaluated using the light 
microscope (Leica, LDM 4000, Wetzlar, Germany).

Immunohistochemical staining  
of c-FOS and PGC-1α
Paraffin-embedded hippocampus samples were 

also used for c-FOS and PGC-1α immunohistochem-
istry. The deparaffinization of tissue sections of 5 µm 
was done in xylene and they were rehydrated in 
ethanol and in water and phosphate-buffered saline 
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respectively. The blockage of endogenous peroxi-
dase was performed by immersion in 3% hydrogen 
peroxide. The tissue sections were then incubated 
with c-FOS and PGC-1α antibodies (Dako, Istanbul, 
Turkey) at a concentration of 5 µg/ml for 1 h at room 
temperature. Control sections were incubated with 
phosphate-buffered saline containing normal goat 
serum without a  primary antibody. Immunostain-
ing was then detected with a  streptavidin-biotin 
complex kit (Dako) and developed with a di-amino 
benzidine tetrahydrochloride kit. The sections were 
counterstained with Mayer’s hematoxylin followed 
by light microscopy.

Statistical analysis

Microsoft SPSS version 15.0 for Windows was 
used for statistical analyses. One-way ANOVA (Bon-
ferroni post-hoc test) was applied to compare the 
results of the groups. All statistical values under 
0.05 were considered significant.

Results

In this study, 24 male Sprague Dawley rats were 
used to create an animal model of ASDH. After sacri-
ficing the animals, their brains were carefully removed 
and subdural hematomas were macroscopically ob
served (Fig. 1B).

Stereological results 

In the study, the number of neurons in the 
CA1, CA2, and CA3 regions of the hippocampus 
and also the total numbers of neurons in all the 
hippocampus (Ammon’s horn) were separately 
estimated. The number of pyramidal neurons in 
the CA1, CA2, and CA3 areas and the total num-
ber of neurons in the whole hippocampus of the 
CG, SG, NTG, and TG are shown in Figure 2. ASDH 
and especially DS treatment caused a significant 
decrease in pyramidal neurons of the hippocam-
pus (Fig. 2).
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Fig. 2. Mean numerical densities of pyramidal neurons in CA1, CA2 and CA3 area of hippocampus and total 
number of neurons in hippocampus among CG, SG, NTG and TG are shown in A, B, C and D, respectively. 
*p < 0.05, **p < 0.01 (mean ± SEM).
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Biochemical results 

Plasma serotonin levels

When comparing the first and postoperative 
serotonin levels, it was found that they were signi
ficantly reduced after the operation in the SG  
(p < 0.05) and especially in the NTG and TG (p < 0.01). 
In the control group, postoperative plasma serotonin 
levels significantly increased in comparison to initial 
levels (p < 0.05). However, there was no significant 
difference in the postoperative plasma levels of sero-
tonin among the groups (Fig. 3A, p > 0.05).

Plasma noradrenaline levels

Postoperative plasma levels of noradrenaline were 
significantly increased after the operation, especially 
in the TG as compared to the other groups (p < 0.05). 
On the other hand, the plasma noradrenaline levels 
were significantly decreased in all groups at the sec-
ond analysis (Fig. 3B, p < 0.01).

Plasma adrenaline levels

After the operation, plasma adrenaline levels 
were significantly lower than pre-operative ones in 
all groups (p < 0.01). Among the second adrenaline 
levels of the groups, no significant difference was 
found (Fig. 3C, p > 0.05).

Light microscopic results 

Results of the control (CG) and sham (SG) group 

In sections obtained from the hippocampus of 
rats among the CG and SG, a conventional healthy 
structure of the hippocampus was observed at the 
light microscopic level. The shape of neurons was 
pyramidal in the hippocampus. Furthermore, these 
neurons had euchromatic nuclei. The neurons and 
their extensions were normal. Histological structure 
of the CG that represented a healthy appearance is 
shown in Figure 4.

Results of the non-treatment group (NTG) 

In the NTG, neurons included heterochromat-
ic, pycnotic nuclei (Fig. 5, white asterisk) and dark-
stained cytoplasm (Fig. 5, black-thick arrowhead). 
Moreover, angular displacement of pyramidal neu-
rons was observed in the hippocampus sections of 
the NTG (Fig. 5, white arrow). We also examined 
neurons with a dark and shrunken cytoplasm, and 
their nuclei had some vacuoles (Fig. 5A and C). 
Abnormally shaped oligodendrocytes, microglia, and 
astrocytes were also observed (Fig. 5, white arrow-
head). Trunks of the primary dendrites were dilat-
ed and pale stained compared to those in the other 
groups (Fig. 5, black-thin arrowhead). Chromatolysis 
was detected in degenerated neurons in the hippo-
campus samples of this group (Fig. 5, black arrow). 
Moreover, in hippocampal slices of the NTG, some 
neurons were at the initial stage of degeneration, 
but some of the neurons were fully degenerated or 
dead. 
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Fig. 3. Mean pre- and post-operative plasma lev-
els of serotonin, noradrenaline and adrenaline 
among CG, SG, NTG and TG are shown in A, B and 
C, respectively. *p < 0.05, **p < 0.01 (mean ± SEM).
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Fig. 4. Light microscopic sections obtained from the hippocampus of the control group. In A-C and D-F, 
specified portions of CA1, CA2, and CA3 regions are observed at low and high magnification, respectively. 
Thumbnails in the framed areas show hippocampal regions at the lowest magnification. In D-F, healthy 
neurons are clearly seen in CA regions. Cresyl violet. 
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Fig. 5. Light micrographs obtained from the hippocampi of NTG. White asterisk – pycnotic neurons; white 
arrows – neurons with dark-stained cytoplasm; white arrowheads – glia cells; thick-black arrowhead – 
neurons with indistinguishable cytoplasm and nucleus; black asterisk – vacuole; black ringed arrowhead 
– swelled nucleus with pale chromatin; thin black arrowhead – enlarged and pale stained trunks of primary 
dendrites; black arrows – concentrated Nissl granule containing areas. Cresyl violet.
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Results of the treatment (TG) group 

In the light microscopic sections that were ob- 
tained from the TG, axonal extension was observed 
such that trunks of the primary dendrites were 
enlarged and pale stained in comparison to those 
of the CG (Fig. 6, thin-black arrowhead). Also, in  
the peripheral part of some degenerated neurons, 
Nissl condensation occurred, meaning that chro-
matolysis was defined (Fig. 6; black arrow). Some 
neurons are indistinguishable with their pale nuclei 
and swollen cytoplasm (Fig. 6, black ring arrow-
head). In addition to neurons at the early stage of 
cellular damage, completely dead and indistinguish-
able neurons with abnormally shaped, shrunken 
cytoplasm and nuclei were also found (Fig. 6, thick 
black arrowhead). In white matter, edema, degen-
erated axon remains, and micro-vacuolization were 
observed (Fig. 6, black asterisks). 

Some structures were observed as necrotic areas 
on certain specimens (Fig. 6, white ring + sign). It 
is noteworthy that chromatin in the nucleus was 
decreased, and dark-stained cytoplasm of pyramidal 

neurons was detected (Fig. 6, white arrow). Further-
more, the axons of pyramidal neurons were wavy in 
appearance (Fig. 6, white ring arrowhead).

Immunohistochemical results

No positive cell was seen in TUNEL-stained 
hippocampus sections of all the groups (Fig. 7). In 
the control and sham groups, neurons in the hippo-
campus were well stained with c-FOS, and immune 
reactivity was decreased following the ASDH proce-
dure and especially DS treatment (Fig. 8C and D). 
However, in the NTG and TG, positivity of PGC-1α 
was increased after ASDH operation and especially 
DS treatment (Fig. 9C and D).

Discussion

In recent years, despite improvements in the 
imaging and treatment modalities used in the diag-
nosis of head trauma, related morbidity and mor-
tality are still high [11]. Traumatic brain injury may 
lead to serious complications such as intracranial 

Fig. 6. Light micrographs obtained from the hippocampi of TG. White asterisk – pycnotic neurons; white 
arrows – neurons with dark-stained cytoplasm; white arrowhead – glia cells; white-ringed arrowhead – 
wavy appeared axon terminals; white ringed plus – necrotic area; thick-black arrowhead – neurons with 
indistinguishable cytoplasm and nucleus; black asterisk – vacuole; thin-black arrowhead – enlarged and 
pale stained trunks of primary dendrites. Cresyl violet.
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A B

C D

Fig. 7. Light micrographs showing TUNEL immune reactivity at 40× magnification for CG (A), SG (B), NTG (C) 
and TG (D). No TUNEL positivity was seen in the groups. For all micrographs, magnification bars are the same, 
with 20 µm.

hematomas. Subdural hematomas constitute 50 
to 60% of traumatic intracranial hematomas [52].  
The most frequent symptom of acute subdural 
hematoma is the sudden onset of severe headaches. 
Diclofenac sodium (sodium-(o-[(2,6-dichlorophenyl)- 
amino]-phenyl)-acetate) (DS) is a non-steroidal, anti- 
inflammatory drug characterized by a  relatively 
low molecular weight [25,41]. It has a role in inhib-
iting the cyclooxygenase (COX) enzyme, reducing 
arachidonic acid release and improving its uptake 
[41]. It is a strong analgesic and has an antipyretic 
role. Hence, it is commonly used for treatment of 
headaches caused by traumatic brain injury. In this 
study, we aimed to detect the effect of ASDH and 
DS treatment on the hippocampus. 

In the literature, a number of studies of traumat-
ic brain injury have been conducted in animal mod-
els, and fluid percussion, vacuum deformation, and 
weight reduction methods were used [43]. Since 
these methods can lead to severe, primary diffuse 
brain damage, Sasaki and Dunn’s model was used 
in our study [39]. So, the model is specific for pre-
senting the effects of ASDH.

Also, experimental animal models of traumatic 
brain injury have generally focused on necrotic and 
apoptotic neuronal cell death. As a result of the stud-
ies, axonal damage, memory, and learning defects 
were reported [20,21]. According to Hausmann et al., 
following the brain injury, neurons are subjected 
to apoptotic cell death. However, in our study we 
detected apoptosis by TUNEL stain after the ASDH in 
neither the NTG nor the TG. Therefore, we suspected 
that occurrence of cell death after ASDH may have 
been caused by ischemic necrosis. However, sever-
al papers have suggested that c-FOS-triggered AP-1 
might mediate apoptosis through transcriptional 
regulation of expression of the FasL gene to start the 
extrinsic apoptotic pathway [23, 24]. Our data indi-
cate that c-FOS may be related to neuronal prolifer-
ation, because we did not detect increasing c-FOS 
immune reactivity or an apoptotic signal with the 
TUNEL stain following ASDH in either the NTG or the 
TG. Also, we thought that c-FOS immune reactivity 
decreased following ASDH because of the decreased 
cellular activity. Our data on PGC-1α immune reactiv-
ity indicated that PGC-1α positivity was higher in the 
NTG and TG than in the control and sham groups. 
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A B

C D

Fig. 8. Light micrographs showing c-FOS immune reactivity at 40× magnification for CG (A), SG (B), NTG (C) 
and TG (D). Particularly, c-FOS positive cells were noted in CG and SG. These positive cells were decreased 
in NTG and especially TG. For all micrographs, magnification bars are the same, with 20 µm.

Therefore, we suggest that PGC-1α-mediated upreg-
ulation of the antioxidant defense system could pro-
mote cell death following ASDH. 

In the study of Tran et al. (2006), a lateral perfu-
sion model was used, and they studied the contralat-
eral hippocampus area using the optical fractionator 
method seven days after brain injury. According to 
their results, the number of neurons significantly 
decreased compared to that of the sham group [48]. 

According to our findings, the number of neu-
rons in the CA1 region of the NTG was significant-
ly decreased at seven days after ASDH (p < 0.01).  
The number of neurons in the CA2 region showed 
no significant change compared to the control 
group (p = 1.135), because the CA2 region is vari-
ably sized, and generally no significant difference 

could be determined between study groups in 
terms of the number of neurons in this region 
[36]. Like in the CA1 region, the number of neu-
rons in the CA3 region of the NTG was signifi-
cantly reduced compared to the control group  
(p < 0.01). When we evaluated the total number 
of neurons, it was found to be significantly lower 
in the NTG than the control group (p < 0.01). In 
the sham group, the number of neurons in the CA3 
region was significantly different than the num-
ber in the control group (p < 0.01). This reduction 
in the number of neurons of the subjects in the 
sham group may be caused by stress during sur-
gical procedures and skull defects [44]. Indeed, in 
a previous study, saline injection stress was shown 
to reduce the number of neurons [3].
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A B

C D

Fig. 9. Light micrographs showing PGC-1α immune reactivity at 40× magnification for CG (A), SG (B), NTG (C) 
and TG (D). PGC-1α positivity was increased in NTG and especially TG. Small pictures show PGC-1α-positive 
neurons at ×100 magnification in all groups. For all micrographs, magnification bars are the same, with 20 µm.

Adverse effects of DS on the CNS have been 
clearly shown [3,33]. DS inhibits the differentiation 
and proliferation of neural cells in the hippocampus 
[14]. In the literature, 20-week-old male rats that 
were prenatally exposed to DS exhibited a  reduc-
tion in the number of hippocampal neurons [14,18]. 
As a result of analysis by our stereological findings, 
DS treatment caused a  decrease in the number 
of neurons compared to control and sham groups  
(p < 0.01). However, DS treatment in the TG did not 
cause significant changes in the number of neurons 
as compared to the NTG (p > 0.05). 

In our study, histopathological findings were 
similar to the findings of ischemia and necrosis [4]. 
In our histological examination of the hippocampus 
after acute unilateral hematoma, neuronal shrink-

age, pycnotic neurons, and vacuolar degenerations 
were detected in the NTG. Also, DS application 
increased the degeneration of the neurons, and more 
neuron death was seen in the TG than in the NTG. 
Also DS treatment caused a decrease of the c-FOS 
and PGC-1α activity. Therefore cellular loss was 
higher in the TG than that of the NTG.

Previous studies of acute stress showed an 
increased rate of serotonin metabolism in the brain. 
The lower level of serotonin that results is not helpful 
in overcoming stressful situations in the future. This 
reduction leads to changes in sleep patterns and eat-
ing habits, and impairs sensitivity to pain [22]. In pre-
vious studies, low serum levels of serotonin have been 
identified in migraine patients [30]. In our study, the 
first measurements of the serotonin levels showed 
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large differences, because the control group was not 
subjected to the operation on the operation day, so 
the level was low in that group. Because the TG was 
subjected to the operation and drug injection, it had 
the highest level. Serotonin levels of the other two 
groups were approximately the same as each other, 
higher than those of the controls, but lower than that 
of the TG. This situation resulted from their stress lev-
el being between the CG and TG. When comparing 
the second plasma levels of serotonin, a significant 
difference was found between the first and second 
levels of the groups. Also, the second serotonin levels 
were significantly reduced after the operation in the 
NTG and TG (p < 0.01). This reduction may be due 
to an inability to cope with the physical stress of the 
operation [22].

Stress may cause an increase of noradrenaline 
and adrenaline [27], but DS application may cause 
a reduction in stress in the TG. The second plasma 
levels of noradrenaline were found to be significantly 
increased in the TG in comparison to those of the 
other groups. In addition, adrenaline levels were 
increased in comparison to those of the other groups 
(not significant). 

In conclusion, the results presented here show cell 
loss in the hippocampus due to exposure to ASDH by 
using stereological methods. Moreover, after ASDH, 
DS treatment caused a further increase in cell loss. 
Therefore, further studies are required to confirm this 
and to refine the effect mechanism and treatment 
alternatives to DS so as to decrease pain and prevent 
cell loss in patients with ASDH.
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A b s t r a c t

Natural cell death by apoptosis was studied in two neuronal populations of BALB/c, C57BL/6 and B6CBA-Aw-j/A 
hybrid stock mice: (I) dopaminergic (DA) neurons in choosing coronal levels throughout the anteroposterior extent 
of the substantia nigra pars compacta (SNc), and (II) Purkinje cells (PCs) in each vermal lobe of the cerebellar cor-
tex. Mice were collected at postnatal day (P) 2 and P14 for the midbrain study, and at P4 and P7 for the analysis of  
the cerebellum. No DA cells with morphologic criteria for apoptosis were found. Moreover, when the combination 
of tyrosine hydroxylase and TUNEL or tyrosine hydroxylase and active caspase-3 immunohistochemistry were per-
formed in the same tissue section, no DA cells TUNEL positives or active caspase-3-stained DA neurons were seen. 
On the other hand, when PCs were considered, data analysis revealed that more dying PCs were observed at P4 
than at P7. Values of neuron death were highest in the central lobe; this was followed by the posterior and anterior 
lobes and then by the inferior lobe. To determine if apoptotic death of PCs is linked to their time-of-origin profiles, 
pregnant dams were administered with [3H]TdR on embryonic days 11-12, 12-13, 13-14 and 14-15. When TUNEL and 
[3H]TdR autoradiography or active caspase-3 immunohistochemistry and [3H]TdR autoradiography were combined 
in the same tissue section, results reveal that the naturally occurring PC death is not related to its time of origin but, 
rather, is random across age.

Key words: postnatal, dopamine, substantia nigra pars compacta, cerebellar cortex, Purkinje cells, neurogenetic 
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Introduction

An important principle of neural development is 
that cell populations are generated in higher num-
bers during embryogenesis and undergo a  natural 
cell death that determines their final counts in adults 
[7,39]. When neurons die following a  stereotyped 
series of molecular and cellular events, it is termed 
apoptosis [11,18]. Apoptosis serves for a  joint of 

critical processes including the withdrawal of aber-
rant axon projection, the elimination of ectopic 
neurons and the refinement of neural circuits [10]. 
It has been proposed that excess of neuronal ele-
ments is regulated by competition among members 
of the neuronal population for the trophic support 
that they receive from their postsynaptic targets and 
from afferent projections [3,23,40].
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Dopaminergic (DA) neurons of the midbrain are 
involved in several neurologic and psychiatric dis-
eases including schizophrenia, addictive behaviors  
and satiety disorders [8,42]. They are especially 
vulnerable to degeneration in human dopamine 
deficiency diseases [44]. It has been proposed that  
an inappropriate amplification of basal physiologi-
cal cell death in nigrostriatal DA neurons may have  
an impact on later susceptibility to disorders such as 
Parkinson’s disease [34]. 

The natural occurring neuron death in the sub-
stantia nigra pars compacta (SNc) has been reported 
in rats [6]. The time course of this phenomenon is 
largely postnatal, with important roles for glial cell 
line-derived neurotrophic factor and brain-derived 
neurotrophic factor [20,37,38]. In the striatum, the 
principal input component of the basal ganglia, 
apoptotic dying cells occur within the first month of 
postnatal development [32].

In mice, on the other hand, natural death of SNc 
DA neurons has been studied with contradictory 
results. This is because several authors observed 
evidence of neuroapoptosis during the early postna-
tal development of this motor nucleus [14], whereas 
Lieb et al. [22] and Blum [5] did not find any DA neu-
rons with signs of apoptosis. To address this issue, 
we examined histologically, at P2 and P14, series 
of BALB/c, C57BL/6 and B6CBA-Aw-j/A hybrid stock 
brains for signs of apoptosis in midbrain DA cells 
at several anatomical levels throughout the antero-
posterior axis of the SNc. In the present study, we 
used the TUNEL method in conjunction with mor-
phological analysis at the light microscopic level, and 
immunohistochemistry for active caspase-3, aiming 
to determine and quantify apoptotic neuron death 
in the SNc during normal development. 

In the cerebellar cortex, on the other hand, PCs 
are also involved in processes of apoptosis [17,26]. 
Two time windows have been reported: in the first  
of these, apoptotic figures have been found at E15 
[2]. In the second, dying PCs are seen from birth until 
P10 [16,19,25]. Thus, whereas the timing and extent  
of dying PCs have been addressed [16], to our knowl-
edge, no attempts have been made to determine 
whether physiological PC death is related to its time 
of origin. We know from previous autoradiographic 
studies that, in mice, cerebellar PCs are generated 
according to precise neurogenetic timetables [27,29]. 
Consequently, terminal deoxynucleotidyl transferase- 
mediated dUTP nick end-labeling method (TUNEL) 

and [3H]TdR autoradiography, and active caspase-3 
immunohistochemistry and [3H]TdR autoradiogra-
phy were combined in the same tissue section to 
determine, at P4 and P7, if apoptotic PCs death in the 
region of the vermis is linked to their time of origin.

Material and methods

Animal preparation and experimental 
design

BALB/c and C57BL/6 mice were provided by 
Autonomous University of Barcelona animalarius. 
B6CBA-Aw-j/A hybrid stock mice were obtained from 
the mouse colony at Indiana University School of 
Medicine. The experimental animals were the off-
spring of pregnant dams injected subcutaneously 
between 8:00 a.m. and 9:00 a.m. on two consecu-
tive days with [3H]TdR (5 µCi/g of body weight, New 
England Nuclear, no. NET-027) according to the fol-
lowing time-window: embryonic day (E)11-12, E12-13, 
E13-14 and E14-15. For staging of animals, E1 was the 
day after mating. The day of birth was defined as 
P0. Seven animals were used for each experimental 
group and data time point. Standard laboratory con-
ditions (food and water ad lib, 22 ± 2ºC, 12 h light: 
dark cycle starting at 08:00) were used and all the 
experiments were performed in accordance with the 
Ethical Committee of our University.

Following anesthesia with sodium pentobarbital 
(50 mg/kg of body weight, i.p.), pups were perfused 
intracardially with 10% neutral buffered formalin. 
Tissue processing was developed as regular pro-
cedures from our laboratory. The blocks containing 
the midbrain and the cerebellum were sectioned at  
10 µm in coronal and sagittal planes, respectively. 
Only one of every fifth section was placed on micro-
scopic slides previously coated with poly-(L-lysine). 

Immunocytochemistry for tyrosine 
hydroxylase and TUNEL, and tyrosine 
hydroxylase and active caspase-3

Sections were immunostained for tyrosine hydro
xylase. They were deparaffinized and rehydrated 
through a  graded series of ethanol and distilled 
water, as in routine processing. After this, sections 
were washed twice for 15 min in PBS, soaked in 
a  solution containing absolute methanol plus 3% 
H2O2 for 20 min. Sections were then washed in PBS, 
blocked for 30 min with 10% normal goat serum in 
PBS, followed by washes with 0.5% Triton X-100/PBS 
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and finally PBS. Afterwards, sections were incubated 
with a monoclonal mouse anti-tyrosine hydroxylase 
(1 : 1000, Sigma, St Louis, MO, USA) for 90 min at 
room temperature. After rinsing with PBS during  
15 min, sections were incubated for 1h at room tem-
perature with the secondary antibody (Sigma bioti-
nylated anti mouse IgG diluted 1 : 300 in PBS) and 
extravidin-peroxidase (Sigma). Immunoreactive sites 
were detected by submerging the slides in 0.05% 
diaminobenzidine tetrahydrochloride (DAB) plus 3% 
H2O2 in TBS 0.05 M (pH 7.6) supplemented with 2 ml 
of CoCl2 (1%) for 5 min. With this color modification 
of DAB, we yield a  distinct dark-blue color that is 
easily distinguished from brown DAB [13].

After immunocytochemical evaluation, the slides 
were processed for TUNEL for visualizing the 3’-OH 
ends of DNA fragments in apoptotic cells or for 
active caspase-3. For TUNEL, sections were incubat-
ed with 20 µg/ml of proteinase K during 20 min at 
room temperature. They were then soaked in the 
TdT buffer (30 mM Tris-HCl, pH 7.2, 140 mM sodium 
cacodylate, 1 mM CaCl2) for 15 min and then incubat-
ed at 37ºC for 75 min with the TdT buffer containing  
0.3 eu/µl terminal deoxynucleotidyl transferase and 
0.04 nmol/µl biotin-16-deoxyuridine triphosphate. 
The reaction was stopped by soaking the sections 
in Tris buffer. The biotinylated dUTP molecules incor-
porated into nuclear DNA were visualized by incuba-
tion with horseradish peroxidase-conjugated strep
tavidin (Dako, Glostrup, Denmark) diluted 1 : 100 
at 37°C for 30 min. After further rinsing of the sec-
tions in PBS, the peroxidase coloring reaction was 
performed by immersing the sections for 5 min in 
0.05 M Tris-HCl buffer, pH 7.4, containing 30 mg/dl 
DAB, 65 mg/dl sodium azide, 10 mM imidazole, and 
0.005% H2O2, yielding the characteristic brown color. 
Sections were counterstained with hematoxylin. For 
positive control of TUNEL labeling, histological sec-
tions were incubated with DNase (5 μg/ml) at 37°C 
during 10 min to induce DNA strand breaks. For neg-
ative control, terminal deoxynucleotidyl transferase 
was replaced with distilled water.

To immunostain active caspase-3, after TH immu-
nohistochemistry, sections were processed for micro-
wave-mediated antigen retrieval, in 0.01M citrate buf-
fer (pH 6). Sections were heated at 750 W for 5 min.  
They were then cooled for 20 min at room tempera-
ture. Nonspecific binding was blocked for 30 min 
with 10% normal goat serum in PBS containing 0.5% 
Triton X-100. Afterwards, sections were incubated 

in primary antibody to active caspase-3 (polyclonal 
rabbit anti-active caspase-3, 1 : 100; Chemicon Inter-
national) diluted in PBS and incubated for 75 min at 
room temperature. This was followed by rinses with 
PBS during 15 min. Sections were then incubated for 
1h at room temperature with the secondary antibody 
(Sigma biotinylated anti rabbit IgG diluted 1 : 500 in 
PBS) and extravidin-peroxidase (Sigma). Slices were 
treated with 0.05% DAB plus 3% H2O2 in TBS 0.05 M 
(pH 7.6) for 5 min.

Sections were counterstained with hematoxylin, 
dehydrated and cover-slipped. The specificity of the 
antibodies was tested by omission of the primary 
antibodies.

TUNEL, active caspase-3 
immunohistochemistry  
and [3H]TdR autoradiography

When TUNEL or active caspase-3 immunohisto-
chemistry had been completed (see previous sec-
tion), the slides were processed for autoradiography 
following a  previously described method [28]. This 
consisted of coating the slides with liquid photo-
graphic emulsion (undiluted Kodak NTB3) in a dark-
room illustrated by Kodak Series 2 dark-red safe-
lights, drying them in a humidified atmosphere, and 
storing them in light-tight boxes in the refrigerator 
for an exposure period of 12 weeks. The slides were 
developed in Kodak D-19, and were then post-stained 
with hematoxylin, dehydrated, and cover-slipped 
with Permount. Labeled PCs could be identified by 
the cluster of reduced silver grains (black granules) 
over their nuclei. Neurons with ten grains or more 
per nucleus were considered labeled.

Quantitative analyses

All of the histological quantifications were per-
formed blindly. Two neuronal populations were stud-
ied: the SNc DA neurons and the vermal PCs. DA cells 
were separately analyzed in plates 46, 50, 54 and 60 
along the anteroposterior axis of the SNc [30,31,43]. 
PCs were studied in each cerebellar cortex lobe 
(anterior, central, posterior and inferior) at the level 
of the vermis. Their names and boundaries are those 
assigned by Altman and Bayer [1].

For quantification, a DA neuron was considered 
as apoptotic only if it fulfilled the morphologic crite-
ria for apoptosis (characteristic basophilic, rounded 
and intranuclear chromatin clumps) reported previ-
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ously [15,36]. On the other hand, to be considered as 
an apoptotic PC, the structure observed had to ful-
fill the following criteria: (a) one or more fragments 
of highly condensed chromatin (within or reminis-
cent of a pyknotic nucleus) and distinct from the PC 
nucleolus, and (b) position within the PC layer [16].

Frequency of [3H]TdR-labeled PCs was calculat-
ed as a percentage by dividing the number of neu-
rons labeled by the total number of neurons scored.  
To infer PCs neurogenetic timetables, a modification 
of the progressively delayed comprehensive label-
ing procedure was used [4]. The rationale of this 
method is based on the fact that 3H-TdR will only 
be incorporated by those neuroblasts engaged in the 
DNA synthesis during isotope supply. Whether the 
onset of the injections with the radioactive agent is 
progressively delayed by 24 hours, the percentage 
of labeled cells decreases reflecting the production  
of neurons from their precursor cells. Thus, the pro-
portion of PCs originating between two injection 
series is equal to the daily decline in the percentage 
of labeled neurons.

Statistical treatment

Two-way ANOVAs with “age” and “strain” as the 
main between-subject factors were used to analyze 
the number of dying cells as well as the propor-
tion of labeled neurons. When appropriate, further 
decomposition of the interaction was performed. Lev-
ene’s test was used to test homogeneity of varianc-
es. When necessary, data were log transformed to 
achieve homogeneity of variances. If only two means 
were available, Student’s t-test or Mann-Whitney 
U  test were utilized. A  p value less than 0.05 was 
considered statistically significant.

Photographic material

Photographic material presented in this report 
was digitally captured by a CCD-IRIS color video cam-
era (Sony, Japan) coupled to the microscope. The dig-
itized images were processed with the Adobe Photo-
shop software.

Results

Neuroapoptosis in the midbrain

The gross overall morphology of the SNc appeared 
similar in BALB/c, C57BL/6 and B6CBA-Aw-j/A hybrid 
stock mice. In order to perform a detailed analysis of 

physiological cell death, light microscopic observa-
tions of the midbrain were made through the antero-
posterior axis of the SNc. After a meticulous study 
based on an extensive collection of sections, no DA 
cells with morphologic criteria for apoptosis were 
seen. When the combination of tyrosine hydroxy-
lase and TUNEL or tyrosine hydroxylase and active 
caspase-3 immunohistochemistry were performed 
in the same tissue section, no DA cells TUNEL pos-
itives or active caspase-3-stained DA neurons were 
observed in any level of the studied midbrain. This 
has been taken into account in all of the examined 
mice. Figure 1 shows examples of tyrosine hydroxy-
lase-stained neurons in the SNc from B6CBA-Aw-j/A 
hybrid stock mice.

Purkinje cell death in the cerebellar 
cortex

The cerebellum showed the characteristic pat-
tern of fissures and foliar crowns. Cardinal fissures 
determining the limits among the four lobes of the 
cerebellar cortex were present and distinguishable. 
This occurred in all of the studied mice. Apoptot-
ic PCs were confirmed by DNA fragmentation, the 
TUNEL method or active caspase-3. TUNEL positive 
macroneurons in the developing cerebellum were 
selectively labeled among numerous hematoxy-
lin-stained PCs. Dying PCs were distributed through-
out the cerebellar cortex lobes at both ages exam-
ined. As a secondary marker of apoptosis, selected 
cerebellar cortex sections were tested for immunore-

Fig. 1. High-magnification of a TH-immunostain
ed section through the substantia nigra pars 
compacta of a B6CBA-Aw-j/A hybrid stock mouse 
sacrificed at P14. Scale bar: 50 µm.
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activity to activated caspase-3. Immunoreactivity to 
active caspase-3 occurred in the PC cytoplasm.

Numbers of TUNEL positive neurons and active 
caspase-3-reactive PCs quantified at P4 and P7 in 
the anterior, central, posterior and inferior lobes 
are presented in Tables I and II. Results of the two-
way ANOVA are depicted in Table III. Data analysis 
demonstrated significant effects of the “age” in all 
lobes of the cerebellar cortex. No effect of the main 
factor “strain” was observed. The interaction of 
“age X strain” was not statistically significant. Post 
hoc comparisons of means revealed that mice col-
lected at P4 always presented more apoptotic PCs 
than those killed at P7. Moreover, data analysis indi-
cated that numbers of TUNEL positives and active 
caspase-3-immnunoreactive PCs were highest in the 
central lobe; this was followed by the posterior and 
anterior lobes and then by the inferior lobe.

Developmental timetables of PCs at P4 and P7 
were inferred at the four, previously indicated, lobes 
of the cerebellar cortex. Initially, the frequency of 

tagged PCs was estimated by sequential [3H]TdR- 
labeling embryonic windows as graphically displayed 
in Figure 2. Statistical analysis of the results showed 
that at any given time within this generation period, 
and both for the P4 and P7, the percentage of labeled 
PCs remains constant within each lobe studied. In 
a  subsequent analysis, profiles of PCs origin were 
constructed. In Figure 3, the frequencies of new-
ly generated PCs at each selected lobe are plotted 
against time. Data analysis indicated that the birth 
sequences of postmitotic neurons for both survival 
times within each cerebellar cortex lobe are closely 
similar. Figure 4 shows examples of PCs labeled with 
[3H]TdR.

Discussion

Neuron death in the substantia nigra 
pars compacta

The physiological loss of SNc DA cells has been 
convincingly demonstrated in rats [6] and non-hu-

Table I. Number of TUNEL positives Purkinje cells per section in each lobe of the cerebellar cortex

Age Strain LA LC LP LI

P4 BALB/c 6.1 ± 0.9* 12.3 ± 1.4* 6.5 ± 0.7 3.8 ± 0.8*

P7 BALB/c 3.1 ± 0.8* 4.9 ± 0.9* 2.2 ± 0.6* 1.5 ± 0.9*

P4 C57BL/6 6.4 ± 0.9* 11.2 ± 1.5* 7.4 ± 0.8* 3.4 ± 0.5*

P7 C57BL/6 2.7 ± 0.7* 4.5 ± 0.9* 2.6 ± 0.9* 1.3 ± 0.6*

P4 B6CBA-Aw-j/A hybrid stock 7.2 ± 0.8* 11.7 ± 1.3* 7.0 ± 0.8* 4.1 ± 0.5*

P7 B6CBA-Aw-j/A hybrid stock 3.4 ± 0.7* 5.9 ± 1.1* 2.3 ± 0.7* 1.4 ± 0.5*

Means ± S.E.M (n = 7) per section are indicated 
*Student’s t-test or Mann-Whitney U test, p < 0.05 vs. P4
P – postnatal day, LA – anterior lobe, LC – central lobe, LP – posterior lobe, LI – inferior lobe 

Table II. Number of active caspase-3-immunoreactive Purkinje cells per section in each lobe of the cerebel-
lar cortex

Age Strain LA LC LP LI

P4 BALB/c 2.4 ± 0.4* 5.1 ± 0.7* 3.4 ± 0.5* 3.4 ± 0.5*

P7 BALB/c 1.6 ± 0.5* 2.3 ± 0.4* 1.5 ± 0.3* 1.7 ± 0.4*

P4 C57BL/6 2.6 ± 0.4* 4.7 ± 0.5* 3.7 ± 0.4* 3.2 ± 0.9*

P7 C57BL/6 1.3 ± 0.2* 2.4 ± 0.4* 1.6 ± 0.3* 1.6 ± 0.5*

P4 B6CBA-Aw-j/A hybrid stock 2.2 ± 0.5* 4.5 ± 0.5* 3.5 ± 0.4* 3.5 ± 0.5*

P7 B6CBA-Aw-j/A hybrid stock 1.3 ± 0.5* 2.5 ± 0.5* 1.6 ± 0.2* 2.4 ± 0.3*

Means ± S.E.M (n = 7) per section are indicated
*Student’s t-test or Mann-Whitney U test, p < 0.05 vs. P4
P – postnatal day, LA – anterior lobe, LC – central lobe, LP – posterior lobe, LI – inferior lobe
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Table III. Results of the two-way ANOVA of the dying, TUNEL and active caspase-3-reactive Purkinje cells 
number per section in each lobe of the cerebellar cortex

    Dying TUNEL Caspase-3

Anterior lobe
Age (A) [F1,36 = 61.4, p < 0.00001] [F1,36 = 16.6, p < 0.0002] [F1,36 = 12.2, p < 0.001]

Strain (S) NS NS NS

A × S NS NS NS

Central lobe

Age (A) [F1,36 = 96.1, p < 0.00001] [F1,36 = 43.8, p < 0.00001] [F1,36 = 34.6, p < 0.00001]

Strain (S) NS NS NS

A × S NS NS NS

Posterior lobe

Age (A) [F1,36 = 92.1, p < 0.00001] [F1,36 = 45.3, p < 0.00001] [F1,36 = 16.8, p < 0.001]

Strain (S) NS NS NS

A × S NS NS NS

Inferior lobe

Age (A) [F1,36 = 62.5, p < 0.00001] [F1,36 = 33.4, p < 0.00001] [F1,36 = 12.51, p < 0.001]

Strain (S) NS NS NS

A × S NS NS NS

NS – not significant
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man primates [34]. In mice, this event has been ana-
lyzed with contradictory results [5,14,22]. The current 
study reveals that in mice collected at P2 or at P12, 
no tyrosine hydroxylase-reactive cells with signs of 
apoptosis were found in the SNc. We do not know  
the reasons for these discrepancies but they may 
derive from biological differences among the mice 
strains studied, e.g. Lieb et al. [22] utilized CBA/J, Blum 
[5] used F2 littermates from a C57Bl/6 X 129 cross 
breeding, and C57/bl and CD-1 are used by Jackson- 
Lewis et al. [14]. BALB/c, C57BL/6 and B6CBA-Aw-j/A 
hybrid stock are used in the present work.

From the present results, it is proposed that the 
naturally occurring DA-neuron apoptosis in the early 
postnatal life is an event that might be restricted to 
certain strains of mice. Another possibility is that the 
natural loss of DA cells occurs in all strains of mice 
but neurons die in some of these strains through 
a nonapoptotic mechanism. In this regard, there is 
evidence indicating that the nature of cell death in 
the SNc of the weaver homozygotes is not apoptot-
ic [33,35]. This fact may be relevant to the patho-
genesis of neurodegenerative diseases such as Par-
kinson’s disease, in which the role of apoptosis has 
been questioned [41].

Apoptotic natural cell death in PCs

We show that PCs apoptosis occurs within the 
first postnatal week. Our data demonstrate that 
the most important number of apoptotic PCs was 
seen in the central lobe; this was followed by the 
posterior and anterior lobes and then by the inferi-
or lobe. In addition, the estimated values of active 
caspase-3-immunoreactive PCs was lower than that 
of TUNEL positives nuclei, at all cerebellar cortex 
lobes examined. These results are in agreement 
with the findings from other investigations, which 
have shown that caspase-3 activation occurs early 
in the course of apoptosis and precedes DNA frag-
mentation [9,32,45]. Moreover, at the time of degen-
eration, we did not observe any differences in the 
cytoarchitecture of the cerebellar cortex at the light 
microscopic level, which suggests that the migration 
and settling of postmitotic PCs in the Purkinje cell 
layer was normal.

Generative timetables of PCs were inferred at the 
four, previously indicated, lobes through the antero-
posterior axis of the cerebellar cortex. Our basic 
information is that the onset of PCs neurogenesis, 
its pattern of peaks and valleys, and its total span 

were close between P4 and P7. The experiments 
using 3[H]TdR autoradiography were designed to 
answer the question of whether the PCs apoptosis 
in the early postnatal period is related to neuroge-
netic patterns. If apoptosis of PCs is random across 
age, there should be no significant differences in the 
neurogenesis of PCs between P4 and P7. On the oth-
er hand, if apoptosis is systematic across age, the 
neurogenetic patterns of PCs should be different at 
P4 with respect to P7. The data reported here sup-
port the first possibility; no divergences were seen 
in PCs time-of-origin profiles. To our knowledge, this 
is the first report that links PCs neurogenetic timeta-
bles with the naturally occurring neuronal death of 
these macroneurons.

This report indicates that the times of origin for 
a given PC may not predispose it to start a develop-
mental program of cell death. The same may occur 
in other neurons of the cerebellar system, which 
would ensure the organization and refinement of 
corticonuclear circuits. In this way, there is evidence 
showing climbing-fiber elimination [12] and loss of 
young granule cells [24] in the developing cerebel-
lum. Moreover, alteration of basal neuron death in 
the human cerebellar system may be involved in 
sudden unexplained perinatal death; previous stud-
ies have found defects in both PCs and inferior oli-
vary nuclei neurons in victims of sudden intrauterine 
unexplained death and sudden infant death syn-
dromes [21].
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Lhermitte-Duclos disease with neurofibrillary tangles 
in heterotopic cerebral grey matter 
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A b s t r a c t

We report a 46-year-old patient with Lhermitte-Duclos disease (LDD) who underwent a successful surgery but died 
of other causes four years later. The autopsy revealed Lhermitte-Duclos disease asymmetrically affecting both cere-
bellar hemispheres. The subcortical white matter of both cerebral hemispheres contained several foci of grey matter 
heterotopia. Only heterotopic neurons contained tau-positive neurofibrillary tangles (NFT), displaying characteristic 
ultrastructural features of paired helical filaments (PHF). Neither senile plaques nor NFTs were found in other areas 
of the central nervous system. The brain also showed other developmental abnormalities such as megalencephaly, 
numerous foci of meningeal glial heterotopia and multifocal telangiectasia. Although some of these findings were 
previously described in LDD, this is the first case of this disease with NFTs selectively accumulating in the neuronal 
heterotopic tissue. 
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Introduction

Lhermitte-Duclos disease (LDD), a disorder first 
described by French physicians Lhermitte and Duclos 
in 1920 [25], is a  benign, slow growing dysplastic 
gangliocytoma of the cerebellum, characterized by 
replacement of the granule cell layer by abnormal 
granule and Purkinje like cells. The most frequent 
presenting signs and symptoms are megalocephaly, 
increased intracranial pressure, nausea, hydroceph-
alus, ataxia, gait abnormalities, and intermittent 
headaches, all of which are attributed to the mass 
effect [6,11,25]. Many cases are associated with 
a mutation in the phosphatase and tensin homolog 
or PTEN gene which is also involved in numerous 

otherwise unrelated central nervous system abnor-
malities, namely Cowden syndrome [1,6,11], autism 
spectrum disorder [18], cerebral cortical dysplasia 
[11,30] and Bannayan-Riley-Ruvalcaba syndrome 
[30]. The presence of cortical heterotopia has been 
reported in a small number of LDD cases [3,5,17,32]. 
We describe a unique case of LDD with cerebral cor-
tical heterotopic grey matter containing neurofibril-
lary tangles.

Clinical history and autopsy findings

This 42-year-old male with a large head and par-
tial left ocular paresis since childhood, presented 
with headaches, neck pain, ataxia and signs of raised 
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intracranial pressure. Magnetic resonance imaging 
(MRI) scan showed left cerebellar mass and obstruc-
tive hydrocephalus. A ventriculo-peritoneal shunt was 
inserted. A  posterior fossa craniectomy was carried 
out and multiple biopsies of the diffusely enlarged 
left cerebellar hemisphere were performed. Post-
operatively the patient made a  good recovery and 
returned to full employment until his sudden death 
from myocardial infarction and right parietal “stroke” 
four years later. He had no other significant past med-
ical history. He was a university graduate and worked 
as an accountant. Post-mortem examination con-
firmed massive myocardial infarction with endocardi-
al thrombi and systemic atherosclerosis.

The brain weighed 2,220 grams after formalin 
fixation. The combined weight of the cerebellum 
and brainstem was 250 grams. The left cerebellar 
hemisphere was enlarged and measured approxi-
mately 6.5 × 5.5 × 7.0 cm. The right (grossly normal) 
hemisphere measured 5.0 × 4 × 5.0 cm. The lateral 
and inferior aspects of the affected hemisphere dis-
played coarse, broad, firm and more numerous gyri, 
measuring from 5 to 10 mm in width. The brainstem 
was normal.

Coronal sections of the cerebral hemispheres con-
firmed a recent haemorrhagic infarct in the posterior 
parietal area. Both frontal lobes contained subcorti-
cal foci of heterotopic grey matter, each measuring 
approximately 2 cm in the largest diameter. Similar, 
smaller heterotopic nests were also present in the 
temporal and parietal lobes on each side.

Material and methods

Large hemispherical blocks of the cerebellum and 
frontal lobes as well as an additional set of brain tis-
sue samples removed from all representative areas 
of the left cerebral hemisphere, were formalin fixed 
and routinely processed for paraffin embedding and 
staining with hematoxylin and eosin (H&E), Luxol 
Fast blue combined with Periodic Acid Schiff (PAS & 
LFB) as well as Kluver-Barrera method, and Palmgren 
stain for axons. Selected sections of the hippocam-
pus, amygdala and frontal cortex with heterotopic 
foci were immunostained for Tau protein (Tau, rabbit 
polyclonal antibodies, 1 : 200), neurofilaments (NF, 
monoclonal antibody, 1 : 400), glial fibrillary acid-
ic protein (GFAP, polyclonal antibody, 1 : 500) and 
ubiquitin (UBQ, 1 : 300), all from DAKO as previ-
ously reported [20,28]. Glutaraldehyde fixed biopsy 
specimen from the cerebellar tumour was routinely 

processed for plastic embedding and ultrastructural 
study as previously reported [28]. Small fragments 
of heterotopic grey matter tissue in the frontal lobe 
were carefully removed from the large paraffin 
block, deparaffinised, washed in several changes of 
distilled water, post-fixed in 2% glutaraldehyde for 
24 hrs, and re-embedded in epoxy-resin. Routinely 
stained thin sections were examined in a  Phillips 
200 electron microscope as previously reported [28].

Results

Microscopically, the cerebellar folia showed striking 
“inverted” architecture with a thickened molecular lay-
er markedly enriched in the myelinated axons (Fig. 1). 
Normal Purkinje and granule cells were replaced by 
dysplastic ganglionic cells of various sizes, often rem-
iniscent of abnormal Purkinje cells (Fig. 2A). Interme-
diate zones between the normal and abnormal cere-
bellar tissues showed gradual transitions of a steadily 
increasing number of large dysplastic cells replacing 
the small granule cells. Dysplastic areas showed rich 
vascularization and numerous interstitial vacuoles. 
Subcortical white matter was markedly reduced in 
volume and displayed loss of axons and myelin. Scat-
tered intraparenchymal and meningeal vessels con-
tained dusty mural calcifications. The dentate nucleus 
was abnormal in shape but otherwise not remarkable. 
The right cerebellar hemisphere contained several, 
small subpial foci of gangliocytoma composed of dys-
plastic neurons as well as a disorganized network of 

Fig. 1. Whole mount of cerebellum and brain-
stem showing massive enlargement of the left 
cerebellar hemisphere. Broadened and abnor-
mal folia show myelination of the molecular 
layer and loss of myelin in the underlying white 
matter. Two independent small foci of ganglio-
cytoma are present in the contralateral cerebel-
lar hemisphere (encircled) (LFB&PAS stain).
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myelinated axons and glia. Many folia showed dys-
plastic neurons overlying depleted granule cells and 
accompanied by dense myelination of the molecular 
layer (Fig. 2B), a change indistinguishable from that in 
the contralateral, main tumour mass. 

The heterotopic grey matter of the frontal lobes 
(Fig. 3) contained scattered neurons with neurofibril-
lary tangles (NFT) as well as neuritic threads, both 
strongly positive for Tau (Fig. 4) and UBQ. Electron 
microscopic examination revealed tight collections 

of paired helical filaments (PHF) in the perikaryon 
and myelinated axons in the background (Fig 5A). 
They measured approximately 20 nm and displayed 
periodic constrictions (Fig. 5B). However, the diame-
ters deviated upwards and downwards of these val-
ues, most likely due to suboptimal processing of the 
tissue. In addition, there was an almost equal num-
ber of long straight 15 nm tubules without constric-
tions (Fig. 5B). The neuropil of the heterotopic foci as 
well as the adjacent white matter displayed a mod-
erate degree of gliosis. The cortex overlying hetero-
topia did not demonstrate architectural abnormali-
ties. However, cortical disorganization with marked 
gliosis was present in the left superior and middle 

Fig. 2. Tumour in the left cerebellar hemisphere. Replacement of the molecular and Purkinje cell layers by 
dysplastic neurons (A). Contralateral hemisphere. Dysplastic ganglionic cells streaming from the Purkinje 
cells layer to the molecular layer. Granule cells are reduced in number. The broad band of subpial myelin-
ation of the molecular layer is on the right hand side.

Fig. 3. Palmgren stain of the whole mount of 
frontal lobes. Subcortical foci of heterotopic grey 
matter in each hemisphere (encircled). Marked 
area in the left superior frontal gyrus contains 
capillary telangiectasia illustrated in Figure 6.  
The white matter of both lobes displays increased 
vascular markings due to a large number of tel-
angiectatic capillaries. 

Fig. 4. Tau positive neurofibrillary tangle and 
multiple neuritic threads in the neuropil of het-
erotopic grey matter tissue from the frontal lobe.

A B
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frontal gyri involved by capillary telangiectasia (Fig. 
6A). An increased number of telangiectatic capillar-
ies was noticeable in the white matter of both cere-
bral and cerebellar hemispheres. Meningeal nests of 
heterotopic, glio-neuronal and glial tissue were very 
frequent in all cerebral cortical areas (Fig. 6B) as well 
as in the leptomeninges overlying the non-tumorous 

cerebellar folia. There was no evidence of NFTs, amy-
loid angiopathy or senile plaques in any other part of 
the brain, including hippocampal formations. Reex-
amination of the surgical specimen of the tumour 
biopsy revealed no PHFs in the neuronal or glial cells. 
The tumour tissue was not available for additional 
molecular or immunohistochemical testing.

Fig. 6. Capillary telangiectasia in the frontal cor-
tex from the area marked in Figure 2. The cerebral 
cortex is disorganized and gliotic (A). Glio-neuro-
nal heterotopia in the leptomeninges of the fron-
tal cortex (B).

Fig. 5. Low power electron micrographs showing accumulation of paired helical filaments in neurofibrillary 
tangle. Arrows point to myelinated axons filled with PHFs. Bar = 250 nm (A). High power view of neuro-
fibrillary tangle showing twisted filaments (three arrows pointing downwards) and straight filaments (two 
arrows). Bar = 65 nm (B).

A B

A B
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Discussion

Lhermitte-Duclos disease is characterized by thick
ened cerebellar folia due to replacement of the gran-
ule cell layer by enlarged neurons of various sizes, 
most often reminiscent of Purkinje cells [10,25]. Other 
key features include the absence or reduction in num-
bers of Purkinje and granule cells, and myelination of 
the molecular layer, creating appearance of inverted 
folia. The lack or very low proliferative activity indi-
cates that LDD may represent a malformation rather 
than the tumour [25]. However, progression to malig-
nant and other benign tumours such as anaplastic 
ganglioglioma [36] and DNET [24] has been reported 
in a few cases. The new tumour is usually discovered 
many years after the initial LDD diagnosis [24,36].

Most cases of LDD present unilaterally, with no 
preference of side. However, bilateral LDD has been 
reported in five patients [5,7,32,34,39]. Four cases 
exhibited large bilateral lesions [7,32,34,39], the 
other had foci of LDD-like changes such as inverse 
myelination and dysplastic changes in the contra-
lateral hemisphere [5]. Our case was similar to the 
latter, displaying several small nests of gangliocytic 
tumour and multifocal aberrant myelination of the 
molecular layer in the contralateral hemisphere.

Lhermitte-Duclos disease is often associated with 
macrocephaly and other developmental abnormal-
ities such as subcortical grey matter heterotopia, 
meningeal glial heterotopia and vascular malforma-
tions [25]. Macrocephaly is found in approximate-
ly half of LDD cases and is usually present in other 
PTEN-related conditions such as Bannayan-Ruvalcaba- 
Riley syndrome [14,25]. However, this number may 
be higher as Mary Ambler suggested that isolated 
macrocephaly might be a sign of subclinical LDD [3]. 

Leptomeningeal glial nests result from an over-mi-
gration of glia beyond the pia limitans to the sub-
arachnoid space [8,12]. Experimental studies have 
revealed that these heterotopia occur after damage 
to the pial basal lamina [23]. Physical injury to the 
pial basal lamina during the development, or the dys-
functions as well as deficiencies of proteins compris-
ing the basal lamina, such as laminin, can result in 
an over-migration of glia [23]. To our best knowledge, 
there is no known link between LDD or PTEN muta-
tions and any of these conditions. However, PTEN 
mutations are associated with a high rate of vascu-
lar malformations [37] and several studies demon-
strated cavernous and venous angiomas [22] as well 

as other developmental vascular abnormalities in 
LDD [2,27,41]. An association of this mutation with 
LDD may explain striking hypervascularisation of 
gangliocytomas observed in one large study [1], and 
possible contribution to the widespread presence of 
telangiectasias in our patient. Multifocal, clinically 
silent cerebral subcortical grey matter heterotopia 
is the most unique finding among the constellation 
of brain abnormalities in our patient. Cortical het-
erotopia is a  malformation caused by an arrest in 
neuronal migration from the ventricular zone in the 
developing brain [4,38]. Heterotopia are often asso-
ciated with malformations in the overlying cortex 
that may display dyslamination and the presence 
of abnormal neurons [38]. Lhermitte-Duclos disease 
and other diseases with heterotopic grey matter or 
other forms of aberrant neuron migration, share 
many features such as formation of dysplastic and 
hypertrophic neurons [19,21], as well as predisposi-
tion to megalencephaly in carriers [31].

The presence of Tau-positive neuritic threads and 
neurofibrillary tangles (NFT) with the ultrastructural 
PHF characteristics has not been reported in associa-
tion with LDD. Paired helical filaments in this patient 
were present only in the heterotopic neurons and 
not detected in the neoplastic cells or glia in the 
biopsy tissue, or any other part of the post-mortem 
brain. Although tau-positive neurons have been 
found in other forms of cortical dysplasia [16], tau 
immunoreactivity does not infer presence of NFTs 
or PHFs [9]. Hyperphosphorylated tau NFTs are typ-
ically associated with Alzheimer’s disease [40]. They 
may also develop at any age in other unrelated con-
ditions such as subacute sclerosing panencephalitis, 
ALS, certain heavy metal poisoning, dementia pugi-
listica, Down syndrome, tuberous sclerosis [15,40] 

and gangliogliomas [26]. It is unknown if the etiolog-
ical factors responsible for the given disease are also 
responsible for the production of PHF or whether the 
environment of chronically diseased brain predis-
poses to NFT formation [40]. It has been suggested 
that the presence of NFT-like inclusions in neurons in 
cortical dysplasia could be secondary to pre-existing 
cytoskeletal abnormalities [16]. Sen et al. [33] report-
ed absence of NFTs in paediatric cases with cortical 
dysplasia, while older patients with similar cortical 
anomalies had classical NFTs. Therefore, it is very 
plausible that abnormal neurons in dysplastic foci 
are much more prone to degeneration and prema-
ture aging than histologically normal neurons [33].
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Lhermitte-Duclos disease is genetically linked to 
a mutation in PTEN, which acts as a tumour suppres-
sor protein for diverse pathways. The defective func-
tion of PTEN can cause excessive mTOR activation 
that can lead to cell proliferation, hypertrophy, and 
improper migration [19]. Disrupting PTEN in the cere-
bellum and cortex of murine models created pathol-
ogy resembling human LDD and cortical dysplasia, 
respectively [19,21]. This model had all the features 
of LDD with hypertrophic neurons, loss of Purkinje 
cells, and symptoms of increased intracranial pres-
sure [19]. The development of NFT in conjunction 
with LDD can also be traced to the PTEN pathway. 
However, the mechanisms that cause dysplastic 
neurons to accumulate NFTs are uncertain [29]. 
A study by Griffen et al. [13] has revealed a negative 
correlation between PTEN levels and the severity of 
tau tangles in AD brains. It has been subsequently 
confirmed that PTEN accumulates in NFTs, most like-
ly as a consequence of deregulation of downstream 
signalling and nuclear dysfunction of PTEN in AD 
neurons [35]. Unfortunately, this is an archival case 
from the period when molecular studies for detec-
tion of this mutation were unavailable and possible 
relation between occurrence of NFT and PTEN gene 
mutation in our patient remains unknown.
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