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Emery-Dreifuss muscular dystrophy: the most recognizable
laminopathy
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Abstract

Emery-Dreifuss muscular dystrophy (EDMD), a rare inherited disease, is characterized clinically by humero-peroneal
muscle atrophy and weakness, multijoint contractures, spine rigidity and cardiac insufficiency with conduction defects.
There are at least six types of EDMD known so far, of which five have been associated with mutations in genes
encoding nuclear proteins. The majority of the EDMD cases described so far are of the emerinopathy (EDMD1) kind,
with a recessive X-linked mode of inheritance, or else laminopathy (EDMD2), with an autosomal dominant mode
of inheritance. In the work described here, the authors have sought to describe the history by which EDMD came to be
distinguished as a separate entity, as well as the clinical and genetic characteristics of the disease, the pathophysiolo-

gy of lamin-related muscular diseases and, finally, therapeutic issues, prevention and ethical aspects.

Key words: Emery-Dreifuss muscular dystrophy, emerin, lamin A/C, laminopathy, LMNA gene.

Introduction

Laminopathies fall within a group of rare diseas-
es connected with structural/functional defects of
the proteins making up the nuclear envelope (which
is composed of inner and outer nuclear membranes).
This explains them also being called envelopathies.
Below the inner membrane there lies the so called
nuclear lamina formed by intermediate filament pro-
teins called lamins. There are two types of lamins
in human beings, with lamin B encountered at all
developmental stages, while lamin A/C is a pro-
tein characteristic of differentiated cells in adults,
which is not therefore present in the early stages of

embryonic development [14,35]. Lamin A/C plays the
role of a structural integrator in a cell nucleus, ensur-
ing the maintenance of the latter’s shape, as well as
its mechanical endurance (mechanotransduction).
It takes part in regulation of the cell-division cycle,
through interaction with chromatin, transcription
factors and associated proteins. Lamin A/C is encod-
ed by the LMNA gene, which is composed of 12 exons
and on the matrix of which two proteins are formed
— lamin A and lamin C. Mature lamin A is made of
prelamin A, which is subject to posttranslational
modifications catalysed by the specific metallopro-
teinase FACE-1, as encoded by the ZMPSTE-24 gene
[37]. Lamin A not only forms the nuclear lamin, but
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is also present in smaller amounts in another com-
partment of the cell nucleus — the nucleoplasm [10].

There are four phenotypic subgroups of lami-
nopathies related to the pathology of A/C lamin, i.e.
muscular and peripheral neurogenic, as well as lipo-
dystrophies and premature ageing syndromes [44].
However, the first described envelopathy was not
a laminopathy, but an emerinopathy connected with
muscular pathology — Emery-Dreifuss muscular dys-
trophy marked later on as type 1 (EDMD 1).

EDMD1 (emerinopathy):
historical remarks, clinical presentation,
genetic investigations

Historically the first clinical description of the
familiar muscular dystrophy with early contractures
was made in 1902 by Cestan and Lejonne [13]. In
1955, Peter Emil Becker recognized a benign form of
X-linked muscular dystrophy characterized by later
onset than in the Duchenne type, a slow course of
disease and slightly decreased average life expectancy
[3]. In 1961, Dreifuss and Hogan reported on a large
four-generational family in which muscle dystrophy
only occurred in 8 males. In contrast to Duchenne-
type muscular dystrophy, this disease was reported on
by the authors by reference to its extraordinarily slow
progression. Even 52-year-old and 44-year-old affect-
ed males remained ambulant, and had been able to
remain active, working as a school teacher and the
owner of a grocery store, respectively [15]. In 1966,
Emery and Dreifuss offered a detailed characterization
of the clinical features and course of the disease [16],
which encompasses atrophy or weakening of mus-
cles, mainly of the brachial and fibular groups; mult-
jarticular contractures and rigidity of the spine; and
—in further course — development of cardiomyopathy
with conduction disturbances. The first symptoms of
the diseases are usually seen in the first decade of
life, manifesting as ankle and elbow contractures and
spine rigidity. They precede muscle atrophy and weak-
ness, which are typically visible in the 2" to 3 dec-
ades of life. It is during adolescence, as a young man
grows rapidly, that contractures become more evident.
Nevertheless, the progression of muscle atrophy is
usually slow in the first decades of life, though tend-
ing to accelerate subsequently. In EDMD1, symptoms
involving the skeletal muscles usually arise before car-
diac disease, with the latter initially including sinus
bradycardia, supraventricular tachyarrhythmias and
paroxysmal atrial fibrillation, with atrial standstill and

heart insufficiency then coming to characterize the 4
or 5t decades of life. Sudden death is due mainly to
a complete heart block, though this is capable of being
averted if a pacemaker is implanted. The full clinical
picture with skeletal-muscle and cardiac involvement
is to be seen in men. Female carriers never present
muscle symptoms or signs, though in the 4!"-5t dec-
ades of life, around 20% of them may develop overt
cardiac disease, with pacemaker implantation and
pharmacotherapy necessitated. It was in 1979 that
the disease began being referred to as Emery-Dre-
ifuss muscular dystrophy (EDMD, MIM 31030), while
1986 saw Thomas and co-workers succeed in mapping
the gene responsible for the disease, i.e. EMD, which
encodes the nuclear protein emerin, on the X chromo-
some, in its q27-28 region. The maximum LOD score
value of 4.29 was obtained in the case of the marker
for Factor VIII. Simultaneously, genetic linkage to the
Duchenne and Becker muscular dystrophy locus Xp21
was excluded, in this way offering a firm confirmation
that the genetic identity of Emery-Dreifuss muscular
dystrophy is separate [42]. The Warsaw Department
of Neurology headed by Professor Irena Hausmano-
wa-Petrusewicz (1917-2015) contributed to narrowing
of the Emery-Dreifuss locus to the Xq27.3-gter region
and one of the 2 families analysed originated from
Poland. Thanks to the highly informative contacts
it proved possible to maintain with the Polish fam-
ily (in which 8 males were affected), the identity of
Emery-Dreifuss dystrophy could be narrowed down
further [45]. The EMD gene was found to contain
6 exons. The mutations in the EMD gene first iden-
tified as responsible for EDMD1 were: ¢.3G>A affect-
ing codon start in exon 1, the nonsense ¢.130C>T in
exon 2 and ¢.653insTGGGC in exon 6, which influenc-
es the open reading frame and introduces a prema-
ture stop codon at 238 [5]. In the majority of EDMD1
cases, small deletions or splice-site mutations lead-
ing to a change of reading frame are observed, while
remaining patients have either a nonsense/missense
mutation or large deletions [http://www.umd.be/
EMD] (Fig. 1). In these circumstances, a lack of emerin
can be observed in patients. Mutations are most often
located in exons 1 and 2, whereas 26% of mutations
are of codons 1 or 34 [6,11,23].

EDMD2 (laminopathy)

In the 1990s, it was determined that EDMD may
also be conditioned by laminopathy (EDMD 2 with
an autosomal dominant trait of inheritance and

Folia Neuropathologica 2016; 54/1



Emery-Dreifuss muscular dystrophy

£.450dup
£.462insC
¢.506_507delCT
€.512CA
€.512insTA
€.547C>A
€.5480>A
€.565_566deITC
€.569_570delTT
<.600G>A
€.96_154del ¢.601_611del
€.100delT ¢.605_607dup
10206 c.607delC
€.10645T €.608G>A
c.116_143del c.615delC
c.82+1delG ¢.123CG €.617_620deMCCG
€.82+1G>T ¢.130C:T ¢.619delC
c.:g*-zsﬁ»;c c.l::d;ggd ¢.400-245G ¢.621delG
c.83- €.138_ el ¢.417 418dup c.621delG
€83-24>G  ¢.139_140dup €.28206 €.428_430delCTG  ¢.653insTGGEC
c.144dup €.284_296del 44104 ©.650_654dup
€186 €:153delC £.192 192delinsTC €.301dwp €.B550T
c.1_T62del c.1610T c.197delC c.314_315delAT ©.B654_655dup
AT €.174_175delTT €.21645T €. 315T=6 c.674_678delTCTGE
c2T>6 17724 €.220_221delTA .3256>T «.677G>A
3GA c.178dup ©.239_240delAG €.359_362delCAGT ¢.B820>T
c.3_31del c.184duvp €.251_255deTCTAC 39761 €.705_722del
c.7 187dal c.186dwp € 2560>T €.397delC ¢.450_762delc 706_723del
:_zgdup €.399G>T C.449+1G°A ¢.730_743del
C.359+1GA €.450-2A>G ¢, 740_743delAGGC
::i;f;?w c187+1GA €.266_TE2del  ¢.39942GC . 759delC
€.266-27del18
€.266-245G
1 2 3 4 5 6 exon

Fig. 1. Mutation spectrum in EDMD1. The most frequent mutations in the EMD gene associated with EDMD1
phenotype are marked in bold. Mutations in Polish EDMD1 patients are underlined.

Source: http://www.umd.be/EMD/

EDMD3 with a recessive one) [7,8,33,43]. The symp-
toms in skeletal muscles in EDMD?2 are less stereo-
typical than those regarding EDMD1. Severe general-
ized muscle atrophy and joint contractures can occur
early, leading to a loss of independent ambulance
in some cases. In contrast, in others the phenotype
might prove mild, with late onset and slow progres-
sion of muscle weakness and joint contractures [8].
Paraspinal ligaments are frequently affected. Weak-
ness of respiratory muscles and chest deformity may
cause respiratory failure. The cardiological compo-
nent is found to be less predictable in EDMD2 than
in EDMD1. Apart from conduction disturbances, sys-
tolic dysfunction of the left ventricle predominates,
while the pathological process affects the ventricles
more frequently, leading to dilated cardiomyopathy.
Life-threatening ventricular arrhythmia is the main
cause of death. As a pacemaker is not found to suf-
fice, implantation of a cardioverter-defibrillator in
primary prevention of sudden cardiac death is rec-
ommended. In 1999, Bonne et al. [7] mapped the
locus for EDMD2 on chromosome 1q11-g23, which
contains the LMNA gene encoding two proteins of
the nuclear lamina, i.e. lamin A and lamin C. The first

Folia Neuropathologica 2016; 54/1

reported mutations in the LMNA gene, as associated
with EDMD 2, were: the nonsense c.16C>T in exon 1,
and the three missense mutations of ¢.1357C>T in
exon 7,as well as c.1580G>C and 1589T>C in exon 9.
In 80% of cases of EDMD2, mutations in the LMNA
gene involve heterozygous missense mutations,
which result in synthesis of a mutated lamin A/C
with a dominant-negative toxic effect; less often
they include deletions/duplications, some of which
may lead to loss of function of the final protein [4].
The LMNA gene mutations in EDMD2 are dissemi-
nated randomly in exons 1-11 of the lamin A/C gene
(Fig. 2). A genetic defect is most often localized in
exons 1 and 6, while recurrent mutations are seen
in codons 377 and 453 [23,25]. In the majority of
EDMD?2 patients, it is possible to find de novo muta-
tion in the LMNA gene [9].

Other types of EDMD

Laminopathy or emerinopathy is diagnosed in
40% of patients with the clinical picture of EDMD.
A search for mutations in other genes, including
those encoding proteins of the nuclear envelope
that are functionally related to lamin A/C, allowed
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Fig. 2. Mutation spectrum in EDMD2. The most frequent mutations in the LMNA gene associated with
EDMD2 phenotype are marked in bold. Mutation in Polish EDMD2 patients are underlined.

Source: http://www.umd.be/LMNA/

for the identification of SYNEI and SYNE 2 (the syn-
aptic nuclear envelope protein 1(or 2) genes), encod-
ing nesprin-1 and nesprin-2, as two genes connect-
ed with EDMD, i.e. EDMD4 and EDMDS5, respectively
[46]. A further candidate gene is the LAP gene encod-
ing polypeptides connected with lamins (lamin-as-
sociated protein 2 alpha, LAP2alpha). Mutations in
this gene were also reported in patients with dilated
cardiomyopathy, which is clinically similar to lami-
nopathy. In 2009, a few patients with a clinical pic-
ture resembling Emery-Dreifuss muscular dystrophy
were reported with a mutation in the FHL-1 (four and
a half LIM domains protein 1) gene located on the
X chromosome [21]. The gene is responsible for
encoding one of the proteins of the cytoskeleton.
A characteristic feature of EDMD6 caused by a muta-
tion of FHL-1 is hypertrophic cardiomyopathy (as
opposed to the dilated cardiomyopathy observed in
the case of laminopathy), as well as deltoid hypertro-
phy and — often — vocal cord paresis.

Pathophysiology

A number of pathological changes can be
observed in both laminopathies and emerinopathies,
at both the molecular and the cellular levels. In the
majority of emerinopathies, a lack or considerable
reduction of emerin expression is to be observed

[26]. Some EMD mutations lead to shortening of
emerin, due to premature termination of the ami-
no-acid chain or improper exon splicing. Shortened
emerin is deprived of its proper biological function
and in the case of a loss of signal of nuclear localiza-
tion, it may be absent from the nucleus. Ultrastruc-
tural examination of cells of skeletal, cardiac-muscle
and skin fibroblasts from patients suffering from
both types of EDMD has been found to show irreg-
ularly-shaped nuclei, losses of nuclear membrane
and a change in the density of heterochromatin. In
addition, laminopathy causes an escape of nucleop-
lasm beyond the boundaries of the nucleus due to
losses incurred by the nuclear membrane, as well as
chromatin decondensation and its detachment from
nuclear lamin. In some cases pseudo-inclusions in
its area are also created, while the most advanced
changes may also entail fragmentation of the nucle-
us [17,18,34,39].

Lamin A/C is expressed not only in mature myo-
cytes, but also in stem cells of the skeletal muscles
and in the satellite cells responsible for muscle regen-
eration [19]. Satellite cells exit the cell cycle and fuse
with muscle fibre when hyperphosphorylated ret-
inoblastoma protein (pRb) inhibits the p21 protein
responsible for continued proliferation [22,41]. In
skeletal muscle, pRb binds to skeletal muscle-spe-

Folia Neuropathologica 2016; 54/1



cific transcriptional regulator, MyoD, induces expres-
sion of myogenesis-regulating genes and arrests the
cell cycle, promoting differentiation [30]. Lamin A/C
regulates the cell cycle through interaction with the
pRb-MyoD complex, and via other nucleoplasmic
proteins that are partners of lamin A/C, i.e. emer-
in, LAP2alpha and nesprin. Mutations in the LMNA
gene responsible for muscular dystrophies cause
damage and degeneration of myocytes. Simultane-
ous expression of mutated lamin A/C in the satel-
lite cells responsible for repair processes hampers
the regeneration process and variation of myocytes,
thus contributing to the progressive development
of muscular dystrophy. In muscle specimens from
EDMD1/2 patients, mutations in genes encoding
nuclear envelope proteins have been shown to dis-
rupt their interactions with the pRb-MyoD complex,
with the result that the process of differentiation of
myoblasts into muscle fibres is impaired [2]. A lack
of lamin A or emerin decreases levels of the proteins
important in muscle differentiation; e.g. pRb, MyoD,
desmin and M-cadherin [19]. Since LAP2alpha regu-
lates the proliferation of stem cells in mature tissue
[29], it is suggested that LAP2alpha activity in satel-
lite muscle cells can be compromised. The LAP2al-
pha-lamin A/C complex may be a regulator of MyoD
and pRb in the initial step of muscle differentiation.
As the inhibition of myoblast proliferation and pro-
motion of differentiation progress, lamin A/C moves
from the nucleoplasm to nuclear lamina, and the
expression of LAP2alpha is seen to decrease. Intro-
duction of mutated lamin A to nuclei in turn impairs
myoblast differentiation. Mutated lamin A accumu-
lates in the nucleoplasm and disrupts the transfer of
normal lamin A to nuclear lamina (dominant-nega-
tive activity). In addition it increases interaction of
LAP2alpa with wild and mutated lamin, leading to
sequestration of their complexes in the nucleoplasm
[27,32].

Laminopathies are characterized by great intra-
familial and interfamilial variability, as regards
both the phenotype generated by a given mutation
(possible overlapping syndromes with other lam-
inopathies) and the severity of the disease, from
life-threatening to symptom-free carrier state [12].
Interfamilial and intrafamilial variability in patients
with the same mutation may depend on phenotype
modifiers: concomitant mutation in various genes
— oligogenic inheritance [20,28], single nucleotide
polymorphisms in the mutated or another gene, var-
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ious expression of the protein, impaired promoter
methylation, interactions with other nuclear pro-
teins, modifying emerin/lamin A/C function and the
existence of an allele with a high or low expression
at the LMNA locus [36].

Treatment, prevention and management
of Emery-Dreifuss muscular dystrophy
carriers

There is no specific treatment for EDMD. Patients
should have mild dynamic physical therapy with
stretching exercises to prevent contractures. Severe
contractures may be treated surgically. The best
effects are obtained for ankle contractures, and the
results of operation persist for longer if this is done
after the adolescent growth spurt. Cardiological treat-
ment includes implantation of a pacemaker or car-
dioverter-defibrillator, as well as pharmacotherapy
aiming to delay heart remodeling (using ACE inhib-
itors), to treat arrhythmia and cardiac failure (using
ACE inhibitors, diuretics and beta-blockers) and to
prevent thromboembolism (using anticoagulants and
antiplatelets). In patients with a preserved respirato-
ry function and without severe muscle involvement,
but who have treatment-resistant severe cardiomy-
opathy, heart transplantation might be considered.
Patients with respiratory failure sometimes require
respiratory support, especially at night.

Males diagnosed with EDMD1 and all patients
with EDMD2 should be involved in regular annual
cardiological screening, with this including clinical
examination, ECG, echocardiography and 24-hour
ECG monitoring. Obligatory female carriers of EDMD1
(i.e. daughters of men affected by it) and those with
a carrier state confirmed genetically (i.e. the sisters
of men affected by EDMD1, the daughters and sisters
of known female carriers) should be informed about
the risk of cardiomyopathy, and familiarized with the
potential symptoms of cardiac insufficiency. In the
case of any cardiac symptoms, the first cardiological
consultation —including clinical examination, ECG and
echocardiography — should be held in early adulthood,
then annually; otherwise every 5 years from the age
of 25 years onwards. The above guidelines are based
on the recommendations of the Working Group of
the National Consultant in Cardiology on cardiological
supervision in Duchenne and Becker muscular dystro-
phy and the prevention of cardiomyopathy in female
carriers of DMD/BMD [40], given that these could be
taken to apply to EDMD patients as well.
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Since the penetrance of LMNA mutations, espe-
cially in relation to cardiac symptoms which might
be life-threatening and even initially manifest as
sudden cardiac death, is high and greater with age
(being almost complete by the age of 60), patients
with a subclinical course of the disease, including
asymptomatic carriers of LMNA mutations, require
careful assessment of the cardiological risk [31].
Although the muscle symptoms in EDMD usually
precede heart involvement, and although the latter
is seen typically in early adulthood, this sequence is
generally true of EDMD1, while the clinical picture
is seen to be more unpredictable in EDMD2. Some
EDMD patients may have conduction disturbances
or atrial arrhythmia as early as in the middle of the
second decade of life [23]. Children from families
affected with EDMD should therefore be observed
for early signs of the disease, especially joint con-
tractures and spine rigidity. Molecular testing should
be done in the case of any abnormalities on neuro-
logical examination.

Ethical issues as regards genetic testing
in Emery-Dreifuss muscular atrophy

In terms of genetic counselling, Emery-Dreifuss
muscular dystrophy should be considered separate-
ly from other neuromuscular disorders limited to
damage of the skeletal muscle, given the high risk of
heart-rhythm disturbances and even sudden death
in EDMD families. In particular, in the case of the
novel EMD or LMNA mutations reported in single
families, the question of penetrance remains unan-
swered. The marked clinical variability of EDMD,
even as regards recurrent EMD/LMNA mutations,
ensures that an individual risk of severe heart com-
plications is notably hard to predict. Furthermore, in
young EDMD patients, a positive result of genetic
testing may result in fatalism and a deterministic
attitude to further life. Indeed, a positive test result
in a young patient may give rise to anxiety and dis-
tress. Moreover, molecular diagnosis of EDMD may
be associated with a person feeling threatened by
sudden death and thus regarding his/her own life
as being of limited value. The “right not to know”
confirmed by both the Council of Europe Conven-
tion on Human Rights and Biomedicine (Article
10.2) and the UNESCO Declaration on the Human
Genome (Article 5¢) should be considered carefully
during the EDMD genetic counselling process [24].
According to some authors, in the case of a direct

threat to life (also present in EDMD), the right “not
to know” is of limited value [1]. Nevertheless, in
young patients especially, a possible EDMD diagno-
sis should always entail consideration being given
to the question of genetic testing and the disclosure
of genetic results. In turn, clinically-healthy mem-
bers of families affected by EDMD, who do not want
to undergo and do not undergo genetic screening
for the disease should be aware of potential cardio-
logical symptoms, which may occur later in life and
serve as the first indicator of laminopathy. In that
case, prompt cardiological assessment is necessary,
with genetic screening performed where the results
prove to be abnormal. Similarly, the question of
genetic testing for EDMD assumes special value in
regard to preimplantation genetic diagnosis (PGD)
and prenatal testing. In fact, in the cases of both
PGD and prenatal testing for EDMD, genetic coun-
selling deals only with the prediction of the possi-
ble phenotype, provoking ethical questions where
decisions regarding embryo transfer or abortion are
concerned. Additionally, due to the unknown long-
term consequences of blastomere removal in PGD,
the ethical dilemmas associated with EDMD-direct-
ed PGD are not to be omitted [38].
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Abstract

Despite the current hypotheses about myelinic and astrocytic ion-dyshomeostasis underlying white (WM) and grey
matter (GM) vacuolation in mitochondrial encephalopathies, there is a paucity of data on the exact mechanism
of vacuole formation. To revisit the concepts of vacuole formation associated with mitochondrial dysfunction, we
performed a comparative neuropathological analysis in Kearns-Sayre syndrome (KSS) and full-length peroxisome
proliferator-activated receptor-y coactivator-1a (FL-PGC-1a)-deficient mice, a recently proposed morphological mod-
el of mitochondrial encephalopathies. Brain tissues from an individual with genetically proven KSS (22-year-old
man) and aged FL-PGC-1a-deficient and wild-type (male, 70-75-week-old) mice were analysed using ultrastructural
and immunohistochemical methods, with a specific focus on myelin-related, oligodendroglial, axonal and astrocytic
pathologies. Besides demonstrating remarkable similarities in the lesion profile of KSS and FL-PGC-1a-deficient
mice, this study first provides morphological evidence for the identical origin of WM and GM vacuolation as well as
for the presence of intracytoplasmic oligodendroglial vacuoles in mitochondriopathies. Based on these observations,
the paper proposes a theoretical model for the development of focal myelin vacuolation as opposed to the original
concepts of intramyelin oedema. Placing oligodendrocytes in the centre of tissue lesioning in conditions related to
defects in mitochondria, our observations support the rationale for cytoprotective targeting of oligodendrocytes in
mitochondrial encephalopathies, and may also have implications in brain aging and multiple sclerosis, as discussed.

Key words: Kearns-Sayre syndrome, PGC-1a, mitochondrial encephalopathy, vacuole, myelin, oligodendrocyte.

Introduction the mitochondrial or nuclear genome is involved by

Mitochondrial diseases comprise a group of in- the genetic alterations. Based on the symptomatic
herited or sporadic neurological disorders in which appearance, such diseases are divided into charac-
proper mitochondrial function is compromised. Either  teristic syndromes, including MELAS (mitochondrial
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encephalomyopathy, lactic acidosis, and stroke-like
episodes), MERRF (myoclonic epilepsy with ragged
red fibres), LHON (Leber’s hereditary optic neurop-
athy), MNGIE (mitochondrial neurogastrointestinal
encephalopathy), NARP (neuropathy, ataxia, retinitis
pigmentosa), Leigh’s syndrome and Kearns-Sayre
syndrome (KSS) [4,6,9,47], as well as the more recent-
ly characterized LBSL (leukoencephalopathy with
brainstem and spinal cord involvement and lactate
elevation) [39,48] and HBSL (hypomyelination with
brainstem and spinal cord involvement and leg spas-
ticity) [44]. The leading symptoms develop due to
the progressive pathology in organs with high ener-
gy demand, resulting usually in early death. Though
the distribution of neuropathological alterations is
characteristic of a particular syndrome, all mitochon-
drial encephalopathies present in various degrees of
vacuolation in the white (WM) and grey matter (GM),
regional neurodegeneration with reactive astrogliosis
and, less generally, capillary proliferation [4,6,9,47].
Recently, mice deficient in the expression of full-
length peroxisome proliferator-activated receptor
gamma coactivator-1a (PGC-1a) protein (FL-PGC-1a)
have been suggested as a morphological model for
mitochondrial diseases [43]. PGC-1a is a nuclear-en-
coded protein that plays important roles in the tran-
scriptional regulation of mitochondrial function at
several levels, including mitochondrial biogenesis,
glucose and lipid metabolism as well as oxidative
stress defence, and its dysfunction has been impli-
cated in the pathogenesis of a number of neuro-
degenerative diseases both in humans and exper-
imental animals [37,43]. FL-PGC-1a-deficient mice
develop liver disease, decreased locomotion and
muscle weakness [23], together with a spongiform
leukoencephalopathy with wide-spread vacuolation
accompanied by reactive astrogliosis in the brain-
stem and the cerebellar nuclei, resembling the neu-
ropathological alterations seen in KSS [43].
According to the current notion, WM vacuoles
in mitochondrial encephalopathies are linked to
intramyelin ‘oedema’ due to preferential mitochon-
drial dysfunction in oligodendrocytes, presenting as
intramyelin ‘bubbles’ due to splitting of the myelin
sheath at the intraperiod line. In contrast, GM neu-
ropil vacuoles are presumed to develop because
of the failure of ATP-dependent ion transporters in
astrocytic membranes [32,40,46]. While intraperiod
line splitting is a common finding in cases with sta-
tus spongiosus, the mechanism through which focal
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and circumscribed fluid accumulation develops in an
extracellular compartment is only poorly understood.
Thus, our knowledge about the origin of intramyelin
and neuropil vacuolation remains speculative.

Our first study on FL-PGC-1a-deficient mice indi-
cated that the majority of the observed vacuoles
were associated with myelin in the absence of appar-
ent axonal involvement [43]. Based on these obser-
vations, we aimed to evaluate the origin and nature
of vacuole formation in aged FL-PGC-la-deficient
mice, in comparison with a human case of KSS. Our
results emphasize the novel pathogenic role of the
oligodendrocytes in the formation of both WM and
GM vacuoles. Besides providing a better understand-
ing of tissue lesioning in mitochondrial encephalo-
pathies, our observations may also have implications
for WM damage in multiple sclerosis as well as in
the aging brain, related pathologies where mito-
chondrial dysfunction may also play key roles in the
pathogenesis.

Material and methods
Patient and animals

Brain tissue of a male KSS patient with a 4.9 kbp
common deletion in mtDNA died at 22 years of age
was used for neuropathological analysis. The mother
gave informed consent prior to the neuropathological
work-up. The study was adhered to the tenets of the
most recent revision of the Declaration of Helsinki.

For comparison, 70-75-week-old FL-PGC-la-de-
ficient and age-matched wild-type C57Bl/6) male
mice were involved in this study. The animals were
housed in cages (maximum 4 per cage) in stan-
dard conditions with 12-12 h light-dark cycle and
ad libitum access to standard pellet food and water.
The experiments were performed in accordance
with the European Communities Council Directive
(86/609/EEC) and were approved by the local Animal
Care Committee.

Immunohistochemistry and histology

Formalin-fixed paraffin-embedded blocks of dif-
ferent regions of the KSS brain, including several
neocortical areas, basal ganglia, thalamus, hippo-
campus, amygdala, brainstem and cerebellum, as
well as a double hemispheric block at the levels of
WM lesions were examined. The murine brains were
removed on ice and halved at the midline immedi-
ately following decapitation. Half brains were fixed
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in 4% paraformaldehyde overnight and kept in 15%
glycerolin 4°C until embedding in paraffin. The other
halves of the murine brains were used for the frozen
sections (i.e. for Oil Red O staining).

3-um-thick sections were stained with Kliver-
Barrera (Luxol and Fast red) and Oil Red O stainings.
For immunohistochemistry we applied the following
monoclonal antibodies (cross-reacting with mouse):
anti-amyloid precursor protein (APP) (1 : 500, Mil-
lipore, Billerica, Mass., USA), phosphorylated and
non-phosphorylated neurofilaments (clones SMI-31
and SMI-32, markers of axons and neuronal cell
bodies; 1 : 5000 and 1 : 200, respectively, Covance,
Berkeley, CA, USA), TPPP/p25 (1 : 2000; a marker
of mature oligodendrocytes [15]) and microtubule
associated protein-2 (MAP-2, marker of neuronal
cell bodies and dendrites; Millipore). Furthermore,
the following polyclonal antibodies were used: anti-
glial fibrillary acidic protein (GFAP; 1 : 3000, Dako,
Glostrup, Denmark), MBP (myelin basic protein;
1 : 400, Dako) and Ibal (1 : 1000, Wako Chemicals,
Osaka, Japan). The DAKO EnVision detection kit,
peroxidase/DAB, rabbit/mouse (Dako) was used for
visualization of antibody reactions. When applying
mouse antibodies, we used the M.O.M. kit (Vector
Laboratories, Burlingame, Calif,, USA) to prevent the
aspecific background staining of endogenous mouse
immunoglobulins.

Electron microscopy

Human KSS samples from the basal ganglia (inter-
nal capsule) and WM lesions were immersion-fixed
in 4% glutaraldehyde for 3 days. The animals used for
electron microscopy were anaesthetised with isoflu-
rane and were perfused transcardially with modified
Hamori fixative (1.5% glutaraldehyde and 1% formal-
dehyde in phosphate buffer) for 18 min with a 10 ml/
min flow, prior to decapitation and subsequent sam-
ple preparation.

The obtained central nervous system (CNS)
samples were postfixed in 1% osmium tetroxide for
1-2 h, dehydrated through a series of graded etha-
nols and propylene oxide, and then embedded in
Embed 812 resin (Electron Microscopy Sciences,
EMS 14120). Semi-thin sections were stained with
toluidine blue, blocks trimmed, and ultrathin sec-
tions stained with lead citrate and uranyl acetate.
Specimens were examined using a JEM-100C trans-
mission electron microscope.
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Results
Comparison of lesion profiles
Vacuolation

Kllver-Barrera staining revealed a widespread
spongiform change in both the KSS brain and
FL-PGC-1a-deficient mice. In both, the vacuolation
predominated in the WM; however, vacuoles in the
GM neuropil were also observed with apparently low-
er frequency (Fig. 1A-F). The vacuolation commonly
affected the internal capsule, striatal pencil fibres,
cerebellar WM, thalamic fascicules, pyramidal tracts
and, less intensively, the corpus callosum. Vacuoles
were commonly present in the neuropil, most inten-
sively in the brainstem, but also consistently present
in the basal ganglia, thalamic nuclei and less inten-
sively in the neocortex, where they showed a predi-
lection toward the deep cortical layers. The severity
of vacuolation was more prominent in the KSS brain
than in experimental animals; in some regions with
coarse cystic-necrotic lesions and myelin pallor, while
in some others with demyelinated foci (e.g. postcen-
tral region, cerebellar WM, some of the pencil fibres)
(Fig. 1C and F). Demyelination and cystic-necrot-
ic lesions were undetected in FL-PGC-la-deficient
mice. Notably, the examined aged wild-type brains
presented vacuoles showing similar appearance and
distribution as their FL-PGC-la-deficient counter-
parts; however, their frequency was remarkably low-
er in all examined regions (Fig. 1A-B, D-E).

Astrogliosis

GFAP staining revealed moderate to severe reac-
tive astrogliosis in the brainstem and cerebellum of
both the KSS and the FL-PGC-la-deficient brains
(Fig. 1G-I). In the KSS brain, astroglial reaction was
observed in the tectal midbrain, the area of the
inferior olive in the medulla oblongata, the dentate
nucleus of the cerebellum and the Purkinje cell layer
(Bergmann gliosis). In the FL-PGC-1o-deficient mice,
severe reaction was present in the medulla oblonga-
ta and the pons often in a confluent pattern involving
large areas without being limited to certain groups
of nuclei, whereas mild reaction with patchy astrocy-
tosis was observed in the midbrain and in the deep
cerebellar nuclei. Notably, the caudate-putamen of
PGC-1la-deficient mice were free of astroglial reac-
tion even at this age (Fig. 2), supporting our prior
observations [43].
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Fig. 1. Vacuolation and astroglial react

jon. Aged

cerebellum F

cerebellum
)
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FL-PGC-1a-deficient mice develop moderate to severe

vacuolation (B and E) in areas corresponding to severe to devastating vacuolation in KSS (C and F) and mild
vacuolation in aged wild-type mice (A and D; Kliiver-Barrera). Vacuoles are in association with WM struc-
tures. Note the patchy areas of myelin pallor in the pencil fibres of the caudate-putamen (C) and the demye-
linated cystic-necrotic lesion in the cerebellar WM in KSS (F). Reactive astrogliosis indicative of neuronal
degeneration is present in the brainstem of FL-PGC-1a-deficient mice and the KSS case (H and I; GFAP).

Axonal pathology

The intensity of axonal destruction in the KSS
brain was variable and generally followed that of
the vacuolar change. Only the severely affected cys-
tic-necrotic lesions showed axonal loss or swelling,
whereas most of the moderately vacuolated areas
were devoid of axonal pathology (Fig. 3C), except for
scattered swellings and APP-positive spheroids indi-
cating acute-subacute impairment of axonal trans-
port (Fig. 3F). Regions with severe axonal involve-
ment were accompanied by reactive microgliosis
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(Fig. 31). The axons in the FL-PGC-1a-deficient mice
were generally well preserved, and the patterns of
APP neurofilament and microglia stainings were
similar to that observed in wild-type (Fig. 3A-B, D-E
and G-H).

Characterization of vacuoles

White matter vacuoles

Vacuoles within the WM were surrounded by
rings of MBP-positive myelin in both the KSS and
FL-PGC-1a-deficient brains (Fig. 4A). The vacuoles

Folia Neuropathologica 2016; 54/1
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Fig. 2. The caudate-putamen of FL-PGC-1a-deficient mice is free of reactive astrogliosis (GFAP) — an indica-

in mitochondrial encephalopathy
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tor of chronic neuronal degeneration — even in this aged population, suggesting that this murine strain is
not a model for Huntington’s disease, as it was previously suggested.

were usually ovoid with their longitudinal axis par-
alleling the direction of axons. They often formed
chain-like structures in longitudinal or sieve-like
lesions in transverse sections. No apparent mac-
rophage activity was present even in the areas of
severe vacuolation, and no signs of active myelin
degradation could be detected by Oil Red O (not
shown). Electron microscopy revealed that myelin
‘bubbles’ in the WM were formed by splitting at
the intraperiod lines, and occasionally between the
axons and the innermost myelin lamellae (adaxonal
vacuoles); the vacuoles were ‘empty’ or contained
various amount of debris with myelin-like figures
(Fig. 5A-B, Fig. 6).

Neuropil vacuoles

Staining for neuronal (MAP-2 and SMI-32) or
astrocytic (GFAP) antigens sparsely revealed asso-
ciations of neuropil vacuoles with these cell-types
in either the KSS or the FL-PGC-1a-deficient brains
(Fig. 7). Staining for MBR however, unveiled that
the vast majority of neuropil vacuoles were clearly
encompassed by a myelin-positive rim, suggesting
the same intramyelinic localization as for vacuoles
within the WM (Fig. 4B). Neuropil vacuoles were also
frequently associated with oligodendrocytes in sec-
tions immunostained for TPPP/p25 (Fig. 4C). Such
close contacts of oligodendrocytes and vacuoles
were also observed by electron microscopy. Further-
more, vacuoles (sometimes multiloculated) could

Folia Neuropathologica 2016; 54/1

frequently be identified within the cytoplasm of glial
cells, which, due to the lack of glial fibres observed
in the cytoplasm, also appeared to be oligodendro-
cytic (Fig. 5C). Likewise myelin ‘bubbles’, these mem-
brane-bound vacuoles often contained myelin-like
figures, and they occasionally coalesced occupying
most of the oligodendroglial cytoplasm and lead to
the swelling of the cells (Fig. 5C). These observations
were seen in both the KSS and the FL-PGC-1o-defi-
cient brains.

Discussion

In addition to its central role in mitochondrial
encephalopathies, mitochondrial dysfunction has
been associated with various neurodegenerative
CNS disorders [17], and is supposed to play import-
ant roles in the pathogenesis of WM lesioning in
multiple sclerosis (MS) [7] as well in the aging brain
[38]. Though the exact mechanism of vacuole for-
mation in mitochondrial encephalopathies is not yet
revealed, intramyelin WM vacuoles are presumed
to develop due to intramyelin oedema secondary
to mitochondrial dysfunction of oligodendrocytes,
manifesting in splitting of the myelin sheath at the
intraperiod line [32,40,46]. On the other hand, GM
neuropil vacuoles are presumed to develop due to
ion transport disorder of astrocytic membranes
[32,40,46].

Revisiting the above concepts of vacuole forma-
tion in conditions associated with mitochondrial

13
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Fig. 3. Axonal pathology. Axons in areas with moderate vacuolation in

presence of axonal swellings (C; SMI-31). Such areas also showed scattered appearence of APP+ axonal
spheroids indicative of subacute axonal transport impairment in KSS (F; APP). Regions with cystic-necrotic
lesions showed robust microglia accumulation in KSS (I; Iba). These pathologies were virtually absent in the
FL-PGC-1a-deficient mice and the immunohistochemical patterns were rather similar to that in aged wild-
types (A-B, D-E and G-H). Note the well-preserved axons dodging between multiple vacuoles (B), similarly

to that seen in KSS (C).

dysfunction, our study provided two main novelties.
A major finding of our study is that it demonstrates
commonalities of vacuolation in the WM and GM,
placing oligodendrocytes in the centre of disease
pathogenesis. Indeed, our observation that the vast
majority of GM neuropil vacuoles are clearly myelin-
bound in both the KSS and FL-PGC-la-deficient
brains indicates that the cellular localization and
thus the mechanism of vacuole-formation is most
likely similar, irrespective of whether they are in WM
or GM. This observation can explain the phenomenon
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widely observed in mitochondrial encephalopathies
—including PGC-1a-deficient mice —that cortical vac-
uoles show a predilection toward the deeper layers
of the neocortex, as the density of myelinated fibres
apparently gradually decreases by approaching the
superficial layers. Importantly, this could also explain
the predilection of GM neuropil vacuoles toward
the reticular area of the brainstem, thalamus, deep
cerebellar nuclei, and basal ganglia adjacent to the
internal capsule, as these GM regions are intermin-
gled with the WM. Interestingly, these regions are

Folia Neuropathologica 2016; 54/1
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FL-PGC-10 —/— Kearns-Sayre syndrome

T = ‘ r

Fig. 4. Immunohistochemical characterization of vacuoles. Vacuoles within the WM are surrounded by rings
of myelin (A; MBP). Likewise WM myelin ‘bubbles’, vacuoles within the GM neuropil are also encompassed
by a myelin-positive rim, suggesting an identical origin (B; MBP). Oligodendroglial cells in close contact with
and/or localized within the inner edge of either single or multiloculated vacuoles can frequently be detect-
ed by immunohistochemistry (C; TPPP/p25), suggesting an important role of oligodendrocytes in vacuole
formation. Note some of the larger vacuoles being separated to multiple chambers by oligodendroglial
processes (C). Note also the glial cell encompassing a vacuole with its MBP+ process (indicated by arrows,
A — left, B — right).
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FL-PGC-la. ~/—

Kearns-Sayre syndrome

Flg 5 Ultrastructural characterlzatlon of vacuoles. Intramyelin vacuolatlon can be identified also by elec-
tron microscopy (longitudinal section, A; transverse section, B). In accordance with immunohistochemical
findings, vacuoles, often multiloculated, can frequently be identified within the cytoplasm of oligodendrog-

lial cells by electron microscopy (C).

the predilection areas for the development of GM
vacuolation in hepatic encephalopathy as well [52].
Considering this overlapping predilection of spongy
change between hepatic and mitochondrial enceph-
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alopathies, and that mitochondrial disorders, includ-
ing PGC-1a deficiency [23], also present with hepatic
involvement, the contribution of liver insufficiency to
the development of mitochondrial status spongio-

Folia Neuropathologica 2016; 54/1
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sus cannot be excluded either. Notably, intramyelin
vacuolation has been frequently described in other
experimental, veterinary and human metabolic con-
ditions (Table 1), suggesting that this change might
be a general response to various insults that com-
promise the metabolism of the myelin sheath and/
or oligodendrocytes.

As a second novelty, the ultrastructural analysis
revealed the common appearance of intracellular,
often multiloculated formation of vacuoles within
oligodendroglial cells both in the KSS case and the
FL-PGC-1a-deficient mice. This finding was sup-
ported by the immunohistochemical observation of
TPPP/p25-positive oligodendrocytes directly attach-
ing to and sometimes bulging into vacuoles within
the neuropil. The finding, however, that some vac-
uoles were observed closely attached to and partly
encompassed by neuronal structures in MAP-2 and
SMI-32 stainings suggests that at least a small pro-
portion of vacuoles within the neuropil can be of neu-
ronal origin, and that the mechanisms which lead to
excessive intracellular membrane-bound fluid accu-
mulation may affect different cell-types within the
CNS, though to different extents. This hypothesis is
supported by the report on CNS vacuoles observed
also in neuron-specific PGC-1a knockout mice [25].

Interestingly, though intracellular oligodendro-
glial vacuoles have not been previously described in
mitochondrial diseases, their presence is not unprec-
edented in pathologies associated with mitochondri-
al dysfunction and/or severe cellular stress. Indeed,
chronic feeding of mice with cuprizone, a copper-
chelating mitochondrial toxin associated with
megamitochondria [41] and alterations in complex IV
and superoxide dismutase (SOD) activity [1], evokes
a CNS pathology comprising vacuole formation in
the pons, midbrain, thalamus, cerebral and cerebel-
lar WM, as well as in deep cortical layers [42]. It was
described that cuprizone-induced intramyelin vac-
uolation was due to splitting at the intraperiod line
and were not stained by Sudan IV (equivalent with
Oil Red O in our study) [42]. Additionally, the authors
reported the presence of oligodendrocytes with
enlarged cytoplasm containing multiloculated vesi-
cles, and that some of these cells were juxtaposed to
myelin sheaths, where a thin myelin layer appeared
to form the glial membrane [42]. These findings are
strikingly similar to those observed in our study.
A further similarity between cuprizone-induced and
mitochondrial status spongiosus is that cuprizone

Folia Neuropathologica 2016; 54/1

in mitochondrial encephalopathy

Kearns-Sayre syndrome (KSS). Asterisk denotes
a huge ‘classical’ intramyelin vacuole originat-
ing from splitting at the intraperiod line. Arrows
indicate the multiple presence of adaxonal vac-
uoles, some of which appear to originate from
splitting between the two innermost myelin
lamellae at higher power. The frequent appear-
ance of adaxonal vacuoles may underpin the
role of intra-oligodendroglial vacuolar change
in the development of intramyelin vacuoles in
mitochondrial encephalopathies such as KSS.

toxicity in doses evoking demyelination associates
with oligodendroglial apoptosis [1], a phenomenon
recently described in KSS [22]. Our observation of
intra-oligodendroglial vacuolation in mitochondrial
encephalopathy expands the spectrum of disorders
where this has been described (Table I1).

Though the neuropathological alterations in
MS are results of a complex aetiology including
autoimmunity, demyelination, neuronal and axo-
nal degeneration, the central role of oligodendro-
cytes has also been suggested [15], which gives our
observations a wider implication. The interrelation
between mitochondrial leukoencephalopathies and
MS is well exemplified by the fact that the above
mentioned cuprizone intoxication, presenting with
a highly similar neuropathology to that observed in
KSS and FL-PGC-1a-deficient mice in our study, is in
fact a widely applied toxin model of MS [1,27]. It has
also been suggested that though a moderate mito-
chondrial dysfunction alone may not cause selective
demyelination directly, its effect to evoke a disinte-
grated myelin structure may expose the sheath to
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(A-B, MAP-2; C-D, SMI-32) or astroglial (E-F, GFAP) antigens. Notably, the vast majority of GM neuropil vac-
uoles have no immunohistochemically detectable associations with such structures, which are often merely
pushed by vacuoles of most probably distinct origin.

further damage, e.g. by complex immune-mediated initiate autoimmune pathology leading to MS-like
mechanisms [20]. Indeed, mtDNA mutations have lesions [20].

been proposed to affect the CNS on a common met- Besides demyelinating WM disease, our study
abolic basis, which may occasionally aggravate or also has implications for understanding WM lesions
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Table I. Animal and human pathologies with
intramyelin vacuolation

in mitochondrial encephalopathy

Table II. Experimental and veterinary pathologies
with oligodendroglial vacuolation

of silver foxes

Human pathologies

Aging reviewed in [34]

Aspartoacylase deficiency reviewed in [12]

(Canavan’s disease)

Hepatic encephalopathy reviewed in [12]

Heroin-induced spongiform [51]
leukoencephalopathy

Maple syrup urine disease reviewed in [12]

Mitochondrial disorders reviewed in [12]

Urea cycle disorders reviewed in [12]

in the aging brain, a frequent pathology which
includes the formation of intramyelin ‘balloons’ due
to intraperiod line splitting [34], similar to that seen
in mitochondrial disorders. Our observation that
aged wild-type mice also develop vacuoles to an
apparently slighter extent but at the same predilec-
tion areas as their FL-PGC-1a-deficient counterparts
recapitulates previous observations [10]. Based on
these, we propose that vacuole formation in mito-
chondrial encephalopathies and their representative
animal models (e.g. PGC-1a-deficient mice) might

Folia Neuropathologica 2016; 54/1

Experimental pathologies Reference Experimental pathologies Reference
Intoxication by Cuprizone intoxication [42]
actinomycin D el lonizing radiation [26]
copper [16] — — —
cuprizone (33 [42] Methionine sulfoximine intoxication [14]
ethidium bromide [50] Triethyltin intoxication in quaking mice [28]
hexachlorophene [18] Twitcher mouse [45]
isonicotinic acid hydrazide [21] Zitter rat [19]
lysolecithin Bl Veterinary pathologies
triethyltin [2] - _ _
Genetic models of Hereditary ataxia of the rabbit [30]
mitochondrial dysfunction reviewed in [43] Hereditary spongy degeneration of silver (13]
f
altered proteolipid expression (3] oxes
Maodels of scrapie [24], [33]
Veterinary pathologies of various aetiology also be regarded as an accelerated form of ‘normal’
Helichrysum poisoning in sheep and [49] WM degeneiratlop, which L'mderplns the rgle of (oli-
a goat godendroglial) mitochondrial dysfunction in aging.
Tetrapterys poisoning in sheep 35] Although the potential role of oligodendrocytes
Maple syrup urine disease in calves 31] in WM vacuolation in mitochondrial encephalopa-
Hereditary spongy degeneration 29 [53] thies has.already been s.uggesteq, the fundame.ntal
of dogs concepts included (1) a disrupted ion-homeostasis of
Hereditary spongy degeneration [13] the sheath, (2) a dysfunction of the blood-brain bar-

rier, in both cases with consequent development of
‘intramyelin oedema’ [32,40,46]. These hypotheses,
however, do not explain why vacuoles develop focal-
ly and how multiple vacuoles can be found within the
same internode, instead of a complete splitting and
diffuse loosening of the sheath between all lamellae.
We propose that chronic mitochondrial dysfunction
in a yet unknown pathway leads to the formation
of multiple intra-oligodendroglial fluid-filled vacu-
oles. Increased intracellular content might provoke
splitting between the intracellular surfaces of the
myelin sheath (major dense line). Due to their firm
connections at the macromolecular level, this would
cause tears and focal myelin disruptions, allowing
the vacuolar content to access into the virtual space
between the loosely attached extracellular surfaces
(intraperiod lines). Consequently, this could evoke
the formation of focal splits and eventually myelin
bubbles. Accordingly, disruption of the lateral loops
would result in intraperiod line splitting at the cor-
responding levels, whereas leakage from the inner
tongue would cause adaxonal swelling between
the axolemma and the innermost myelin lamellae
or between the two innermost layers. Supporting
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this theoretical consideration, such distinct types of
intramyelin vacuoles have indeed been described in
experimental status spongiosus [36,50], and could
also be observed in our study (Fig. 6).

Conclusions

In addition to a detailed comparative neuro-
pathological characterization of a recently proposed
murine model of mitochondrial encephalopathy and
human KSS, this study first provides morphological
evidence for the identical intramyelinic nature of
WM and GM vacuolation as well as for the presence
of intra-oligodendroglial vacuoles in mitochondri-
al disease, which may have a pathogenetic role in
the development of intramyelin vacuoles, providing
a possible source of focal myelin splitting. Our obser-
vations place oligodendrocytes in the centre of the
pathogenesis of CNS lesioning in association with
chronic mitochondrial dysfunction both in WM and
GM, which is in line with the recognition that oli-
godendrocytes, contrasting astrocytes [11], are most
sensitive to mitochondrial stress, exceeding the vul-
nerability of neurons [8]. This may serve as rationale
for cytoprotective targeting of the oligodendrocytes
in mitochondrial encephalopathies as well as in
other disorders with vacuole formation and myelin
degeneration.
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Abstract

Rearrangements involving the ALK gene were identified in a variety of cancers, including paediatric tumour neuro-
blastoma where presence of ALK expression is also associated with adverse prognosis. Microarrays data indicate
that ALK is expressed in another paediatric tumour — medulloblastoma. Therefore, we investigated if the ALK gene is
mutated in medulloblastoma and performed simultaneously the molecular profiling of tumours.

Tumours from sixty-four medulloblastoma patients were studied for detection of ALK alterations in exons 23 and 25
using Sanger method. The molecular subtypes of tumours were identified by detection of mutations in the CTNNB1
gene, monosomy 6 and by immunohistochemistry using a panel of representative antibodies.

Among three ALK variants detected two resulted in intron variants (rs3738867, rs113866835) and the third one was
a novel heterozygous variant c.3595A>T in exon 23 identified in the WNT type of tumour. It resulted in methionine to
leucine substitution at codon position 1199 (M1199L) of the kinase domain of ALK protein. Results of analysis using
three in silico algorithms confirmed the pathogenicity of this single nucleotide variation. The same gene alteration
was detected in both patient and maternal peripheral blood leukocytes indicating an inherited type of the detected
variant. Presence of ALK expression in tumour tissue was confirmed by immunohistochemistry. The tumour was
diagnosed as classic medulloblastoma, however with visible areas of focal anaplastic features. The patient has been
disease free for 6 years since diagnosis.

This is the first evidence of an inherited ALK variant in the WNT type of medulloblastoma, what altogether with
presence of ALK expression may point towards involvement of the ALK gene in this type of tumours.
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Introduction

The ALK gene encodes a tyrosine kinase recep-
tor which is expressed in the developing nervous
systems [13]. The ALK gene is also expressed in
neuroblastoma, the most common extracranial
childhood tumour originating in the sympathet-
ic nervous system and presence of expression is
associated with adverse prognosis [8,26]. Impor-
tantly, ALK gene defects were reported both in
terms of copy number changes and presence of
somatic mutations in up to 10% of tumours, with
two hotspot mutations in exon 23 (F1174L) and
in exon 25 (R1275Q) [1]. Also germline ALK muta-
tions were identified in both sporadic and familial
cases of neuroblastoma [16,21] which altogether
points to ALK as a key oncogene associated with
this disease. Distribution of ALK mutations may be
not random but typical for a particular molecular
subtype of tumour. For example, F1174L substitu-
tion occurs more frequently in tumours with MYCN
amplification [6].

Medulloblastoma, on the other hand, is the
most common malignant intracranial childhood
tumour of neuronal origin. Recent molecular
studies revealed the existence of at least four
molecular subtypes which display distinctive pro-
files of gene expression: Wingless (WNT), Sonic
Hedgehog (SHH), Group 3 and Group 4 tumours
[3,18,22]. Microarrays data indicate that ALK
expression is associated with the WNT group,
since the ALK gene was identified among top 50
most highly expressed genes in WNT tumours as
compared to all other groups [18, in supplemen-
tary data]. Recent next generation sequencing
studies in medulloblastoma based on analyses of
‘discovery sets’ of 37-92 tumours did not reveal
any ALK gene alterations [17,23,24]. However the
WNT groups analysed in all of these studies were
small (from 5 to 7 tumours), thus preventing from
discovery of changes occurring at low frequency.
In support of that, the first ALK germline variant
(3605delG) was discovered recently in a medullo-
blastoma patient pointing to a possible role of this
gene in medulloblastoma [5].

Therefore, we further analysed exons 23 and 25
of the ALK gene together with molecular characteris-
tics of tumours and found the second novel inherit-
ed ALK likely pathogenic variant in the WNT subtype
of medulloblastoma.
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Material and methods
Patients and tumour material

Sixty-four medulloblastoma patients treated from
1999 to 2014 in the Children’s Memorial Health Insti-
tute (CMHI) in Warsaw, Poland were included in the
analysis.

Analysis was performed on frozen and forma-
lin-fixed paraffin embedded (FFPE) tumours obtained
at diagnosis. Hematoxylin-eosin-stained slides were
analysed according to the current WHO 2007 criteria
[20]. Large cell/anaplastic tumours (LCA) were diag-
nosed where anaplastic features were identified in
the majority of analysed areas.

Additionally, genomic DNA extracted from the
patient with ALK M1199L alteration and his parents’
peripheral blood leukocytes was used to confirm the
germline character and parental origin of identified
alteration.

Informed consent was obtained to use tumour
and blood material according to the procedures out-
lined by the CMHI’s Ethical Committee.

Detection of molecular subtypes
of tumours

The molecular subtypes of tumours were identi-
fied as follows:

1. WNT tumours by presence of at least two features
as recommended by the International Medullo-
blastoma Working Group [12]: CTNNB1 mutation,
immunohistochemical positive nuclear reaction
against B-catenin (BD #610154, San Jose, USA,
dilution 1 : 800) and presence of chromosome 6
monosomy detected either by interface fluores-
cence in situ hybridisation (FISH) or by multiplex
ligation-dependent probe amplification (MLPA).

2. SHH tumours by presence of immunohistochem-
ical positive reaction with anti-GAB1 (Abcam,
Cambridge, USA, #ab27439 and/or ab #59362,
dilution 1 : 100) and anti-YAP1 (Santa Cruz Bio-
technology, Dallas, USA, #sc-101199, dilution 1 : 50)
antibodies, as described by Ellison et al. [9].

3. Non-WNT/SHH tumours were the remaining tu-
mours, tested negative for the above features.

Mutations in exon 3 of the CTNNB1

Mutations in exon 3 of the CTNNBI gene were
detected in genomic DNA obtained from frozen
tumour tissues using the Sanger direct method. The
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PCR reactions were carried out with the following
primers: CTNNB1_3F:CCCTGGCTATCATTCTGCTT and
CTNNB1_3R:TCTCTTTTCTTCACCACAACATTT usingAm-
plitag Gold DNA Polymerase (Roche, Basel, Switzer-
land) under the following conditions: 95°C for 8 min;
35 cycles of 95°C for 1 min; 57°C for 5 min; 72°C for
1 min, then a final extension step at 72°C for 7 min.
Sequencing reactions were performed using a Big-
Dye Terminator v.3.1 Cycle Sequencing Kit (Life Tech-
nologies) according to the manufacturer’s protocol.
Sequencing products were analyzed in ABI Prism
3130 Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA). Sequences of the analyzed fragments
were compared with the CTNNB1 c¢cDNA (GenBank
RefSeq: NM_001904.3) using Mutation Surveyor soft-
ware version 3.30 (Soft Genetics, LLC, State Collage,
PA, USA). The positions of the identified nucleotide
changes were determined based on comparison with
the reference sequence, with the A of the ATG trans-
lation initiation codon designated as nucleotide +1.

Multiplex ligation-dependent probe amplification

Multiplex ligation-dependent probe amplifica-
tion was carried out on genomic DNA extracted from
frozen tumour tissues for detection of copy number
changes of chromosome 6. The analysis was per-
formed using the SALSA MLPA kit P301-A2 (MRC-Hol-
land, Amsterdam, the Netherlands) according to the
manufacturer’s protocol. Probe amplification prod-
ucts were run an ABI Prism 3130 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Peak plots
were visualized and normalized, and the dosage
ratios were calculated using GeneMarker software
v 2.2.0 (Soft Genetics, LLC, State Collage, PA, USA).

Fluorescence in situ hybridisation

Fluorescence in situ hybridisationwas performed
on FFPE tissue preparations for detection of mono-
somy 6 using chromosome 6 Satellite Enumeration
Probe (Kreatech, Amsterdam, the Netherlands) accord-
ing to the protocols for the manufacturer of probes.

Detection of ALK variants and gene
expression

A total of 20 ng of genomic DNA isolated from
tumour tissue and/or peripheral blood lymphocytes
by automated method (MagnaPure, Roche) was
used to amplify coding and intronic flanking regions
of exons 23 and 25 of the ALK gene.
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ALK variant M1199L in medulloblastoma

The PCR reactions were carried out with the fol-
lowing primers: ALK_23F:GGAGCCTGCTGTGGTTCTTC
and ALK_23R:AGTTGACACCCTGGGTTCC as well as
ALK 25F:GGAAATATAGGGAAGGGAAGGAACTA and
ALK_25R:TGATGTAAGGGACAAGCAGCC, using Ampli-
tag Gold DNA Polymerase (Roche, Basel, Switzerland)
under the following conditions: 95°C for 8 min; 35
cycles at 95°Cfor 1 min; 62°C (exon 23)/60°C (exon 25)
for 1 min; 72°C for 1 min, then a final extension step
at 72°C for 7 min. Bidirectional sequencing was per-
formed using a 3130 genetic analyser (Applied Bio-
systems, Foster City, CA, USA). The sequences were
determined on both DNA strands from at least two
independent PCR products. The analysed sequence
fragments were compared with the ALK cDNA (Gen-
Bank RefSeq: NM_004304.4) and protein (GenBank
RefSeq: NP_004295.2) sequences using Mutation
Surveyor software version 3.30 (Soft Genetics, LLC,
State Collage, PA, USA). Variant positions were num-
bered according to HGVS recommendations (with +1
corresponding to the A of the ATG translation initi-
ation codon in the appropriate reference sequence).

Prediction of possible functional effects of nov-
el alternations was performed using three different
algorithms, which are web-based tools for the anno-
tation of pathological variants in proteins: FATHMM
(http://fathmm.biocompute.org.uk/index.html), Poly-
Phen-2 (http://genetics.bwh.harvard.edu/pph2/), and
Mutation Taster (http://www.mutationtaster.org/).
The identified novel variants were also screened
against mutation and SNP databases: NCBI (www.
ncbi.nlm.nih.gov/SNP) and the Human Gene Muta-
tion Database Professional (HGMD; www.hgmd.cf.ac.
uk/ac/validate.php). Additionally, the amino acid posi-
tion of all selected changes in functional domains and
posttranslational modifications was verified using
NCBI Protein (http://www.ncbi.nlm.nih.gov/protein)
and Alamut-2.4-6 Software.

Expression of ALK was detected by immunohisto-
chemistry using antibody clone ALK1 (DAKO #M 7195,
Agilent Technologies, Santa Clara, USA, dilution 1 : 20).

Results
Patients and tumours characteristics

Tumours from sixty four paediatric patients with
medulloblastoma were analysed. The average age of
patients at diagnosis was nine years, range 0.5-17
years. Forty patients were males, 24 patients were
females.
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Molecular groups included: ten WNT tumours,
eight SHH tumours, 41 non-WNT/SHH tumours and
5 tumours without determined molecular features
due to lack of tumour material for extensive analy-
ses. A summary of patients and tumour characteris-
tics is presented in Table I.

Detection of ALK variants

Among sixty four tumours, five variants were
detected in exons 23 and 25 presented in Table Il. In

four cases they resulted in an intron variant without
impact on the function of the encoded protein and
were not considered further.

In one tumour, a novel heterozygous likely patho-
genic variant ¢.3595A>T was detected in exon 23
that resulted in a methionine to leucine substitu-
tion at codon position 1199 (M1199L) in the kinase
domain of ALK protein (Fig. 1A). Analysis of genom-
ic DNA obtained from proband’s peripheral blood
leukocytes confirmed the germline nature of the

Table I. Characteristics of 64 patients with medulloblastoma analysed for ALK variants

ALL WNT SHH Non-WNT/SHH  Not determined

No. of patients 64 10 8 41 5
Age (years)

Average; range 8.8; 0.5-17 9.3; 5-14 5.6; 0.5-11 9.2; 3-17 7.7; 2-15

0-3 5 0 4 0 1

4-17 59 10 4 41 4
Gender

Male 40 5 3 30 2

Female 24 5 5 11 3
Histopathology

Classic 44 10 1 32 1

LCA! 12 0 1 9 2

DN? 5 0 5 0 0

MBEN3 1 0 1 0 0

Not available 2 - - - 2
ALK status

Variant 5 2 0 2 1

Normal 59 8 8 39 4

ILCA - large cell/anaplastic, °DN — desmoplastic/nodular, >MBEN — medulloblastoma tumour with extensive nodularity

Table Il. Alterations in the ALK gene in five medulloblastoma tumours

Group ALK alterations! Function
Exon 23 Exon 25

WNT €.3595A>T p. Met1199Leu No change Missense
WNT No change €.3744-32A>G (rs3738867) Intron variant
Non-WNT/SHH No change €.3744-32A>G (rs3738867) Intron variant
Non-WNT/SHH No change €.3744-32A>G (rs3738867) Intron variant
Not determined €.3516-62A>G (rs113866835) No change Intron variant

IAlterations include intronic flanking regions of exons 23 and 25
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detected variant. Also maternal DNA sample showed
€.3595A>T alteration indicating an inherited type of
the alteration.

Variant M1199L is located in the inhibitor bind-
ing region of the kinase domain with no recorded
SNP site. To predict whether the identified variant
is tolerated or deleterious, we used the combined
results of three different algorithms (see methods),
which confirmed the pathogenicity of the novel
p.Met1199Leu variant in the ALK gene (FATHMM,
PolyPhen-2, Mutation Taster Scores: —2.51, 0.7; 0.99;
respectively). A novel variant position relative to two
hot spots mutations found in neuroblastoma and
the only mutation previously detected in medullo-
blastoma is presented in Figure 1B.

Characteristics of the patient and
tumour with ¢.3595A>T ALK likely
pathogenic variant

A ten-year-old boy was diagnosed in 2008 with
brain tumour in the posterior fossa midline loca-
tion. The tumour was surgically totally removed
and no metastases were detected on magnetic
resonance imaging examination. The patient is still
alive and has been disease free for 6 years since
diagnosis.

ALK variant M1199L in medulloblastoma

Histopathologically the tumour was diagnosed
as classic medulloblastoma, however with clearly
visible areas of focal anaplastic features (Fig. 2A-C).

Analysis of DNA extracted from frozen tumour
revealed presence of CTNNBI1 mutation in exon 3
(c.98C>A; p.S33Y) and loss of whole chromosome 6
detected by MLPA analysis. In addition, positive
nuclear reaction against P-catenin was identified
by immunohistochemistry (Fig. 2D) what altogether
classifies this tumour to the WNT group. Presence of
ALK expression at the protein level was confirmed by
immunohistochemistry using ALK1 antibody (Fig. 2E).

Discussion

Up to now around 30 recurrent chromosomal
translocations involving the ALK gene have been
identified in different cancers, mainly anaplastic
large cell lymphoma (ALCL), non-small cell lung can-
cer (NSCLQ), inflammatory myofibroblastic tumour
(IMT) and other tumours (review in [25]).

However, no fusion genes involving ALK have
been found in neuroblastoma and recently described
ALK translocations in neuroblastoma are not expect-
ed to result in a fusion transcript [10]. Therefore,
mutations both somatic and germinal, leading to
ALK activation are characteristic for this disease. It

B
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=
R1275Q
3605delG

Fig. 1. ALK molecular variants in medulloblastoma and neuroblastoma. A) A novel ALK likely pathogenic
variant ¢.3595A>T (M1199L) in exon 23 in medulloblastoma. B) A “ribbon” rainbow diagram of human ALK
protein. Red dots indicate location of mutations in medulloblastoma. The M1199L variant detected in this
study is located in a hinge region of the kinase domain of the ALK protein. Purple dots indicate two hot spots
mutations in neuroblastoma. F1174 is located in C-helix region and R1275Q in the activation segment of
the kinase domain of the ALK protein. The view is prepared from protein data bank file RCSB PDB ID: 3L9P.
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Fig. 2. Images of medulloblastoma tumour with presence of the M1199L variant. Hematoxylin-eosin-stained
slides indicating presence of anaplastic features within the tumour (A-C). A) Red arrowheads indicate pleo-
morphic cells. B) Red arrowhead indicates mitotic cell and white arrowheads indicate cell-cell wrapping.
C) Red arrowhead shows the area of apoptotic cells. D) Positive nuclear reaction against -catenin. E) Posi-
tive reaction with anti-ALK1 antibody. Original magnification of images 200x.

is likely that additional genetic changes (e.g. MYCN
amplification) are required for neuroblastoma tum-
origenesis. Mouse model experiments revealed that
knock-in mice carrying Alk F1178L mutation (equiv-
alent to human F1174L) were characterized by an
increased number of sympathetic neuroblasts and
a prolonged proliferation of sympathetic neurons
but they did not develop neuroblastoma tumours [2].

We have analysed 64 medulloblastoma tumours,
including ten of the WNT type, and found a novel
ALK M1199L likely pathogenic variant in a binding
region of the kinase domain, likely to be deleterious
and inherited from maternal origin. This variant may
be linked to the ALK inhibitors resistance since the
contact maintained by methionine residue M-1199
is most important for the effective binding and sta-
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bility of the ALK-crizotinib complex [19]. The neigh-
bouring region includes also the sites of secondary
acquired ALK alterations L1996M and L1998P in
EML4-ALK fusion positive lung cancers which confer
resistance to crizotinib, and G1202R, which confers
resistance to a second-generation ALK inhibitor alec-
tinib and other ALK inhibitors [4,7,14,15]. Therefore,
a precise character of the detected variant is critical
for further therapeutic considerations.

Although the ALK gene was expressed at the pro-
tein level, it is possible that M1199L alteration is not
sufficient for tumorigenesis alone and mutations in
other genes are necessary for tumour development
e.g. in CTNNBI or as yet unknown genes from chro-
mosome 6. On the other hand, mouse experiments
uncovered that activating mutations in Ctnnb1 alone,
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although caused the abnormal accumulation of cells
on the embryonic dorsal brainstem, did not lead to
the development of tumours [11]. This altogether
emphasizes a requirement for a cooperative genetic
event, similarly to neuroblastoma, in the develop-
ment of the WNT type of medulloblastoma.

Germline deletion 3605delG found previously in
medulloblastoma [5] is located within a short dis-
tance from the variant identified by us (c.3595A>T).
However it is a nonsense mutation resulting in
a frameshift producing a premature stop codon in
exon 25 and putative truncated protein consisting of
1256 amino acids, as compared to 1620 of the wild-
type. Its role in signal transduction remains to be
determined. Also the molecular type of the tumour
with ALK mutation was not established. Remarkably,
both identified alterations occurred in tumours with
presence of anaplastic features, which is in line with
observation that ALK mutations are characteristic
for de-differentiated tumours.

Very recent investigation of 37 medulloblastoma
tumours did not reveal any mutations in exon 23 and
exon 25 of the ALK gene [27]. It is likely that other
alterations may be detected in medulloblastoma by
application of e.g. next generation sequencing, sim-
ilarly to intragenic ALK rearrangements detected
recently in neuroblastoma [10].

In summary, this is the first evidence of inherit-
ed ALK likely pathogenic variant in the WNT type of
medulloblastoma, what altogether with presence of
ALK expression may point towards involvement of the
ALK gene in this type of tumours.
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Abstract

Glioblastomas (GBs) are the most common and lethal primary brain tumors in the adults. Glioblastomas originates
either from astrocytes that have accumulated mutations and de-differentiated or from neural stem cells within the
subventricular zone (SVZ) in close contact with the vasculature. Recently, several studies have hypothesized that
gliomagenesis occurs in perivascular niches with highly invasive peripheral proliferating zones. The purpose of our
study was to investigate the pathological and clinical significance of Olig2 and YKL40 immunoexpression in 152 GBs
in relationship to the SVZ Il and Ill. Olig2 expressions were successfully detected in 12 (15.58%) of 77 SVZ type Il GBs
and 16 (21.3%) of 75 SVZ type lll GBs, respectively. YKL-40 expression was observed in 45 (58.4%) of 77 SVZ type Il
GBs and in 17 (22.6%) of 75 SVZ type Ill GBs, respectively. Stepwise multivariate Cox proportional hazards models
were used, and the prognostic factors to significantly impact OS were: PFS < 54 weeks (HR: 5.86; Cl: 3.02-11.33;
p = 0.00); radiotherapy (HR: 0.34; Cl: 0.18-0.60; p = 0.00); radio- and chemotherapy (HR: 0.05; Cl: 0.03-0.10; p = 0.0),
and YKL-40+ GBs (HR: 1.61; Cl: 1.28-2.31; p = 0.01).

Key words: glioblastoma, subventricular zone, Olig2, YKL-40, clinicopathological, immunohistochemical.

Introduction 12 months [9,18,24,25]. Glioblastoma is actually con-

Glioblastoma (GB) is the most common prima-
ry brain tumor in the adults. Median survival of GB
patients treated with aggressive multimodal thera-
py, including total resection, combined radiation and
chemotherapy, and adjuvant chemotherapy is about

sidered a heterogeneous and dynamic disease
[13,17,21]. Recent studies demonstrate that GB origi-
nates either from astrocytes that have accumulated
mutations and de-differentiated or from neural stem
cells within the subventricular zone (SVZ) in close
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contact with the vasculature. In animal models,
those neural stem cells may play a role in the glio-
magenesis, recurrence, and resistance to therapies
[17,28]. Probably, survival may be strongly affected
by the tumor’s relationship to the SVZ. Based on the
MRI spatial relationship of the GB, Lim et al. [21] dis-
tinguish 4 types: type |, tumor contacting the SVZ
and infiltrating cortex; type Il, tumor contacting the
SVZ only; type Ill, tumor involving the cortex but not
involving the SVZ, and type IV, tumors spare both the
cortex and the SVZ.

The precise origin of glioma stem cells (GSCs) is
still unclear. Recent research efforts hypothesize that
gliomagenesis occurs in perivascular niches with high-
ly invasive peripheral proliferating zones [6,12,29].
Several studies report that Olig2 expression is limit-
ed in GSCs [7,12,22] and is probably being related to
the SVZ type Il as a proliferation regulator and glioma
progenitor cell marker. Olig2 (a basic helix-loop-helix
transcription factor) is expressed in the postnatal SVZ
and plays a critical role in the lineage specification of
progenitor cells into neurons and oligodendrocytes
[20]. However, the literature on Olig2 and its asso-
ciation with glioblastoma prognosis is ambivalent
[1,11,12,22]. Recent reports have found associations
between glioblastoma and neural stem cells express-
ing Olig2 [8,12,20,35]. Therefore, a significant amount
of the ongoing GB research is focused on better under-
standing how cells expressing Olig2 contribute to the
gliomagenesis and therapeutic targets.

YKL-40 (also known as CHI3LI), a member of mam-
malian chitinase-like protein, is a growth factor for
connective tissue cells that (although its function is
not well defined) may play a role in the migration of
endothelial cells, inflammation and tissue remodeling.
It is also overexpressed in glioblastoma compared to
anaplastic gliomas and low-grade gliomas [26,30,36].

The localization of YKL-40 expression related to
the SVZ remains unclear. Given that YKL-40 immu-
noexpression is associated with poor prognosis and
Olig2 is linked to the neural stem/progenitor cells,
we investigated the clinical/prognostic significance
of YKL-40 and Olig2 expression related to SVZ type
[1/111 GBs.

Material and methods
Patients and samples

A retrospective study was performed on 152
patients harboring GBs in the SVZ type II/Ill treat-
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ed by subtotal resection between 2006 and 2010.
Paraffin-embedded samples were obtained from the
Biobank of Asturias, in Central of Asturias University
Hospital, Spain. For each case, the hematoxylin-eosin
sections were reviewed and all cases were classified
according to the World Health Organization (WHO)
classification system as glioblastoma multiforme by
a senior neuropathologist. Detailed data regarding
clinical presentation, pathological analysis, progres-
sion-free survival, and overall survival outcome were
recorded. Tumors were classified as limited to the
cortex or type Il (77 GBs) or limited to the SVZ or
type Ill (75 GBs). Both, YKL-40 and Olig2 expressions
were investigated by immunohistochemistry in all of
the aforementioned cases. All samples used in this
study were obtained with the approval of the Com-
mittee for Ethical Review Board of Central of Astur-
ias University Hospital.

The extent of resection was determined on the
basis of MRI results (within 48 hours after surgery).
Subtotal and total resection were defined as those
tumors with residual and no residual enhancement,
respectively, achieved by comparing pre- and post-
operative MRI. The extent of resection was classified
as total (> 95%), subtotal (< 95%) or biopsy by a neu-
roradiologist blinded to patient outcomes. Patients
with a Karnofsky Performance Scale (KPS) score > 70
and age < 60 were included to receive conventional
radiotherapy and chemotherapy after surgical resec-
tion: 1.8-2.0 Gy per day, over a period of 6 weeks, for
a total dose of 60 Gy and temozolomide therapy at
a dose of 75 mg/m? per day, seven days a week for
42 consecutive days during radiotherapy (as used in
the EORTC study by Stupp et al.) [19,31,33].

Immunohistochemistry

Monoclonal antibodies for YKL-40 (ab86428;
Abcam, Cambridge, UK; dilution 1 : 500), and poly-
clonal anti-Olig2 antibody (ab9610; EDM Millipore,
Massachusetts, USA; dilution 1 : 500) were used.
Five-micrometer consecutive sections were cut from
the paraffin-embedded samples. Each tissue sec-
tion was deparaffinized and rehydrated with graded
ethanol. Antigen retrieval was accomplished by boil-
ing the sections for 15 minutes in 10 mmol/l EDTA,
pH 6.0. Endogenous peroxidase activity was blocked
with a 3% hydrogen peroxide for 10 minutes. Then,
slides were incubated overnight at 4°C with respec-
tive primary antibodies. Visualization was performed
using DAB (3,3’-diaminobenzidine). Tissue sections
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were counterstained with hematoxylin, dehydrated,
and mounted. An oligodendroglioma and hepato-
cellular carcinoma with immunoreactivity was used
for positive control (Olig2 and YKL-40, respectively).
As a negative control the primary antibodies were
omitted.

Immunoreactivity for YKL-40 was evaluated by
a three-tiered system (0 — negative; 1 — moderate/
patchy staining in tumor cell; 3 — strongly positive)
[26]. Staining for Olig2 was scored only in cells as posi-
tive (1), and negative or weak positive (0). The authors
did the scoring independently. To obtain more accu-
rate results, 2 independent observers evaluated all
immunostaining experiments.

Statistical analysis

All statistical analyses were performed with SPSS
Statistics version 20 (IBM) with a significance level
of 5% (p < 0.05). The %? test and the Fisher’s exact
test were used for the evaluation of the association
between Olig2 and YKL-40 (positive vs. negative
immunoexpression) and covariates. Karnofsky (KPS)
from 3 months was included for analyses because at
this time used to occur the most significant and las-
ting change in patient clinical status. Overall survival
(0S) was determined from the date of diagnosis to
the date of death. Progression-free survival (PFS) was
determined from the date of diagnosis to the date
of relapse. Kaplan-Meier method was used to inves-
tigate Olig2 and YKL-40 expression as univariate in
prediction of the patient’s survival related to SVZ.
Multivariate survival analyses were performed by
a stepwise Cox proportional hazards model used for
univariate and multivariate analyses of PFS and OS.

Results

Patient demographics are presented in Table I.
Expressions of Olig2 and YKL-40 in 152 GBs were
investigated by IHC. Olig2 expressions were success-
fully detected in 12 (15.58%) of 77 SVZ type Il GBs
and 16 (21.3%) of 75 SVZ type Ill GBs, respectively.
YKL-40 expression was observed in 45 (58.4%) of 77
SVZ type Il GBs and in 17 (22.6%) of 75 SVZ type I
GBs, respectively. Positive expression of YKL-40 was
found in the cytoplasm of GB tumor cells (Fig. 1).
Olig2+ GB cells showed strong nuclear immunore-
activity. For better understanding of the analytical
results, YKL-40 expressions were classified as posi-
tive (14, 2+) or negative (0).
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Relationship between the immuno-
expression of Olig2 and YKL-40 and
clinico-pathological findings

The results of the pathologic findings are shown
in Table Il. Expression of Olig2 was not associated
with the patient’s age (< 65 years old versus > 65
years old), gender, Karnofsky at diagnosis (KPS at
Dx), progression-free survival (PFS), overall survival
(0S), and GB type. However, Olig 2 was associated
with KPS at 3 months (p = 0.035). YKL-40 did not
(p > 0.05) correlate with gender, and KPS at diagno-

Table I. Clinical characteristics of 152 patients
with glioblastoma

Groups Characteristics
Age Years
<65 93
> 65 59
Gender Ne
Male 79
Female 73
Karnofsky (KPS) at Dx, Score Ne
<70 20
270 132
KPS at 3 months, Score Ne
<70 47
>70 105
Overall Survival, OS Weeks
<54 98
> 54 53
Progression-free survival, PFS Weeks
<54 131
> 54 21
Subventricular relationship Ne
Group |l 77
Group Il 75
Extent of tumor resection N°
Gross total resection 40
Subtotal resection 86
Biopsy 26
First-line therapy Ne
Radiotherapy 26
Chemotherapy 1
Radiotherapy and chemotherapy 98
Therapeutic abstention 27
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Fig. 1. Examples of negative and positive stain-
ing are shown for YKL-40 and Olig2. A) Example
of negative staining () tumor cells for YKL-40.
B) Patchy staining (+/-) for YKL-40. C) Strong
staining (+) for YKL-40. D) Tumor sample with
negative staining (-) for Olig2. E) Positive
expression for Olig2 (+) (200x magnification).

sis. Interestingly, YKL-40 was significantly associated Univariate and multivariate analysis
with age, KPS at 3 months, PFS, 0S, and GB type. of prognostic variables

Kaplan-Meier analysis showed that YKL-40 (CHI3L1) To identify and evaluate the variables with poten-
expression was significantly different from Olig2  tial prognostic significance in patients with GB, uni-
expression (p > 0.05) (Figs. 2 and 3). variate and multivariate analysis using Kaplan-Meier
34 Folia Neuropathologica 2016; 54/1
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and Ill glioblastomas

Table Il. Correlations between CHI3L1 and Olig2 expression in tumor tissues and clinic pathological features

of patients with glioblastoma

Variables CHI3L1 p value Olig2 p value
Positive Negative Positive Negative

Age
<65 31 62 0.019* 20 73 0.218
>65 31 28 8 51

Gender
Male 34 45 0.557 13 66 0.516
Female 28 45 15 58

KPS at Dx
<70 11 9 0.165 2 18 0.297
> 70 51 81 26 106

KPS at 3 months
<70 26 21 0.015* 4 43 0.035*
> 70 36 69 24 81

PFS
<54 58 73 0.013* 22 109 0.157
> 54 4 17 7 14

0S
<54 52 46 0.00* 15 83 0.164
> 54 10 44 13 41

GBMs
SVZ I 45 32 0.00* 12 65 0.361
SVZ Il 17 58 16 59

Extent of tumor resection
Gross total resection 9 31 0.02* 9 31 0.281
Subtotal resection 36 50 17 69
Biopsy 17 9 2 24

First-line therapy
Radiotherapy 14 12 0.029* 1 26 0.023*
Chemotherapy 0 1 1 0
Radiotherapy and chemotherapy 32 66 22 76
Therapeutic absention 16 11 1 26

¥ tests, *p < 0.05

and Cox proportional hazard model was performed.
In a univariate proportional hazards regression anal-
ysis, the factors associated with survival were: age,
KPS at 3 months, YKL-40 (CHI3L1), and Olig2. In
addition, univariate analysis confirmed that neither
the gender (p = 0.13) nor Olig2 immunoexpression
(p = 0.86) affected OS.
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We evaluated the potential prognostic factors
following the Cox proportional hazards models
using forward stepwise multivariate selection anal-
ysis (Table Ill). The variables significantly associated
with OS were: PFS < 54 weeks (HR: 5.86; Cl: 3.02-
11.33; p=0.00); radiotherapy (HR: 0.34; Cl: 0.18-0.60;
p = 0.00); radio- and chemotherapy (HR: 0.05; Cl: 0.03-
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-~ Negative CHI3L1 expression —r 1 Positive CHI3L1 expression

Fig. 2. Patients expressing YKL-40 (CHI3L1) in
tumor tissues show a significantly worse overall
survival. Kaplan-Meier analysis for overall sur-
vival in a series of glioblastomas according to
YKL 40 expression.

Cum survival

T T
0 100 200 300 400
Weeks

-1 Negative Olig2 expression —~1Positive Olig2 expression

Fig. 3. Kaplan-Meier overall survival curves of
the series of 152 glioblastomas with a different
expression of Olig2. The difference in survival
between Olig2+ and Olig2— is not statistically
significant (p = 0.12).

Table Ill. Univariate and multivariate analyses of variables associated with survival

Variables Univariate analysis Multivariate analysis
HR 95% Cl p value HR 95% Cl p value

Age, years (< 65 vs. > 65) 0.46 0.33-0.65 0.00* 0.76 0.52-1.12 0.17
Gender (male vs. female) 1.28 0.92-1.78 0.13 1.21 0.85-1.71 0.27
KPS at Dx (< 70 vs. > 70) 0.42 1.46-3.82 0.00*

KPS at 3 months (< 70 vs. > 70) 3.95 2.72-5.73 0.00* 1.50 0.97-2.32 0.63
PFS, weeks (< 54 vs. > 54) 0.13 0.07-0.25 0.00* 541 2.78-10.54 0.00*
CHI3L1-GBM cells (pos. vs. neg.) 1.22 1.08-1.38 0.00* 1.61 1.12-2.31 0.01*
Olig2-GBM (pos. vs. neg.) 0.98 0.84-1.15 0.86

Biopsy 0.00*

Gross total resection 0.23 0.14-0.40 0.00*

Subtotal resection 0.31 0.19-0.49 0.00*

Radiotherapy 0.00* 0.34 0.18-0.60 0.00*
Chemotherapy 2.65 0.35-20.1 0.34 1.02 0.13-8.02 0.97
Radiotherapy and chemotherapy 0.10 0.05-0.17 0.00* 0.05 0.03-0.10 0.00*
Therapeutic absention 2.84 1.59-5.04 0.00*

Fisher’s exact, *p < 0.05
KPS — Karnofsky score, KPS at Dx — Karnofsky score at diagnosis, PFS — progression-free survival
Cl - confidence interval, HR — hazard ratio, pos. — positive, neg. — negative
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0.10; p=0.0), and YKL-40+ GBs (HR: 1.61; CI: 1.28-2.31;
p = 0.01). However, Olig2+ GBs were not included in
multivariate analysis.

Discussion

Although the SVZ has been recognized for many
years, its neurogenesis and gliomagenesis remains
unclear. Subventricular zone may be a source of
tumors with higher proliferative and invasive capaci-
ties [5]. Recent research efforts in neuro-oncology are
focused in targeting the tumorigenesis theory and
to find signal transduction pathways that influence
the GB development and change its dismal progno-
sis, given that surgery and adjuvant chemotherapy
with radiotherapy are insufficient due to a diffuse
infiltration by tumor tissue into the brain [4,12,37].
Therefore, identifying molecular targets that could
provide prognostic new data is needed and would
be helpful for its therapy.

Olig2+ GBs are not significantly expressed in GB
type Il and Ill, against predictive and critical functions
for Olig2 [32,34]. Under the stem cell hypothesis,
Olig2 fulfills criteria of a lineage-restricted compe-
tence factor for gliogenesis [8,15] that is necessary
for the development of neural progenitors and prog-
eny cells in the CNS [12]. Like others, [22] we have
suggested that Olig2 expression may be downregu-
lated in mature astrocyte.

YKL-40 is a potent angiogenic factor that was
recently identified to be one of the most expressed
proteins in GB when compared to low-grade glio-
ma and normal brain. YKL-40 protein expression
was proposed as a potential serum marker for GB
[10,16,26]. High YKL-40 expression in GB has been
correlated with a short OS and a poor response to
radiotherapy [14,16]. We found that GBs contact-
ing the SVZ trended with shorter OS, although it
is unclear if tumors contacting the SVZ have more
aggressive behavior, allowing tumor stem cells and
their progeny to rapidly proliferate and migrate.
The main reasons for a less favorable outcome in
GB patients with SVZ involvement are not yet com-
pletely understood. Interestingly, we have found
a significantly greater YKL-40 expression among the
subventricular zone contacting GBs than Olig2+ GBs.
Previous work [27] has determined that YKL-40 was
particularly linked to SVZ type IV and V. One of the
limitations of this study was the small sample size of
SVZ type Il patients. According to our results, there
was also a trend toward a worse OS among SVZ
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Fig. 4. MRI T1 weighted sequence after Gd-DTPA
infusion shows the spatial relationship of glio-
blastomas related to the SVZ. A) SVZ lll tumors
involve only the cortex; B) SVZ Il contacts only
the SVZ

type Il GBs when compared with SVZ type Ill GBs.
Univariate, multivariate, and Kaplan-Meier analyses
demonstrated that expression of YKL-40 was a sig-
nificant negative indicator of the behavior of GB.

The present study was performed on a heteroge-
neous population of GB patients, all of whom under-
went total resection, subtotal resection or biopsy fol-
lowed by the same adjuvant therapy (chemotherapy
and radiotherapy). To date, the extent of resection
has been an accepted prognostic factor [3,23,33].
Nevertheless, although it is well accepted that tumor
resection may improve the symptoms we have found
impact on OS only in the univariate analysis. How-
ever, extensive resection combined with adjuvant
therapy could also explain the advantageous impact
in terms of OS in a multivariate analysis.

The difference in survival among patients with GB
has been seen to significantly depend on age, KPS
at 3 months, extent of resection, and immunoexpres-
sion of YKL-40. We have found that there was a sig-
nificant correlation between the expression of Olig2
and KPS at 3 months. Age at diagnosis and preoper-
ative KPS score have been the most recognized pre-
dictors of OS [4]. KPS score at 3 months from diagno-
sis was a prognostic factor more valuable than KPS
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score at diagnosis, which may be attributed to the
influence of surgery. Most of YKL-40+ GBs had a PFS
of less than 54 weeks. These data differ from the pre-
vious report [2] that found no prognostic association
between YKL-40 expression and PFS. However, such
disagreement may be because our study has a larger
sample size and different age groups of patients.

Conclusions

Up to date, significant progress has been made
in the understanding of GB regarding its topograph-
ical molecular expressions. The presence of GBs,
which express prognostic markers in relationship
to the subventricular zone, is of practical as well as
theoretical interest. In fact, this information may be
the road by which the most effective therapy can
be focused. Our results demonstrated that dismal
prognosis of GBs is significantly correlated to YKL-40
expression and linked to SVZ relationship. As YKL-40
has been found in serum and in brain tumor tissue,
it has a potential as a therapeutic and prognosis
marker for GB. Current insights will ultimately lead
to a more individualized therapy for GB patients.

Our study suffers from the same limitations as
other retrospective studies, with a biased selection
of SVZ topographical locations, which influences
the results. Therefore, further controlled studies are
needed to validate our results in a prospective study
with a greater number of GBs patients.
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Abstract

Angiocentric glioma (AG) is a newly-classified, very rare, WHO grade | central nervous system (CNS) lesion, occurring
usually in children and young adults. Only 52 patients with AG have been reported so far, making it one of the rarest
neuropathological entities. Hereby we present two new cases of AG in young subjects with detailed neuropatholog-
ical investigations and a neuroradiological picture along with a brief summary of all already published literature
reports of this tumor.

Histopathological examination of the resected tissue from both cases revealed similar changes characteristic of AG.
The tumors were composed of spindle-like, elongated cells, forming characteristic pseudorosettes around vessels and
diffusively infiltrating surrounding tissue, trapping neurons between tumor cells. Noticeably, some neoplastic cells
encrusting vessels extended far beyond the main tumor mass. Hypothetically, this may be responsible for the recur-
rence of the tumor even in the case of apparently total excision. In immunohistochemistry, AG cells were glial fibril-
lary acidic protein (GFAP) and vimentin positive, also exhibiting a strikingly significant epithelial membrane antigen
(EMA) dot-like staining pattern. In one of the cases, electron microscopy revealed ependymal differentiation features
such as microvilli and cilia. Taken together, all these data strongly confirm a dual astroglial-ependymal nature of
the tumor. Follow up corroborates benign character of this neoplasm. Both AGs reported here were immunonegative
for the product of the mutated IDH-1 gene what, according to our best knowledge, has never been reported so far.
It may suggest that in their pathogenesis AGs differ from grade Il astrocytomas, which in most cases harbor a muta-
tion of IDH-1. Noteworthy, neuroimaging in our cases was relatively characteristic but not conclusive, therefore biopsy
(at least) is mandatory. A newly proposed so called “A-B-C” classification of long-term epilepsy-associated tumors
(LEATS) places AG in a category named ANET. The authors shortly review the A-B-C classification of LEATS.

Key words: angiocentric, glioma, electron microscopy, drug-resistant epilepsy, seizures, immunohistochemistry, LEATS,
epileptomas.
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Angiocentric glioma from a perspective of A-B-C classification of epilepsy associated tumors

Introduction

Angiocentric glioma (AG) is a very rare low-grade
neoplasm, mainly affecting children and young
adults. So far, to our best knowledge only 52 cases
have been reported, with first literature reports dat-
ing back to 2005, when two different cases of cen-
tral nervous system (CNS) lesions were described
as a new pathological entity, due to their specific
magnetic resonance imaging (MRI) appearance and
glial and ependymal differentiation in histopatho-
logical examination [11,29]. Those findings were
included in the 2007 World Health Organization
(WHO) Classification of Tumours of the Central Ner-
vous System, which classified AG as WHO | grade
tumor [14]. Angiocentric glioma occurs in a broad
age range, varying from 2 to 70 years of age, how-
ever it seems to affect more frequently children and
young adults. Angiocentric glioma grows predom-
inantly in supratentorial locations, usually in fron-
tal and temporal cortex, however there are cases
of lesions localized in mid-brain, amygdalae and
hippocampus [13,17,19,23]. A typical symptom of AG
is drug-resistant epilepsy. Some patients suffer also
from headaches and vision impairments. In MRI
examination, AG forms a well-demarcated lesion,
hyperintense on T2 and hypointense on T1-weighted
image, with “stalk-like” protrusions towards ventri-
cle [11]. Calcifications are only rarely observed [24].
Most common treatment is surgical resection, which
seems to be the most beneficial for the patients. In
histopathological examination, tumor tissue exhib-
its a very characteristic growth pattern, in its most
typical form composed of elongated, spindle like
cells, arranged radially and longitudinally around
vessels and forming palisade-like structures under
pia. Angiocentric glioma cells exhibit a low prolifera-
tive rate, with reported labeling Ki-67 (MIB-1) indices
ranging from 1 to 5%, what corroborates with benign
clinical behavior observed in these tumors [12]. Not-
withstanding some cases with higher mitotic rates
were also reported [12,22]. In AG one can observe
traits of both astroglial and ependymal-originated
cells, what may suggest an origin from a hypothet-
ical common progenitor cell. Angiocentric glioma
proves to be a challenge, as the main symptom i.e.
drug-resistant epilepsy and its complications e.g.
cranial trauma can be misleading in the diagnostic
process. Predilection to frontal and temporal cortex is
also troublesome, therefore surgical resections need
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to be performed with extra caution, best — using
neuronavigation methods, with the help of fMRI and
diffusion tensor imaging (fibertracking). Due to rel-
atively scarce information about the clinical course,
optimal methods of treatment, and prognosis, every
piece of information is valuable to establish valid,
evidence-based methods of handling this condition.
In this study, we present 2 cases of young patients
with AG and a thorough functional and radiological
examination, performed before the surgery.

Material and methods
Case 1

A girl aged 11 years was admitted to the region-
al hospital after an episode of generalized seizures.
Electroencephalography (EEG) and MRI were perform-
ed. Electroencephalography examination revealed an
abnormal pattern with numerous seizure spikes, reg-
istered bilaterally over frontal lobes, with the predom-
inance of the left frontal lobe and the tendency of
generalization. Magnetic resonance imaging revealed
a T1 hypointense, T2 hyperintense lesion located in
the left frontal lobe (Fig. 1A-E), sized 25 x 35 x 45 mm.
The patient was transferred to the University Chil-
dren’s Hospital in Krakow with a diagnosis of brain
tumor. Due to the vital site of the change (proximity
to left motor and sensory cortex), additional methods
of imaging: fMRI and tractography were performed
to minimize the risk of collateral damage. Gross total
resection of the tumor was achieved, the patient
was released home with no signs of focal brain inju-
ry. During 16 months’ post-operative period, neither
further seizures nor other symptoms of tumor recur-
rence were noted.

Case 2

A male aged 25 years with no previous history
of any health problems was admitted to the hospi-
tal after 3 episodes of seizures. As a result of the
last epileptic episode, the patient suffered from
facial trauma. In neurological examination, no signs
of focal brain injury have been found. Computed
tomography (CT) revealed a hyperdensive, well-de-
marcated mass, size of 21 x 8 mm, located in the left
frontal lobe. The mass was surrounded by a zone of
grade | edema. The ventricular system of the brain
showed no pathological changes. Initially, the lesion
was interpreted as a hemorrhagic focus of brain con-
cussion. Due to the unknown origin of the two initial
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Fig. 1. Magnetic resonance imaging. Case No 1. A) Partially hyperintense cortically based lesion in the
left frontal lobe. MRI; axial plain; FLAIR sequence. B) Hyperintense lesion with stalk-like extension toward
the ventricle. MRI; axial plain; frFSET2 sequence. C) No evidence of restriction diffusion inside the lesion.
MRI; axial plain; DWI sequence. D) Ribbon-like hyperintense rim. MRI; axial plain; SET1 sequence. E) No
enhancement inside the tumor. MRI; axial plain; postcontrast SET1. F) Case No 2. Slightly bubbly hyperin-
tense lesion in the frontal lobe, without evidence of expansion. MRI; axial plain; frFSET2.
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seizures, the patient was qualified for MRI, which
showed T2 hyperintense, T1 hypointense mass,
located in the left frontal lobe, forming a cone-like
structure (Fig. 1F), sized about 25 x 15 x 30 mm rang-
ing from the pia up to 5 mm distance from the left
lateral ventricle. The patient showed no neurological
or neuropsychological abnormality. Left frontal cra-
niotomy revealed a widened brain lobule, containing
the whole mass of the tumor. The lesion was dis-
sected with the help of neuronavigation based on
brain MRI. Neurological status of the patient after
the surgery did not deteriorate. On the seventh day
after the surgery one episode of seizures was noted.
During 40 months’ follow-up repeated MRI and EEG
excluded the recurrence of the tumor. Also no fur-
ther seizures were observed.

Results

In both presented cases, histopathological and
immunohistochemical examination of the resect-
ed tissue revealed an identical pattern (summary
of immunohistochemical methods applied given in
Table I). The tumors were composed of elongated
cells (Fig. 2A), characteristically surrounding vessels
and forming pseudorosette structures around them
(Fig. 2B, C). A few delicate perivascular accumula-
tions of glioma cells extended to some distance out
of the main tumor mass (Fig. 2D). Tumor cells, adja-
cent to pia created a conspicuous palisading pat-
tern (Fig. 2A). Inside of the tumor tissue, there were
remaining Neu-N positive neurons, some of them

Table I. Summary of immunohistochemistry

trapped between AG cells, which all were immu-
nonegative for Neu-N (Fig. 2E). Tumor cells were neg-
ative for synaptophysin, what contrasted with syn-
aptophysin-positive neuropil background (Fig. 2F).
Glioma cells were strongly immunopositive for
GFAR what indicates their astrocytic differentiation
(Fig. 2G), noticeably showing conspicuous dot-like
positivity for EMA, which is regarded as a signature
of ependymoma (Fig. 2H). Ependymal traits were fur-
ther confirmed by electron microscopy, which showed
numerous microvilli, tight junctions and cilia (Fig. 2I)
(electron microscopy was performed only in Case 1).
In both cases tumor cells were strongly positive for
vimentin and totally negative for cytokeratins (AE1/
AE3). Moreover, both cases were immunohistochem-
ically negative for mutated product of the isocitrate
dehydrogenase (IDH-1) gene. Mitoses were absent
and only exceptionally, single Ki-67 immunopositive
nuclei were seen. Taken together, in both cases the
morphological features and the pattern of immuno-
expression were pathognomonic for AG.

Discussion

Considering many factors such as age, gender,
localization and symptomatology of the disease,
both cases present a typical course of AG. In the
published cases (summarized in Table ), mean age
of diagnosis was almost 18 years (mean = 17.7,
SD = 16). So far, AG has been presented in 23 female
and 29 male patients (total number: 52). Reported
cases were located in temporal lobes (20 cases,

Name Company Dillution Unmasking Incubation time Detection
GFAP DAKO 1/50 EDTA 30 min EnVision
EMA DAKO 1/100 - 30 min EnVision
CD34 DAKO 1/50 Citrate buffer 60 min EnVision
S-100 DAKO 1/400 - 30 min EnVision
Vim DAKO Ready to use - 30 min EnVision
AE1/AE3 DAKO 1/50 Proteinase 30 min EnVision
Ki-67 DAKO 25-Jan EDTA 24 h EnVision
Neu-N Millipore 1/100 Citrate buffer 24 h UltraVision HRP
Polymer
Synaptophysine DAKO 20-Jan EDTA 30 min Envision
IDH-1 Dianova 1/100 Citrate buffer 30 min UltraVision HRP
Polymer
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pattern (A) and characteristic pseudorosettes around vessels (B). Perivascular arrangement is well observed
in a slide stained immunohistochemically for CD34 — marker of endothelial cells (C). Some vessels encrust-
ed with single bona fide glioma cells (D, see arrows) extend relatively far away from the main tumor mass
(D). Within the invaded cortex, there are still numerous remaining neurons (E). Synaptophysin-negative
tumor cells contrast strongly with positive neuropil background (F). Cells show strong immunopositivity
for GFAP (G) and dot-like immunopositivity for EMA (H). Electron microscopy revealed numerous microvilli
(i, asterisk), cilia (i, marked with a quadrangle and enlarged in the inset), and tight junctions (i, arrowhead).
Methods applied: A, B, D — hematoxylin-eosin, C — CD34, E — Neu-N, F — synaptophysin, G — GFAR H — EMA
immunostaining, | —electron microscopy. Case 1 represented in: A, G, E, F, G, |, case 2 represented in: B, D, H.

out of which 6 in hippocampus and 6 in amyg-
dala), frontal lobes (18), parietal lobes (13), occip-
ital lobes (5), insula (2) brainstem (1), thalamus
(1) (the numbers do not add up to a total of 52,
since in some reports locations overlap more than
1 lobe). 40/52 patients presented seizures which
can be regarded as the most typical symptom of
this tumor. Only a few patients suffered from focal
neurological symptoms. Accordingly, in both present-
ed cases the most prominent symptoms were also
seizures, resistant to typical anti-epileptic treatment.
In case 1 MRI has shown a well-demarcated lesion,
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with no signs of the mass effect (Fig. 1A-E). In case 2
the correct diagnosis was hindered by radiologi-
cal signs of brain contusion, caused by trauma in
the course of epileptic seizures. Consecutively MRI
imaging revealed a lesion, suggestive of a benign/
low-malignant tumor (Fig. 1F). According to WHO
2007 Classification of Tumours of the Central Nervous
System, major differential diagnosis in the case of
a well-delineated cortically based lesion in the frontal
lobe in children with epilepsy is angiocentric glioma,
oligodendroglioma, dysembryoplastic neuroepithelial
tumor (DNT) and ganglioglioma[21]. Dysembryoplastic
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Table Il. Summary of the reported cases of AG

Authors Year Age of Gender Localisation Symptoms
diagnosis
Alexandru et al. 2013 12 F Left frontotemporal Seizures
Luetal. 2013 15 M Right frontal Progressive left-sided weakness
+ headache
Aguilar et al. 2012 15 M Right anterior frontal Progressive left-sided weakness
+umbness
Liuetal 2012 14 M Right posterior inferior Seizures
temporal
22 M Left temporal + amygdala + Seizures
hippocampus
13 F Anterior temporal + amygdala Seizures
Koral et al. 2012 4 M Right temporal Development and speech delay
Grajkowska et al. 2011 15 F Right temporal Seizures
14 M Left occipito-parietal Seizures
Miyahara et al. 2011 66 F Right insula Seizures
Takada et al. 2011 26 M Right superior frontal Seizures
Miyata et al. 2012 54 F Left hippocampus + amygdala Seizures
37 M Left uncus + amygdala Seizures
Rho et al. 2011 10 F Right medial frontal Dizziness, otalgia, nystagmus
Marburger et al. 2011 10 F Left parieto-occipital Seizures
15 M Left temporal + amygdala + Seizures
hippocampus
19 M Left parietal Seizures
3 F Left temporal + amygdala + Seizures
hippocampus
15 M Right thalamus Headache + visual disturbances
Pokharel et al. 2011 3 M Right posterior parietal Seizures
Hu et al. 2010 19 M Left frontal Dizziness
Mott et al. 2010 57 F Right frontal Seizures, left hand tremor,
headaches
Shakur et al. 2009 13 F Left anterior temporal Seizures + headaches
10 M Left posterior temporal Hearing impairment, shortening
attention span
10 M Left middle temporal Seizures
Covington et al. 2009 5 F Exophytic on brainstem Severe cranial neuropathy + gait
disturbance
Fulton et al. 2009 2 M Right frontoparietal Seizures
Lum et al. 2008 5 M Right frontal Seizures
Sugita et al. 2008 6 M Right occipitoparietal Seizures
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Table II. Cont.
Authors Year Age of Gender Localisation Symptoms
diagnosis
Preusser et al. 2007 15 M Precuneus Seizures
6 M Medial temporal Seizures
17 M Frontoparietal Psychomotor disturbance
9 F Medial inferior temporal Psychomotor disturbance
37 F Hippocampus Seizures
70 F Hippocampus Psychomotor disturbance
35 M Parietal Psychomotor disturbance
15 F Precuneus Seizures
Wang et al. 2005 3 M Left occipital Seizures
14 M Right inferior frontal Seizures
3 F Left occipital Seizures
4 F Right parietal Seizures
30 F Left anterior temporal Seizures
26 M Left frontal Seizures
37 M Right frontal Seizures
15 F Right medial temporal Seizures
Lellouch-Tubianaetal. 2005 2 M Right frontoparietal Seizures
4.5 M Right parietal Seizures
6.5 M Left frontoparietal Seizures
3 F Left frontal Seizures
4 F Left medial temporal Seizures
9.5 F Left frontal Seizures
13 F Right orbitofrontal, gyrus Seizures
rectus, insula

neuroepithelial tumor has more “bubbly” appearance
on T2w images. Oligodendroglioma is a gray-white
matter interface originated mass. Angiocentric glio-
ma typically expands gyri, creates T1w hyperintense
rim and stalk-like extension toward the ventricle [11].
The clue in proper diagnosis of this tumor may also
be intrinsic ribbon-like T1 shortening [10]. Ganglio-
gliomas often enhance, while angiocentric gliomas
do not. The most typical findings of angiocentric gli-
oma are presented in Case 1.

In Case 1 the operation was performed with
the help of the neuronavigation, thus reducing the
risk of complications. In this case, during so far 16
months’ follow-up, no epileptic seizures have been
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observed, what is consistent with a typical course
of the disease, according to the literature. In case 2,
only one episode of the seizures was observed soon
after surgery, but there were no seizures in the fol-
low-up (42 months). One may speculate that this
single episode of seizures reflected rather a side
effect of post-operation damage, than the result of
residual tumor tissue. Neuropathological investiga-
tion of resected tumors have shown a common char-
acteristic picture of AG with especially conspicuous
perivascular crowding of cells, subpial palisading,
and a typical immunohistochemical staining pattern
indicating shared astrocytic and ependymal proper-
ties of tumor cells.
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In histopathological differential diagnosis of this
tumor one needs to include low-grade neoplasms,
such as DNT, which also occurs in children and
manifests clinically by seizures. Literature theoret-
ically indicates focal cortical dysplasia, low-grade
astrocytoma [22], ependymoma, astroblastoma and
papillary glioneuronal tumor, and even also subep-
endymoma, pilocytic astrocytoma, and ganglion cell
tumor as candidates for differential diagnosis [3].
The presence of tumor cells in distant regions from
the original mass should be also noted, as it might
contribute to the observed tendency for recurrence
of this tumor. Neurosurgeons might contribute to
these data, while planning secondary resection of
the recurring tumor by further enlarging the opera-
tion area in proximity of the vessels.

In practice the most important options of differen-
tial diagnosis encompass astroblastoma, ependymo-
ma and (less importantly) papillary glioneuronal tumor.

Given the twofold nature of AG (features of both
glial and ependymal cells), it is plausible that the
tumor itself could originate from the early progenitor
cell. There are scarce data concerning pathophysiolo-
gy of this tumor. In electron microscopy AGs exhibit
signs of ependymal differentiation (microvilli, cilia,
tight junctions) [29]. A diffuse infiltration pattern
along with presence of immunopositivity for S100,
GFAR and vimentin is consistent with the glial (espe-
cially astrocytic) character of the tumor. Immunoneg-
ativity for synaptophysin and Neu-N helps to exclude
the papillary glioneuronal tumor. The differentiation
of AG with astroblastoma and ependymoma is more
troublesome. Ependymoma (apart from the different
location in most cases) microscopically seems to pres-
ent with more slender cell nuclei and less distinct cell
boundaries, and reactivity for GFAP also seems to be
less pronounced than in AG. Even more disputable is
to set guidelines for differentiation between AG and
astroblastoma, since among others, an electromicro-
scopic picture may be similar to that of AG. Probably,
the most helpful clue, speaking in favor of astroblas-
toma is the lack of subpial palisading and presence of
vascular sclerosis and hyalinization [3]. Regarding its
cellular composition AG, in contrast to diffuse astro-
cytoma, is much more monomorphic [16]. In most cas-
es of AG, a low mitotic count is observed. However, if
a high mitotic count is present it does not alter the
benign character of growth [22].

According to new proposals of Blumcke et al.,
angiocentric gliomas make a separate entity (so
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called angiocentric neuroepithelial tumor — ANET),
included in the group of tumors characteristically
related to epilepsy and hence accordingly named
“long-term epilepsy associated tumors” (LEATS).
“Long-term epilepsy associated tumors” incorpo-
rate a large variety of neuronal and glial tumors that
are encountered in patients, surgically treated for
a long-time epilepsy (over 2 years). Typically, LEATs
are benign tumors with presence of the neuronal
component and predilection to neocortical regions,
especially temporal lobes. They tend to acquire their
epileptogenic potential in young age, thus in most
cases, first symptoms of these neoplasms are focal
seizures. “Long-term epilepsy associated tumors”
present slow growth rates, therefore the prognosis
for the patients, even without the radical surgery, are
generally very good. However in a number of cases,
progression of seizures or even anaplastic transfor-
mation to higher WHO grades have been observed
[28]. Blumcke et al. proposed a new approach to diag-
nosing and treatment of a group of these tumors.
This approach is applicable for both clinicians (that
are responsible for weighing the risk and gains from
surgery) and neuropathologists. While in the case
of adult and elderly patients, diagnosis of a brain
tumor is usually followed by the resection of the
lesion, in LEATs patients this might not be the only
conceivable way of proceeding. Children and young
adults with the lesions located in typical locations for
LEATs (e.g. temporal lobes) could be managed dif-
ferently. At first, careful examination with the help
of experienced neuroradiologists is mandatory. Due
to a slow growth rate and benign behavior of the
tumor, pharmacological treatment is to be introduced
to achieve seizure control, however bearing in mind
the adverse long-term effects of medication and
impact of uncontrolled seizures on patients’ cogni-
tion. When this option turns to be ineffective, surgical
resection is advocated. During the surgery, one has to
bear in mind that some types of LEATs tend to infil-
trate the radiologically-unchanged tissue, therefore
in a non-dominant lobe, gross resection of the tumor
including adjacent tissues is advised. If the tumor is
localized in the dominant lobe or in close proximity
to vital brain regions, invasive electrocorticography
is strongly advised to limit the damage, while allow-
ing to achieve the best available effect. Regarding
pathological examination of the lesion, Blumcke et al.
proposed a new A-B-C classification of epilepsy-as-
sociated tumors, that is focused on immunochem-
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istry markers (MAP2, CD34). In the case of AG, the
authors proposed returning to the original term of
“angiocentric neuroepithelial tumor” (ANET) [11].
Other items of A-B-C nomenclature include: BNET,
CNET, DNET, ENET, GNET, INET. BNETs, regarded as
“basic” oncofetal neuroepithelial tumors, are positive
for CD34, and as for now are typically diagnosed as
gangliogliomas. In contrast, CD34-negative tumors
so far also typically diagnosed as gangliogliomas
are named GNETs (“gangliocytic” neuroepithelial
tumors). CNET and DNET refer to a complex (CNET),
and simple (“typical”) respectively form of dysem-
bryoplastic neuroepithelial tumor (DNET = DNT).
ENET, in turn, is a sort of an imprecisely defined cat-
egory for tumors, negative for CD34 (ENET standing
for “epileptogenic NET not otherwise specified”).
Lastly, INET is to be referred to tumors so far termed
as “isomorphic astrocytomas” — a variant of diffuse
astrocytoma, characterized by very low cellularity
and strikingly uniformed, regular morphology. Sup-
posedly, though being diffused, they deserve rather
WHO grade | than Il [4].

Our results confirm the proposed diagnostic cri-
teria of ANET (as an equivalent of AG): tumor cells in
both samples were CD34 and IDH-1 negative, EMA
immuno-staining showed a dot-like pattern as well
as palisade-like growth pattern around the vessel.
The presence of tumor cells in distant regions from
the original mass should be also noted, as it might
contribute to the observed tendency for recurrence
of this tumor. Neurosurgeons might contribute to
these data, while planning secondary resection of
the recurring tumor by further enlarging the opera-
tion area in proximity of the vessels.

There are attempts to characterize the genetic
signature of AGs, Preusser et al. using comparative
genetic hybridization did not find any specific gene
marker for AG: genetic aberrations in tumor cells were
sparse and heterogeneous, however in 1 out of 8 cas-
es a severe genetic imbalance was found. This aber-
ration was a loss of chromosomal bands 6q24-q25.
Imbalance on 6q is observed in many neoplasms,
more interestingly, it has been described as fre-
quent in intracranial ependymomas. Preusser states
that a potential candidate gene located on 6qg24.1 is
PLAGL1/ZAC1 gene, which is an important transcrip-
tion factor receptor, involved in regulation of the cell
cycle and apoptosis. Even more interesting is that
the features of neuronal degenerations (neurofibril-
lary tangles and AB plaques) in “trapped neurons”
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were found [23]. Vast majority of the cases presented
a benign course of the disease — some patients with
a history of the seizures counted in decades [20,23].
Despite that, supposedly malignant variants of AG
(possibly WHO 111), characterized by a higher mitotic
index, vascular proliferation and necroses were also
observed [1,15]. The elective method of treatment is
gross total resection, but subtotal resection and che-
motherapy and radiotherapy had also been used,
especially in more difficult locations or to handle rare,
high grade variants [1,5,16,20]. One has to acknowl-
edge that the neuroradiological picture, though char-
acteristic, is not definitely specific therefore at least
biopsy is mandatory. The aforementioned presence of
tumor cells well beyond the main tumor mass speaks
in favor of the necessity of gross total resection (if
possible). This approach not only should lower the
risk of recurrence, but also might be of importance
in treatment of epilepsy. Prognosis after gross total
resection is very good, with a low incidence of recur-
rence of the seizures in long-term follow up and only 2
registered cases of death in the post-operative period
[22]. According to Pokharel et al., thanks to the benign
character of AG (confirmed by biopsy), some patients
may live without the need of gross removal of tumor
(radiotherapy only), what can be vital, especially
for elderly patients [22]. New technologies like MRI,
MRI-spectroscopy, diffusion tensor MRI have enabled
neurosurgeons to limit collateral damage and precise-
ly remove even diffusely infiltrating AG masses thus
eliminating the origin of epileptic seizures. Our obser-
vations indicate that the vessels surrounded by tumor
cells extend relatively far away from the main tumor
mass (Fig. 2D), and that implies the risk of regrowth
even if such event happens relatively long after surgery.
We have found both AGs reported here to be immu-
nonegative for the product of the mutated IDH-1 gene,
which according to our best knowledge has never
been reported so far. We are aware that it does not
necessarily indicate a universal characteristic of AG,
however at least in the reported cases IDH-1 negativ-
ity provides evidence that in their pathogenesis AGs
differ from grade Il astrocytomas, which in most cases
harbor a mutation of IDH-1 [9].
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Abstract

In forensic pathology age determination of injuries is of key importance. The purpose of the study was to analyze
morphometrically changes in neurofilaments following the brain contusion and relate them to the length of the time
of survival. To do this, the authors analyzed specimens of brains collected during medicolegal autopsies. According
to the available literature, no such study involving material from deceased humans was conducted. The researched
material was divided into nine subgroups (10 cases each) according to the time of death of persons: immediately
at the crime site, 12 hours, 24 hours, 2 days, 3 days, 4 days, 5 days, 6 days and 7 days after head trauma. Neurofil-
aments were immunohistochemically stained and evaluated quantitatively using the Met-llo computer application.
The initial results were then analyzed statistically with the one way analysis of variance (ANOVA) and the least sig-
nificant difference (LSD) tests. It was calculated that there are significant differences in numbers and area fractions of
neurofilaments within 7 days after head trauma. It must be concluded that morphometric analysis of neurofilaments
is a promising method but further studies are required.

Key words: brain contusion, neurofilaments, morphometry, survival time.

Introduction

In medicolegal traumatology determination of the
age of injuries is extremely important, as it allows to
establish the time of trauma. Basing on this knowl-
edge, in the course of legal investigation the public
prosecutor can substantiate his allegations that the
offense being inquired was committed at a given date.

The issue of age determination of brain contu-
sions has been within the scope of interest of foren-
sic pathologists and neuropathologists since the
beginning of the twentieth century. The usual study
method consists in analysis of morphological chang-
es within the site of contusion which follow from
complicated processes of resorption and organiza-
tion of the contused nerve tissue.
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In everyday practice it is posttraumatic changes
in the nerve tissue with concomitant cell-mediated
reactions that are analyzed. Apart from classic histo-
logic stainings immunohistochemical procedures are
utilized as well. They allow for univocal identification
of cells which have migrated to the site of contusion
[8,30].

The literature offers tabular comparisons of mor-
phological changes with regard to the age of brain
contusion, i.e. the time that has lapsed since the
trauma [2,13,17]. However, laboratory practice has
shown that these methods are not accurate enough
and therefore pose a danger of diagnostic errors.

Study of several different morphologic elements
within the site of brain contusion increases the accu-
racy of analysis and, as a consequence, decreases
the range of uncertainty of evaluations. Nowadays,
progress in immunohistochemistry makes it possible
to study structural elements of cells, including nerve
tissue cells.

The authors have attempted to determine the
applicability of histopathologic examination of post-
traumatic changes of morphologic structures of
nerve cells in victims of fatal intracranial injuries.

Because of postmortem changes, mainly autol-
ysis, which usually obscure pathological findings,
alterations in neurofilaments (NF) — structural pro-
teins of nerve cells, which are more resistant to
autolysis than other cell proteins, e.g. enzymes —
have been chosen for study [11,23].

What is worth emphasizing, the available litera-
ture lacks any data on temporal changes in the neu-
ronal cytoskeleton after brain trauma which could
be used for forensic wound age estimation. This
observation has been made by neuropathologists as
well [8].

Material and methods

The researched material comprised specimens of
sites of contusions in cortical-subcortical regions of
cerebral hemispheres of 90 deceased persons whose
corpses have undergone medicolegal autopsies in
the Department of Forensic Medicine of the Medi-
cal University of Gdansk in accordance with proper
rulings of local public prosecutors. The comparative
material consisted of specimens collected during
medicolegal autopsies of 10 deceased persons who
died immediately after the head trauma. This time
specimens were collected from brain regions that
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showed neither macroscopic nor microscopic post-
traumatic changes. The presence of diffuse axonal
injury (DAI) was excluded by an experienced neuro-
pathologist.

There was no need to obtain any prior approval
for human subjects’ research from a local bioeth-
ics committee due to the judgment of the Supreme
Court which ruled that both paraffin blocks and
microscopic slides comprise health records (case no.
V CSK 256/10, judgment of 9 February 2011).

Circumstances of head traumas were as follows:
car accidents (pedestrians, drivers and passengers),
falls from height, uncontrollable falls from erect
position, and assaults.

The researched material was divided into nine
subgroups (10 cases each) according to the time of
death of a person: immediately at the site, 12 hours,
24 hours, 2 days, 3 days, 4 days, 5 days, 6 days and
7 days after head trauma. All people who did not
die immediately at the site and were treated in hos-
pital got a similar pattern of treatment, typical for
craniocerebral injuries (antiedematous drug — man-
nitol; steroid — dexamethasone; general anesthetic —
thiopental; antitetanic anatoxin; antibiotics). One of
the above-mentioned drugs — dexamethasone has
a potential protective influence on neurofilament
degradation what is discussed below.

The specimens were being fixed in 4% neutral
buffered formaldehyde solution for 48 to 72 hours
and the basic histologic tissue preparation method
was applied with the use of the Shandon-Citadel
2000 autotechnicon tissue processor. Afterwards,
the specimens were embedded in paraffin blocks
(paraffin melting point being 56°C) and sliced in the
Leica microtome into 4-micron-thick sections which
were routinely stained with hematoxylin and eosin.
Immunohistochemical reaction was performed
using the Dako FLEX Monoclonal Mouse Anti-Human
Neurofilament Protein Clone 2F11 without labelling
of subunits. This antibody is specific for high-weight
neurofilaments, which are considered to be the most
resistant to degradation of all neurofilament types
because of their highest degree of phosphorylation
and ability to bind calmodulin [11,23]. The speci-
mens were then mounted on glass slides and treat-
ed in the Dako FLEX Target Retrieval Solution High
pH for demascation of the antigen. Deparaffiniza-
tion and epitope revealing procedures were carried
out in the PT-LINK machine for 20 minutes at 97°C.
Staining was performed in the Dako Autostainer
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Link 48 automaton. The specimens were dehydrated
through a series of alcohol solutions of ascending
concentration, passed through xylene and enclosed
in Canada balsam.

In screening studies, highly fragmented and chaot-
ically arranged NF and diversely stained background
were observed which prevented from quantitative
(morphometric) evaluation of changes. To circumvent
this problem, in the study morphometric analysis was
performed using “Met-Ilo”, the image analysis appli-
cation written in the Institute of Materials Science of
the Silesian University of Technology [27]. Full color
photomicrographs, taken at 400-fold magnification
with the Axio Cam Erc 5s camera attached to the
Carl Zeiss Scope Al light microscope, were analyzed.
To facilitate the analysis of biostructural image of NF
additional modules were introduced.

In every histologic specimen of the nerve tis-
sue, apart from NF there are other structures usual-
ly accompanied by information noise which is due
to image artifacts produced in the course of tissue
preparation and image digitalization. Therefore, be-

fore morphometric analysis is carried out it is nec-
essary to select only such pixels that represent the
analyzed structures. The end result of data process-
ing is a binary image in which pixels of the analyzed
structures are assigned a value of 1 and pixels of the
background (not to be analyzed) are assigned a value
of 0. The binary image is displayed as an overlay of
the input image in such a way that pixels with value
0 are transparent and pixels with value 1 have a color
which is determined by a user beforehand (Fig. 1).
The procedure of binarization can be carried out
either manually, by a researcher, or automatically,
basing on the data contained in the gray level his-
togram of the analyzed image. It is only in few cases
that binarization immediately yields a correct binary
image of analyzed objects. Therefore, the detection
process has certain stages:
» modification of the input image,
« binarization,
» modification of the binary image.
Neurofilaments, which can be seen in images,
are morphologically diverse as to their brightness,

Fig. 1. Input microscopic image alone (blue),
input microscopic image overlaid with binary
image of analyzed structures (blue-red), binary
image of analyzed structures (red).
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color and area fraction (i.e. the proportion of the
surface area of the detected neurofilaments to the
surface area of all images). To minimize the impact
of diverse brightness on results of quantitative
analysis of the NF structure, the gray-scale histo-
grams of the channels R, G and B were normalized
in input images. The visual effect (Fig. 2) of this pro-
cedure is not breathtaking, but the procedure itself
is critically important for correct binarization and
morphometry.

Analyzed structures variably bind labelled NF anti-
bodies. To objectify evaluation, it has been decided
that only those structures would be assessed quan-
titatively which are intensely stained. Initial analyses
have suggested that binarization of NF is most effec-
tive if performed in two stages.

In the first stage, an initial binary image, the
so-called mask, is produced using the Ridler and
Calvard k-means method [21]. In this method a his-
togram is divided into two areas. One area is made
of pixels of the gray level lower than the threshold

Fig. 2. Input images (left)
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and input images after R, G and B channel histogram normalization (right).
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value k, the other comprises pixels of the gray level
higher than the threshold value k. Output value of
this threshold equals the arithmetic mean of mini-
mal and maximal gray levels of the analyzed image.
Each of these two areas is assigned a mean gray lev-
el (g, and g,, respectively) and a new threshold value
kis calculated from the formula k = (g, + g,)/2. This
value is used to divide the histogram into two sep-
arate areas. The procedure repeats with thresholds
k computed in subsequent measuring loops till the
threshold value k becomes constant.

In the second stage the k-means method is
applied again. At this point the gray level histogram
is constructed on the basis of those pixels whose
value in the mask equals 1 (Fig. 3C). This kind of
binarization is called geodesic binarization.

Neurofilaments and their fragments which had
become visible in the course of binarization were
selected with respect to their size. Structures which
counted less than 10 pixels were removed from bina-
ry images, because they were most likely artifacts.
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All of the above procedures were fully automated
and, once initialized, operated without any partici-
pation of researchers.

Measurement was made using the Met-llo sur-
face method, all available magnitudes were calcu-
lated.

Quantitative characteristics of NF comprised
two features: the area fraction and the number in
an analyzed field. In order to verify hypotheses that
both features are normally distributed, the Shapiro-
Wilk test was conducted. As the results were positive,
one way analysis of variance was applied. The results
are presented in Figures 4 and 5. As in both cases
there were significant differences of average values
(p < 0.05), the least significant difference test was
applied.

We have compared postmortem brains of
deceased individuals with and without evidence of
head trauma. The test results for the two means
(Student’s t-test) showed no statistically signifi-
cant differences between these two kinds of con-
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Fig. 3. Input microscopic image (A), input micro-
scopic image overlaid with binary images after
the first (B) and second (C) stage of binarization.

trols, both for the average of the NF area fraction
(p = 0.185), as well as to NF number (p = 0.517),
so the distant (non-contused) area from the same
brain may be a sufficient control for the analysis
of changes in the NF architecture following brain
contusion.

Results

Examples of neurofilament structures after
application of the Met-llo method are presented in
Figure 6.

The results of statistical analysis of morphometric
studies of NF in the researched groups are presented
in Figures 4 and 5. The results of the application of
the least significance difference test (value of p sig-
nificance level) are presented in the aforementioned
figures at the base of 3D bar charts. Statistically
significant differences are bolded (in Figs. 4 and 5,
values 0.001 actually mean p <0.001).

Figure 4 presents the relationship between the
area fraction (i.e. the density of NF) and the time
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Fig. 4. The relationship between the area fraction (i.e. the density of neurofilaments) and the time lapsed
after head trauma.
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Fig. 5. The relationship between the number of neurofilaments and the time lapsed after head trauma.

lapsed after head trauma. The results of one way e in the researched groups there was a statistically

analysis of variance (Fig. 4) have shown that the significant constant decrease of the area fraction
average area fraction of NF is significantly different of NF when compared to the control group,

(F=231.4; p < 0.001) within the period of seven days e« average values of the area fraction of NF after 12
after head trauma. Calculations carried out with the and 24 hours (there were no statistically signifi-
least significant different method have yielded the cant differences between these two) have signifi-
following results: cantly lower values than the values in the con-
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trol group and the initial values in the researched
groups,

 from 2 to 4 days after head trauma, the average
values are not significantly different, but they are
significantly lower than the values in the preceding
periods,

« from 5 to 7 days after trauma, there is a further
decrease in the average area fraction. The average
values are not significantly different, but they are
lower than in the preceding periods. In spite of the
lack of significance with regard to the period of
2 to 4 days after trauma, the differences are so
large that they are almost statistically significant.

Figure 5 presents the relationship between the
number of NF and the time lapsed after head trauma.
The results of one way analysis of variance (Fig. 5)
have revealed that the average numbers of NF are
statistically different (F = 23.27; p < 0.001) within the
period of seven days after head trauma. Levels of
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Fig. 6. Neurofilament structures: A) brain region remote from trauma with no damage, immediate death;
B) contusion site, immediate death; C) contusion site, death 2 days after head trauma; D) contusion site,
death 7 days after head trauma.

significance, as calculated from the least significant

different method, show that:

« the distribution of differences of average numbers
of NF, when related to time after trauma, is similar
to the distribution of the area fraction,

« a distinct deviation from this regularity occurs on
day 3 after trauma — there is a statistically signifi-
cant increase in the average number which is prob-
ably due to defragmentation,

e the average number of neurofilaments in later
stages of observation decreases to a lesser extent
than the area fraction.

Discussion

Neurofilaments are structural proteins which com-
prise the cytoskeleton of the nerve cell. The cytoskel-
eton is present in the perikaryon and extends into
the dendrite and axons. Three kinds of proteins of
different molecular weights form low-weight (NF-L),
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medium-weight (NF-M) and high-weight (NF-H) neuro-
filaments. Neurofilaments together with cytokeratins,
lamins, vimentin and vimentin-like filaments consti-
tute intermediate filaments which scaffold the nerve
cell[6,26]. NF-L, NF-M and NF-H are uniformly dispersed
in the perikaryon and processes both in the central and
peripheral nervous systems [28]. In the brain NF can
be shown by means of immunohistochemical methods
with labelled antibodies, in the cerebrospinal fluid with
ELISA or Western-blotting [6,28].

Traumatic brain injuries (TBI) cause mechanical
deformation of the nerve tissue, including the NF
cytoskeleton, which may play a key role in the post-
traumatic cessation of axonal transport [7]. Experi-
ments have shown that TBI results in the loss of cyto-
skeleton proteins, including NF, such as NF68, NF200,
NF300, spectrin and microtubule-associated protein
2 (MAP2). In the rat nerve tissue those changes are
observed as soon as three hours after trauma. Cor-
rect reconstruction of NF and, more broadly speak-
ing, of cytoarchitecture facilitates convalescence,
but increased disarrangement of NF can cause the
death of neurons, often preceded by the dysfunction
of the central nervous system. Changes in NF were
observed both in acute ischemia and TBI in stud-
jes involving animal experiments [1,18]. In humans
as well as in animals morphologic changes in NF
occur in DAI following TBI. In animals those chang-
es are observed in sites of contusions, accompanied
by selective necrosis of neurons in the brain cortex,
especially in the hippocampus which is exceptionally
susceptible to hypoxia and several other damaging
factors [3,5,10,16,19,20,22-26].

Evaluation of quantitative alterations in NF in the
site of TBI is in fact impossible due to their specific
structure, size and number which can be observed
only after specially-targeted staining with labelled
antibodies. The morphometric method the authors
have employed allows for thorough evaluation of
changes in NF in the sites of contusion with respect to
the time flow. Two parameters were used: the num-
ber and area fraction of NF (see above), but it appears
that the relationship between the area fraction of NF
and the time after injury seems more valuable.

It has been reported previously that dexametha-
sone — the drug given to the patients who did not die
immediately at the site and were treated in hospital
—has been used to prevent NF degradation and sup-
press vasogenic edema and inflammatory responses
following brain insult [9]. There are also additional
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data that dexamethasone treatment maintains NF
integrity following intracerebral hemorrhage dam-
age [14]. However even with this potential protec-
tive influence of dexamethasone authors were able
to see significant differences (decrease) in numbers
and area fractions of NF between the studied groups.

As already mentioned, the available literature
suggests that all previous studies of posttraumat-
ic changes in NF have involved animal experimen-
tal models (rats, mice, pigs). In majority of studies,
NF-H and NF-L were researched [3-5,7,10,12,15,16,
19,20,23,28]. Neurofilaments at the site of the brain
contusion disintegrate, their complete disappear-
ance was observed 1 to 2 weeks following trauma
[10,20,22,26]. These results are not inconsistent
with ours. In our study the last group of the deceased
consists of patients who died on day 7 after trauma
and at that point of time both the number and area
fraction of NF have the lowest values.

Our results are consistent with results of a Czech
team [29] who stained S-100B, GFAP and hyperphos-
phorylated NF with immunohistochemical (tissues)
and biochemical (blood plasma) methods. The mate-
rial they worked on had been collected from living
patients with DAl who survived 10 days after trau-
ma and from patients who died. NF-H concentration
in the blood plasma was increasing with the lapse
of time, which implies there is a continuous disin-
tegration of the cytoskeleton and leakage of NF-H
to the blood. Throughout the whole ten-day period
the blood plasma NF-H concentration was higher in
patients with DAl than in patients with limited brain
injuries.

It must be noted, however, that some works have
shown an increase in immunoreactivity of NF after
trauma. Li et al. observed a statistically significant
gradual time-dependent increase in immunoreactivity
(average density) of NF-L (up to 72 hours) in certain
structures of the rat brain: the corpus callosum, inter-
nal and external capsule and pyramidal tracts [15].

To sum up, we think that the morphometric anal-
ysis of NF in the sites of the brain contusion can
become a valuable method for determination of the
age of brain contusions. However, this promising
method should be further verified by prospective
studies of specimens collected from human corpses.
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Abstract

Pelizaeus-Merzbacher disease (PMD) is X-linked hypomyelinating leukodystrophy caused by mutations of the PLP1
gene, which codes the proteolipid protein 1. The result of mutations is abnormal myelination — hypomyelination and
dysmyelination of cerebral white matter, and in some form of the disease hypomyelinating peripheral neuropathy.
DNA samples from 68 patients suspected of PMD due to the clinical course and hypomyelination at magnetic reso-
nance imaging (MRI) were analyzed. Medical history and detailed clinical course of PMD patients were also analyzed.
Different mutations of the PLP1 gene were detected in 14 boys from 11 families (~20%). Amongst the molecularly
confirmed patients, 13 presented classical PMD forms but clinical phenotypes varied in the severity even amongst
siblings. One patient presented a severe connatal form. One mother, obligate carrier, presented complicated SPG2
(spastic paraparesis). There was no phenotype-genotype correlation in our material. In many cases PMD was sus-
pected with a delay of many years, sometimes only after birth of another affected child in the family. Pelizaeus-Merz-
bacher disease was most frequently misdiagnosed as cerebral palsy.

Key words: Pelizaeus-Merzbacher disease, hypomyelination, dysmyelination, leukodystrophy, PLP1 gene mutations, MRI.

PLP1-null (with peripheral neuropathy) form of PMD,

Introduction and the uncomplicated or complicated SPG2 [1-3].

Pelizaeus-Merzbacher disease (PMD) is X-linked
recessive hypomyelinating leukodystrophy resulting
from mutations in the PLPI gene. The disease is allelic
with spastic paraplegia type 2 (SPG2). The gene codes
two protein isoforms, PLP1, the major component
of myelin in the central nervous system and DM20
present in the peripheral nervous system [2,8]. Until
now four phenotypes of PMD/SPG2 have been
described. They include the severe inborn, classical,

Neuropathological findings in PMD include wide-
spread lack or reduction of myelin sheets, sometimes
with patchy appearance of perivascular areas (tigroid
pattern) and with relatively preserved neurons and
their processes [2]. In our material various pathogen-
ic PLP1 gene mutations were detected in 15 patients.

Thirteen cases have been classified as the classi-
cal form according to international clinical, electro-
physiological and brain magnetic resonance imaging
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(MRI) criteria of hypomyelination. They manifested
variable clinical course, which could be observed
even in siblings. One patient presented with the
severe connatal form. One mother who was the
obligate carrier manifested signs and symptoms
of a complicated form of SPG2. Diagnosis of PMD
was established with a delay of several years, most
frequently after delivery of another affected child in
the family. Most frequently PMD was misdiagnosed
as cerebral palsy (CP). Below, we present a clinical
pattern of the disease in patients with molecularly
confirmed PMD and analyze causes of the delay in
the appropriate diagnosis.

Material and methods

The analyzed materialincluded DNA samples from
68 boys and their 58 mothers, from different cen-
ters in Poland from 2007. The inclusion criteria were
hypomyelination at MRI according to R. Schiffmann
and van der Knaap, including a hyperintensity of the
white matter in T2 and Flair [8], characteristic brain
auditory evoked potentials (decreased or absent
brainstem auditory evoked potentials of waves Il1-V)
as well as the clinical pattern and medical history.
Clinical PMD phenotypes were established accord-
ing to international clinical criteria as classic (onset
within the first 5 years of life with the nystagmus
occurring within 1-2 months of age, initial hypotonia
followed by spastic quadriparesis, ataxia, titubation,
dystonia, athetosis, and cognitive decline), connatal
(constant nystagmus, general hypotonia, preserved
deep tendon reflexes microcephaly, severe devel-
opmental delay, marked pre- and postnatal growth
retardation) and complicated SPG2 (spastic parapa-
resis, incontinence, dementia) [1,2,8]. Pedigree anal-
yses of all families were conducted [4,5].

Analysis of DNA samples taken from peripher-
al blood was performed as described in the earlier
paper [4]. At first, investigation for deletion/duplica-
tion was performed by MLPA technique and in cases
without PLP1 duplications we looked for the pres-
ence of the point mutations [4].

Results

Diagnosis of PMD was established in 14 boys from
11 families. Ten mothers proved to be carriers, includ-
ing one symptomatic carrier with signs of a compli-
cated spastic paraparesis. The familial cases included
two sets of siblings, each with two affected brothers,
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in one family two first cousins were affected. Respec-
tive clinical and molecular data are listed in Table I.

Clinical data

The classical form of PMD of different severity has
been diagnosed in 13 patients. One patient manifest-
ed a severe connatal form. In patients with the clas-
sical PMD the first signs and symptoms were noted
between the 15t and the 8t" month of life. They includ-
ed nystagmus, axial hypotonia and a delayed psycho-
motor development, particularly concerning motor
skills. Gradually, with maturation of their nervous sys-
tem they developed tremor of the head and/or oscil-
lating movements of the head (titubation), linked to
nystagmus. Permanent stridor was present in some
patients; in most severely affected children it was evi-
dent only while crying. In the second half-a-year or
the second year of life, cerebellar ataxia became obvi-
ous within the trunk and extremities, as well as dys-
kinesias (mainly choreoathetoid movements), over-
lapping with intentional movements. In one of the
patients, cerebellar ataxia persisted till the 8t year
of life. Deep tendon reflexes were constantly present
but elevated reflexes were noted most frequently
after the 12t month of life. Spasticity did not appear
until the second up to fourth year of life; in older chil-
dren it was more pronounced in lower extremities.
Older children manifested mainly focal or multifocal
dystonia overlapping with the pyramidal signs. All
the thirteen patients had psychomotor retardation,
but an emotional and mental development was rel-
atively better preserved than motor activities. One of
the patients manifested normal intelligence in Leiter
International Performance Scale. Ophthalmological
examination detected small, pale optic discs in all
patients. Nevertheless, vision was relatively well pre-
served. A clear neurological deterioration and regress
in the development were observed after a few years,
and in one case, after more than ten years.

The patient with the connatal form was delivered
with signs of intrauterine growth retardation. His
psychomotor development was profoundly retarded
and failure to thrive was evident. His clinical pattern
involved a mild, constant nystagmus, extreme muscular
axial and limbs hypotonia with preserved deep tendon
reflexes and slight involuntary movements of hands
and feet [5]. The mother affected of SPG2 had slow-
ly progressing spasticity of lower limbs, urine inconti-
nence and cognitive decline. Her brain MRI revealed
abnormal diffuse hypomyelination/dysmyelination.
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Table I. Cont.
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stridor, dyskinesias)

Duplication
of 1-7 exons

Cerebral palsy +++ 67

Infancy < 12 months

12 proband

Duplication
of 1-7 exons

75

Cerebral palsy 1.5 ++

Infancy < 12 months

13 proband

X

Duplication
of 1-7 exons

65

Cerebral palsy 16 +++

Infancy < 12 months

14 proband

Xl

In 11 out of the 14 boys (family I, II, V — see Table I),
PMD was preceded by diagnosis of cerebral palsy,
including three patients diagnosed with its cere-
bellar form and one patient suspected of cerebellar
malformation. All of them were probands (the first
affected family members). Just only after a few up to
more than ten years, when the disorders deteriorat-
ed, or after delivery of similarly affected second child,
the patients were referred to geneticists as familial
progressive encephalopathy. In 4 patients, PMD was
diagnosed in infancy: three brothers of an affected
patient and an 11-month-old proband consulted by
an experienced physician. In all the cases the deci-
sion to perform molecular testing was taken following
detection of hypomyelination on MRI imaging (Fig. 1).

Molecular finding

The molecular analysis demonstrated duplication
of the entire gene but of a slightly different range in
seven cases (family Ill, IV, VII, IX, X, XI), and four point
mutations of missense (family I) and nonsense types
(family 11, V, VI) in exons 2, 3 and 4 (see Table 1) [4].

Discussion

Pelizaeus-Merzbacher disease is the best known
leukodystrophy with hypomyelination. In the Czech
Republic and in Germany its incidence is estimated
at 1:90,000 to 1 : 100,000 live births [2,8]. Thus, we
may conclude that in Poland many cases of PMD/
SPG2 remain undiagnosed. The small group of 15
patients presented above, referred from various
pediatric Polish centers since 2007 necessitates con-
sidering the reasons for such a low diagnostic effi-
cacy. The first contributing factor may be unspecific
character of clinical signs and symptoms. A similar
clinical pattern can be found in several inborn and
acquired diseases, of which the most frequently
encountered is cerebral palsy. The “labelled” patient
is referred to rehabilitation centers. In the early peri-
od of the disease the increasing muscular tonus is
thought to reflect positive effects of rehabilitation.
So the progress of the disease is falsely taken for
improvement. Additionally some other disturbanc-
es alleviate or are modified by the maturation of
the nervous system. This also makes the physicians
blind to the possibility of another diagnosis. Further
development of spasticity is thought to be related to
evolution of cerebral palsy and the affected children
probably may not return to diagnostic centers.
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Fig. 1. A) T2-weighted magnetic resonance imaging of the brain of a 1.5-year-old patient affected by Pelizaeus-

Merzbacher disease. Transverse section — mild hyperintensity (as compared to cortex) of whole white mat-
ter is visible, also in posterior limb of internal capsules. B) Sagittal T2-weighted magnetic resonance imaging
— see very thin corpus callosum due to the decreased white matter volume.

A “red flag” does not appear until the day when
another boy in the patient’s family is delivered with
similar signs and symptoms. As a result, the for-
mer diagnosis is revised and the child is referred to
a geneticist.

The delays and errors in diagnosis of PMD are
probably caused also by the currently prevalent view
that all neurodegenerative diseases always manifest
a gradual progressive deterioration. In contrast, the
majority of children with PMD, despite neurologi-
cal disturbances, show progress of various range in
their psychomotor, emotional and intellectual devel-
opment. They frequently acquire a number of abili-
ties due to the enormous developmental potential
of the young organism. Most of our patients started
to demonstrate evident, gradual deterioration, not
before a few, up to ten, years. This is confirmed by
literature data [1-3,8].

The vast majority of our patients presented the
classical form of PMD but of variable clinical severity
even within the same family and the same mutation.
This observation together with the small number
of patients means that we cannot conclude about
any genotype-phenotype correlations. Moreover, the
patient with the connatal form of PMD also carried
the duplication of the entire gene just as the patients
with the classic form, which additionally confirmed
the absence of such a correlation.

Differences in the clinical picture were rather relat-
ed to the time when certain signs appeared as well as

Folia Neuropathologica 2016; 54/1

their intensity rather than their type. They were neither
characteristic nor significant, so they did not result in
any new elements in the diagnostic criteria. The vari-
ability of the disease course observed in siblings was
also seen by other authors [1-3,8]. It can be explained
by influence of the remaining genetic material, as well
as epigenetic and environmental factors [2,8].

The diagnosis in all probands but one, just as in
other rare genetic disorders, was established late,
after a few up to over ten years after the appear-
ance of the first symptoms of the disease [2,7]. Due
to its X-linked inheritance, the diagnosis of PMD in
familial cases may be enhanced by pedigree analy-
sis if males are affected along the feminine line of
inheritance. A proportion of PMD cases may develop
de novo, which is not always acknowledged by spe-
cialists other than geneticists.

The detection of hypomyelination of the central
nervous system is an indispensable element to sus-
pect PMD or other hypomyelinating leukodystrophy
(HLD). It can be demonstrated exclusively by mag-
netic resonance imaging (MRI) with analysis of indi-
vidual time sequences, particularly at T2 and FLAIR
[3]. Unfortunately, some of the probands initially had
only computed tomography (CT) performed, most
frequently for economic reasons. CT does not allow
for correct differentiation of the lesion type (hypo-,
dys- or demyelination).

Brain auditory evoked potentials (BAEP) are
a second medical test which may detect hypomye-
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lination but only differentiates this type of abnor-
mality from the other white matter lesions. So the
examination is not helpful and additionally available
in just a few diagnostic centers.

Fundoscopic examination showed in PMD pa-
tients small, hypoplastic optic discs or their pallor,
related to hypoplasia or atrophy, but not charac-
teristic of the disease. It can be detected in sever-
al inborn or acquired diseases of the white matter
[11]. It should be underlined that despite this lesion
patients preserve vision for a long time.

The only investigation that can confirm the diag-
nosis of PMD is molecular analysis, demonstrating
mutations in the PLP1 gene [2,8]. In our material
molecular confirmation of PMD was obtained in 15
cases per 68 DNA samples (around 20%) submitted
for testing. Duplications encompassing 7 exons (the
entire gene) were found in 7 cases, whereas point
mutations of missense or nonsense type (see also
the Table) were demonstrated in the remaining cases
[4,5]. The duplication results in overproduction of PLP
and DM20 proteins while the remaining mutations
result in their abnormal (missense) or truncated
(nonsense) form [2,8].

In the remaining 39 patients mutations have
not been detected. It might be due to still insuffi-
cient molecular investigative techniques or to the
fact that a similar clinical picture may result from
other genetic causes. For the last two decades
molecular genetics development have allowed to
demonstrate heterogeneity of HLD [8,11,12]. Apart
from PMD, more than ten HLD were established,
manifesting various types of the inheritance pat-
tern [6,8,11]. The clinical course of these diseases
may be similar to that of PMD or sometimes addi-
tional signs are present e.g. hypodontia, cataract or
atrophy of basal ganglia on MRI [9-12]. Moreover,
world experts in the white matter diseases state
that unclassified leukodystrophies with hypomy-
elination still exist [9,11]. These new findings may
be accessed by available online international inter-
net data bases, such as OMIM or www.genereview.
org, that are regularly updated.

Conclusions

The classical PMD form represents a slowly pro-
gressing leukodystrophy, with apparent clinical
improvement in the first years and deterioration not
observed until the later period of life. The MRI is an
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essential method for detection and differentiation of
white matter lesion types. The diagnosis of PMD can
be confirmed only with molecular analysis. Genetic
confirmation of the diagnosis allows to cover the fam-
ily with genetic counselling and to suggest an appro-
priate supportive therapy. It also terminates a long-
standing and very expensive diagnostic process, which
in addition can be emotionally very painful for all the
family members.

It is highly probable that a considerable number
of PMD patients remain undiagnosed, so boys with
a “label” of cerebral palsy should be watched care-
fully for alternative diagnosis.
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Abstract

Aim: We report molecular imaging combined with gene diagnosis in a family with 7 members who carried an A3243G
mutation in mitochondrial tRNA and p.Thr 137 Met in cationic trypsinogen (PRSS1) gene presented with mitochon-
drial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS), diabetes, and recurrent pancreatitis.
Material and methods: DNA sequencing was used to detect and validate mitochondrial DNA and PRSS1. We also
verified that mitochondrial heterozygous mutations and c.410 C>T mutation causing p.Thr 137 Met could be detect-
ed in oral epithelial cells or in urine sediment cells. In addition, molecular imaging was carried out in the affected
family members.

Results: In this pedigree, MELAS syndrome accompanied by pancreatitis was an important clinical feature, followed
by diabetes. Heteroplasmy of the mtDNA A3243G and c.410 C>T mutation of PRSS1 was found in all tissue samples
of these patients, but no mutations were found in 520 normal control and normal individuals of the family. However,
based on molecular imaging observations, patients with relatively higher lactate/pyruvate levels had more typical
and more severe symptoms, particularly those of pancreatic disease (diabetes or pancreatitis).

Conclusions: MELAS syndrome may be associated with pancreatitis. For the diagnosis, it is more reasonable to per-
form molecular imaging combined with gene diagnosis.

Key words: MELAS, pancreatitis, PRSS1 mutation, molecular imaging, clinical features.

Introduction 3243A>G transition was associated with MELAS in

Mitochondrial myopathy, encephalopathy, lac-
tic acidosis, and stroke-like episodes syndrome
(MELAS) are established phenotypes of mitochon-
drial encephalomyopathy. MELAS has been report-
ed worldwide in recent decades [10,20,22]. It has
been confirmed that a mitochondrial DNA (mtDNA)

most of these patients and that mutations in mtDNA
could be useful for revealing the nature of MELAS.
However, reports of MELAS combined with pancre-
atitis are uncommon and its pathogenesis remains
unclear. In addition, a misdiagnosis or a missed diag-
nosis of pancreatitis combined with MELAS could be
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fatal [1,5]. In this paper, we report on a Chinese fam-
ily afflicted by MELAS combined with diabetes and
recurrent pancreatitis.

MELAS, which forms a major clinical subgroup of
the mitochondrial encephalomyopathies, is caused
by any of several different single base replacements
in the mt tRNALeUUUR) gene  which is responsible for
the translation of UUR (R = A or G) leucine codons
in mitochondrial genes [1-5]. It has been reported
that 15% of patients with mitochondriopathies
have symptoms of digestive disorders [3,7,14]. In
contrast, mitochondrial dysfunction in the pancre-
as frequently results in diabetes mellitus and exo-
crine insufficiency, but only rarely leads to acute or
chronic pancreatitis. Therefore, it was necessary to
study the differences between the patients from this
pedigree, particularly with regard to the differential
diagnosis of pancreatitis.

In recent years, scientific advances have provided
us with more comprehensive and objective insights
into the pathophysiology of pancreatitis. Since the
first discovery of the trypsinogen gene (PRSSI)
mutations in hereditary pancreatitis, a variety of
gene defects associated with pancreatitis have been
reported. Mutations that lead to the generation of
more trypsin, or reduce the activity of trypsin inhibi-
tors or trypsin degradation, have been reported to be
associated with pancreatitis, either alone or in epis-
tasis. This has broadened the horizon to understand
the mechanisms of the disease, and has helped to
identify those who are at risk of developing pan-
creatitis. For many years, inappropriate intra-acinar
trypsinogen activation has prevailed as a key ini-
tiator of pancreatitis, although the evidence is not
direct or concrete [13,17]. Continued experimental
studies are necessary to determine the specific rela-
tions of trypsin-antitrypsin imbalance and genetic
heterogeneity in MELAS.

Material and methods
Patients

This study was approved by the Capital Medi-
cal University Committee and Fujian Central for
Disease and Prevention Committee and all study
participants gave informed consent to DNA anal-
yses. Clinical information for the proband and 4
other family members was obtained by personal
interviews using a structured questionnaire and/or
clinical trials.

Folia Neuropathologica 2016; 54/1

Materials

Mutant loads from the female carriers were
assessed using peripheral blood samples and, if pos-
sible, urine and/or oral mucosa samples. In addition,
hair follicles and muscle tissue were taken from the
proband and his mother.

Clinical data

A total of 5 members from the maternal pedigree
were included in this survey (Fig. 1): 2 males (113, 1111)
and 3 females (12, 112, 115). We recorded age, height,
body weight, and other physiological conditions for
the maternal pedigree. Any history of seizures and
stroke-like episodes were recorded. Subjects took
a Mini-Mental State Examination (MMSE) to evalu-
ate their cognitive function. A standard vision chart,
and pure tone and audiometry were used to deter-
mine vision and hearing conditions. We also tested
ECG, EEG, and EMG. All family members also had
tests for plasma lactate while in a resting state and
at 15 minutes after a stepping exercise.

DNA extraction and molecular genetic
analysis

Genomic DNA was extracted from peripheral
blood and other tissue specimens using a QlAamp
DNA mini kit (Qiagen, Germany). Three genes
involved in pancreatitis — PRSS1, SPINK1, and CFTR
—were sequenced according to references [11,12,18].
The mtDNA3243 A>G and PRSS1 ¢.410 C>T mutations
(p.Thr 137 Met) were examined by polymerase chain
reaction (PCR) and direct sequencing. For sequencing,
a Perkin Elmer Big Dye Sequencing kit (Perkin-Elmer,

=i o

e Qégaa
R s

/" Proband EType 2 diabetes EE Hyperlipidemia E Pancreatitis

Fig. 1. Pedigree of the family carrying the mito-
chondrial DNA A3243G and PRSS1 p.Thr 137 Met
mutation.

67



Wang Zhiping, Li Quwen, Zhou Hai, Zhou Jian, Gao Peiyi

Shelton, CT, USA) and an ABI PRISM7700 sequencer
(Perkin-Elmer ABI, Foster City, CA) were used.

Results
Clinical data and ancillary test

Patient Il11, a man born in 1992, had non-insu-
lin-dependent (type 2) diabetes mellitus that began
at the age of 16 and pancreatitis that first time
occurred at the age of 10. Recent hospitalization
was because of paroxysmal unconsciousness, con-
vulsions limbs for 9 days and repeated vomiting
for 7 days. The patient was diagnosed with emaci-
ation, memory, computing and understanding pow-
er decreased significantly, tendon reflexes slowly
and meningeal irritation-positive. CSF pressure was
80 mm H,0, lactic acid was 3.5 mmol/l (normal
< 2.1 mmol/l) and sugar, protein and Cl~ were normal.
Plasma lactate (L) was 3.18 pmol/|, pyruvate (P) was
0.154 umol/l and the ratio of L/P is 20.60, serum amy-
lase fluctuations were 258-602 U/l. The proband was
given control of epilepsy, gastrointestinal decom-
pression and parenteral nutrition and high doses
of coenzyme Q and symptoms were improved after
treatment. The man strictly follows doctor’s orders
and is followed up every 3 months and acquisition
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of peripheral blood, hair follicle and urine sediment
samples from the patients was under the approval
of Fujian Medical Ethics Committee.

PCR-RFLP and molecular genetic analysis results
are shown in Figure 2 and 3. Heteroplasmy for the
A3243G mutation in mtDNA was found in all sam-
ples from the affected patients (112, 113, 115, 1111). The
proportion of mutated mtDNA varied from 36 to
73%, depending on the tissue analyzed. In selected
patients of non-disease state, there were no signif-
icant differences in heteroplasmy for the A3243G
mutation in mtDNA. In addition, in the affected
patients, no mutations were found in the genes cod-
ing for PRSS1, SPINK1, and CFTR.

Molecular genetic analysis

Heteroplasmy for the A3243G mutation in mtDNA
was found in all samples from the affected patients.
The proportion of mutated mtDNA varied from 36 to
73%, depending on the tissue analyzed. In selected
patients of non-disease state, there were no signifi-
cant differences heteroplasmy for the A3243G muta-
tion in mtDNA. In addition, in the affected patients, no
mutations were found in the genes coding for PRSS1,
SPINK1, and CFTR.
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Fig. 2. Mutations of mtDNA and the PRSS1 gene. A) A3243G mutation in mtDNA. B) c.410 C>T (p.T137M)

mutation in the PRSS1 gene.
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Application of molecular imaging combined with genetic screening in diagnosing MELAS, diabetes and recurrent pancreatitis

I imegral

Fig. 3. Proband imaging findings. A) and B) Brain MRI findings. C) Enhanced CT findings of pancreas.
D) CT findings of pancreas. E-G) Molecular imaging findings.

Imaging data

Imaging showed bilateral malacia limb internal
capsule, surrounding hemosiderin deposition, sym-
metry of abnormal signal intensity in the bilateral
caudate nucleus, brain atrophy, an inverted lactate
peak could be seen in bilateral basal ganglia, bilat-
eral dorsal thalamus and parietal white matter, and
the NAA/Cho ratio was not reduced suggesting the
local accumulation of lactic acid. His pancreas was
fully formed and had a small amount of leakage
around it. It had a dilated descending part, consid-
ered to be due to an obstruction.

Folia Neuropathologica 2016; 54/1

Discussion

The A3243G transition in the MTTL1 mitochondri-
al gene is the most common pathogenetic mutation
found in mtDNA [2,11,12,18]. This mutation is asso-
ciated with a broad spectrum of clinical manifesta-
tions, including mitochondrial encephalomyopathy,
lactic acidosis, stroke-like episodic syndrome (MELAS)
and maternally inherited diabetes and deafness syn-
drome (MIDD) [4,8,15,21]. Diabetes mellitus and exo-
crine insufficiency are the most common pancreatic
features of mitochondriopathy. In contrast, to date
there have been only six reports of patients with
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acute or chronic pancreatitis associated with mtDNA
mutations. Four of these cases involved the A3243G
mutation. Therefore, clinicians should be aware of the
possibility of a missed diagnosis or a misdiagnosis of
MELAS accompanied by pancreatitis [9]. The molec-
ular diagnostic accuracy of MELAS is directly related
to the choice of samples as the mitochondrial muta-
tion load is quite different in different tissues and the
mutation load is usually low in peripheral blood [16].
This is because mitochondrial DNA is divided ran-
domly among daughter cells during mitosis and the
daughter cells have different proportions of mutant
or wild-type mitochondrial DNA.

In this study, urinary sediment cells and oral epi-
thelial cells were collected, which have good diag-
nostic performance and are convenient samples to
be collected for non-invasive screening of the family
members of patients. The hair follicle is also a sen-
sitive tissue that has the A3243G point mutation in
its mitochondrial DNA. During aging, this mutation
will disappear in blood cells, while hair follicles will
maintain this mutation and have the advantages of
ease of collection and storage, and can also be used
to screen asymptomatic family members for genetic
counseling.

The diagnosis and differential diagnosis of MELAS
should be based on clinical symptoms, molecular
biology, iconography, and other comprehensive anal-
yses. The standard for detection is the sequencing
of nuclear gene mutations. However, in the field of
molecular diagnostics for mitochondrial diseases,
owing to the considerably high frequency of mtDNA
polymorphisms, which often is the variation due to
homogeneity, and the limitations of sequencing, it
is considered that those cases with mutation rates
of 0-20% or 80-100% can easily be mistaken as
homogeneity. Therefore, for the screening of het-
erogeneous cases, the sequencing method should
be used in conjunction with other methods, such
as restriction enzyme digestion, PCR primer mis-
match, and other methods that can, to some extent,
compensate for the disadvantages of sequencing
for predicating possible heterozygous mutations. In
addition, the proportions of different genotypes can
be obtained when using gel scanning technology.

In the clinical diagnosis of mitochondrial disease,
because of a variety of internal and external factors,
the functional status of mitochondria is enormously
diverse and it is difficult to confirm a precise defini-
tion of encephalomyopathy from any single aspect
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of clinical symptoms, pathological or biochemical.
MtDNA mutation testing is helpful for diagnosing
mitochondrial diseases, but it is not the only means.
In recent years, with the rapid development of molec-
ular imaging technology (spectroscopy), the direct
finding of a lactate peak (areas of lactic acid accu-
mulation) in the pineal body region using computer
integration of data has contributed to the diagnosis
of MELAS [19].

Pancreatitis may also be explained by a similar
mitochondrial energy defect or vascular dysfunc-
tion. Although there is no direct evidence for vas-
cular involvement in the pancreas of patients with
the A3243G mutation, it is known that this organ
is susceptible to ischemic injury, and perturbations
of the systemic and pancreatic micro-vasculariza-
tion play a significant role in the pathogenesis of
pancreatitis [6]. In addition, mitochondrial diseas-
es, including MELAS, are associated with an excess
production of reactive oxygen species (ROC), which
mostly occurs in the mitochondria as byproducts of
oxidative phosphorylation, and has been described
as an important factor in the pathogenesis and pro-
gression of pancreatitis [23].

In patients with MELAS, non-specific gastrointesti-
nal symptoms, including constipation, stomach upset,
liver disease, recurrent vomiting or recurrent pan-
creatitis, are being increasingly recognized. Different
diseases share the same point base mutation leading
to an “overlap syndrome” and the same clinical phe-
notypes can be caused by mutations at multiple sites.
This means that it remains unknown whether the clin-
ical symptoms of mitochondrial diseases are caused
by a single gene mutation or by the interaction of
mutations at different sites and heterogeneity. Thus,
there are many problems that remain to be explored.
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Abstract

Papillary tumor of the pineal region (PTPR) represents a recently described entity and was included in the 2007 World
Health Organization (WHO) classification of central nervous system tumors. The biological and clinical behavior
of PTPR is variable and may correspond to WHO grades Il or Ill. Papillary tumor of the pineal region can show aggres-
sive biological behavior with local relapses and dissemination via the cerebrospinal fluid. Several cases of PTPR with
leptomeningeal seeding and multiple lesions or spinal metastasis have been reported. We present an unusual clinical
history of papillary tumor of the pineal region with ventricular and spinal dissemination five years after primary

surgical treatment.

Key words: papillary tumor of the pineal region, cerebrospinal fluid dissemination.

Introduction

Pineal tumors account for less than 1.0% of all
intracranial tumors [2]. Papillary tumor of the pineal
region (PTPR) was for the first time described in 2003
by Jouvet et al. [5]. Papillary tumor of the pineal region
was included in the 2007 World Health Organization
(WHO) classification of central nervous system tumors
[8]. The diagnosis of this neoplasm is often difficult
because of its similarity to other primary or second-
ary papillary lesions of the pineal region, including
parenchymal pineal tumors, papillary ependymoma,
papillary meningioma, choroid plexus papilloma and
metastatic papillary carcinoma [2]. The cell of origin
is thought to be specialized ependymocytes of the

subcommissural organ [3]. The biological and clinical
behavior of PTPR is variable and may correspond to
WHO grades Il or lll, but there are no precise histo-
logical grading criteria defined [8,9]. Papillary tumor
of the pineal region can show aggressive biological
behavior with local relapses and dissemination via
the cerebrospinal fluid. Several cases of PTPR with
leptomeningeal seeding and multiple lesions or spi-
nal metastasis have been reported [1,2,4,6,7,10,11].
The optimal therapeutic approach of PTPR has not
been well defined [1].

We present an unusual clinical history of papillary
tumor of the pineal region with ventricular and spinal
dissemination five years after primary surgical treat-
ment.
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Late dissemination via cerebrospinal fluid of papillary tumor of the pineal region: a case report and literature review

Case report

A 62-year-old Caucasian man who was admit-
ted to the Center of Oncology MCS Memorial Insti-
tute in April 2013 after neurosurgical intervention
due to the tumor of the foramen magnum region.
He had his first neurosurgical intervention in the
Neurosurgery Department in 2007. The first neu-
rological symptoms were headache, loss of memo-
ry, psychosomatic retardation and vertigo in 2007.
The magnetic resonance (MR) showed signs of sig-
nificant hydrocephalus due to well circumscribed 20
x 13 mm large tumor in the pineal region. The tumor
showed high intensity in T1 weighted images as well
hyperintensity in T2 weighted images (Fig. 1A-B).

The patient did not accept a contrast injection
so examination was performed without intravenous
contrast and the data concerning contrast enhance-
ment are not available. The patient underwent the
suboccipital craniotomy and the tumor was total-
ly removed. Histological examination of this tumor
(Fig. 2, Appendix 1) had revealed cellular epithelioid
tumor with papillary areas which did not demon-
strate sufficiently well formed pseudorosettes sup-
porting the diagnosis of ependymoma. At this time
(2007) due to lack of sufficient experience with PTPR,
this tumor was classified as pineocytoma, grade |l.

Craniospinal axis magnetic resonance imaging (MRI)
scans were not recommended at that time. The pa-
tient did not receive any adjuvant therapy and was
referred to regular MRI brain scans once a year. In
October 2012, MRI revealed the pathological mass in
the foramen magnum region which met the radiologi-
cal criteria of meningioma, which was not seen in the
MR scan performed after surgery in 2007 (Fig. 3A-B).
At that time there was no tumor mass in the pineal
region The suboccipital craniotomy, laminectomy and
total tumor removal was performed in February 2013.

The pathologic examination of the operation spec-
imen was performed in the Pathology Department
of Poznah Medical University (Fig. 4, Appendix 2).
The tumor was 14 x 9 mm large. The tumor was solid,
infiltrative, white-gray in color. Microscopic evalua-
tion did not confirm the expected meningioma diag-
nosis. Histological examination showed a subtly epi-
thelial partly papillary morphology. The papillae were
closely-packed and covered by layers of large polygo-
nal columnar cells with oval nuclei, fine stippled chro-
matin, and a moderate amount of clear, vacuolated
or pale eosinophilic cytoplasm. Mitosis, tumor necro-
sis or microvascular proliferation was lacking. Prelim-
inary diagnosis was a papillary tumor of the pineal
region. Immunohistochemical stains revealed diffuse

Fig. 1. T1-WI without contrast enhancement demonstrates well-delineated, slightly hyper intense mass in
the pineal region. The lateral ventricles are enlarged with surrounding low-intensity interstitial edema as
well as marked widening of the third ventricle are seen. No other tumors were found. A) Axial, B) sagittal.

Folia Neuropathologica 2016; 54/1
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Fig. 2. At 2007 histological examination of this tumor has revealed cellular epithelioid tumor with papil-

lary areas which did not demonstrate sufficiently well-formed pseudorosettes supporting the diagnosis of
ependymoma. Due to lack of sufficient experience with PTPR, this tumor was classified as pineocytoma,

grade Il (Lab. number 201963 A and B).

Appendix 1. Primary tumor 201963
http://150.254.71.142/vff.aspx?mo=1&im=3872&type=Sli-
delndex&sid=xr2ex|312vmjuwhr2tlwccrp&d=VmpBeGFG-
cEhNWEJpYWtVOStO#/overlay/vectoroverlay

positivity for neuronal specific enolase, vimentin,
cytokeratin 18 and the lack of neurofilament pro-
tein. Positive reaction for synaptophysin was seen
only in a few neoplastic cells, whereas the expression
of chromogranin A was negative. The tumor tissue
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did not exhibit GFAP expression. Proliferation index
(Ki67) by immunostaining for MIB-1 was estimated
to be about 10%. (Fig. 5A-D). An extra comparative
histological and immunohistochemical examination
was done with the material from the first surgery in
2007. The primary tumor which was originally classi-
fied as pineocytoma WHO I, after subsequent com-
parative analysis presented the same morphology
and immunohistological profile as the second tumor.
Based on the clinical behavior of the tumor, histo-
pathological and immunohistochemical analyses, the
final pathological diagnosis was a papillary tumor of
the pineal region (PTPR), grade III.

The patient was referred to an oncology consul-
tation in the Center of Oncology in Gliwice in April
2013. He was in good performance and neurological
status. Clinical examination did not reveal any varia-
tions. An independent review and reanalysis of post-
operative tissue blocks from the first and the latter
surgical intervention were performed in the Depart-
ment of Tumor Pathology in the Center of Oncology
in Gliwice. The pathological consultation of paraffin
embedded tissue confirmed primary diagnosis of
the papillary tumor of the pineal region.

The MRI data were reviewed by radiologists and
extra MRI scans of the cerebrospinal axis were done.
The radiological examination revealed no tumor
mass in the pineal region and total tumor resection
of the foramen magnum region tumor (Fig. 6), but

Folia Neuropathologica 2016; 54/1
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Fig. 3. Sagittal T1-WI C+. A) Well-circumscribed, homogeneously enhancing intradural extramedullary mass
with a broad dorsal dural attachment in the foramen magnum (at the craniovertebral junction) (2012).
The tumor is not seen in the scan performed after surgery in 2007 (B).

Fig. 4. At 2013 histological examination showed a subtly epithelial partly papillary morphology. The papillae
were closely-packed and covered by layers of large polygonal columnar cells with oval nuclei, fine stippled
chromatin, and moderate amount of clear, vacuolated or pale eosinophilic cytoplasm (Lab. number 499969

A and B).

a few small contrast enhancing foci up to 7 mm
in diameter in the subependymal region of frontal
(anterior) horns and stem of lateral ventricles with
radiological image of metastases were diagnosed
(Fig. 7A-C). The dissemination in the spinal axis was
excluded. The patient was referred to radiotherapy

Folia Neuropathologica 2016; 54/1

and the decision was made to perform the cranio-
spinal irradiation. From 26.06.2013 to 29.07.2013
the patient was irradiated with tomotherapy. The
conventional fractionation was used with 1.8 Gy/g
per fraction to the total dose of 36 Gy/g. The treat-
ment was completed with good general and neu-
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Appendix 2. Metastatic tumor 499969
http://150.254.71.142/vfl.aspx?&mo=1&im=3874&-
type=SlideIndex&sid=xr2exI312vmjuwhr2tlwccrp&d=VYmp-
BeGFGCEhNWEJpYWtVOStO#/overlay/vectoroverlay
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rological tolerance. In the second and third week
of treatment, a moderate decline of leucocytes
and platelets: WHO Il and WHO | respectively, was
observed, which restored to the normal range
after pharmacological intervention. There were no
treatment breaks due to treatment complications.
The patient was referred to follow up in the Outpa-
tient Clinic. The first visit was three months after
completion of treatment. The patient did well. There
was no decline in general and neurological status.
Hematological analyses did not reveal any decline in
platelets and leucocytes. The last control diagnostic
MRI in November 2014 revealed the stable status
of small foci of the subependymal region of frontal
(anterior) horns of lateral ventricles (Figure 7B and
7D). There were no radiological signs of local relapse.
The close follow up is warranted. The next diagnos-
tic MRl is planned in May 2015.
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Fig. 5. Immunohistochemical stalns revealed dlffuse cytokeratln 18 positivity. The tumor tissue did not
exhibit GFAP expression. Proliferation index (Ki67) by immunostaining for MIB-1 was estimated to be about
10%. Positive reaction for synaptophysin was seen only in a few neoplastic cells.
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Discussion

Primary papillary tumor of the pineal region is
a rare neoplasm. It was first described by Jouvet in
2003 and was finally included in WHO 2007 classi-
fication of tumors of the nervous system [2,8]. Only
72 cases have been described in the literature to
date [10].

These rare tumors of the pineal region manifest
in children and young adults (mean age 32 years)
[4,11]. Histologically, papillary tumors of the pineal
region are characterized by a papillary architecture
and cellular epithelioid morphology. Crucial for dif-
ferential diagnosis is specific immunohistochemical
profile with strong reactivity to cytokeratin CK18,
S-100, neuronal specific enolase (NSE), vimentin
and focal or low glial fibrillary acidic protein (GFAP)
[2,3,5,8,9]. The biological behavior of PTPR is vari-
able and may correspond to WHO grades Il or lll
[8]. Although there are more and more clinical data
accumulated over last years on treatment modali-
ties and outcomes, the treatment strategies are not
well described. Surgical resection with subsequent
local radiotherapy is current standard of care [8].
There are some data on chemotherapy use espe-
cially when local recurrence or spinal dissemination
is diagnosed [1]. In the largest series of 44 patients
with PTPR, the role of surgery, radiotherapy, and che-
motherapy was analyzed by Fauchon et al. Median
follow-up was 63.1 months. Median overall surviv-
al (0S) was not achieved. Median progression-free
survival (PFS) was 58.1 months. Only gross total
resection and younger age were associated with
a longer OS, radiotherapy with chemotherapy hav-
ing no significant impact. Progression-free survival
was not influenced by gross total resection. Radio-
therapy and chemotherapy had no significant effect.
This retrospective series confirms the high risk of
recurrence in PTPR: 58% at five years and 70% at six
years [1]. Three out of 44 reported patients had the
evidence of spinal cord seeding: one initially and the
remaining while recurrence [1].

PTPR might display local recurrences and CSF dis-
semination despite surgical resection and radiother-
apy [1,3,6]. Due to their localization the PTPR cells
may spread via the cerebrospinal fluid [4,6]. In the
series of 31 patients analyzed by Févre-Montagne
et al.,, the majority experienced recurrences: 5-year
overall survival and progression-free survival were
73% and 27%, respectively [3].
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Fig. 6. Sagittal T1-WI| C+ revealed no tumor mass
in the pineal region and total tumor resection of
the foramen magnum region tumor in 2013.

There are a few case reports of spinal dissemina-
tion [1,4-7]. Hong et al. reported a case of a 39-year-
old woman who underwent four craniotomies for
resection of the tumors in the pineal region. The
primary histological diagnosis was pineoblastoma.
She had three series of stereotactic radiotherapy
following surgical interventions. After the definition
of PTPR, the specimens were re-investigated and the
diagnosis of papillary tumor of the pineal region was
done. Even without clinical signs and symptoms the
craniopsinal MRI was performed and the pathologi-
cal mass at the level of L3 was presented. The resec-
tion was performed and the pathological examina-
tion showed the same morphological features as
seen in the papillary pineal tumor. The patient was
referred to follow-up, but four months later she
relapsed locally again and irrespectively of surgical
treatment she died three months later [4].

Poulgrain et al. described the clinical history of
a 25-year-old woman who was diagnosed with the
pineal region tumor and after subtotal surgical exci-
sion the histopathology diagnosis of PTPR was done.
She was referred to adjuvant radiotherapy to 54 Gy/g
in conventional fractionation and 23 months after
treatment she developed an ataxia, vomiting and
headache. The MRI presented a large recurrent pine-
al region infiltrating forth ventricle with additional
tumor in the cerebellar hemisphere along with an
increased cerebral blood flow [10].
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Fig. 7. Axial T1-WI C+ FS shows contrast enhancing subependymal nodules in the frontal horn of the left lat-
eral ventricle before (A) and 5 months after RT (B); in the frontal horn of the right lateral ventricle before RT
(C) and 5 months after RT (D). The small enhancing subependymal nodules in the lateral ventricles remain
essentially unchanged on the post treatment MRI scan performed 6 and 10 months following completion
of radiotherapy.

Another clinical report of leptomeningeal seeding
by Kim et al. is the case of a 39-year-old woman who
presented a history of headache and decreased visu-
al acuity. Magnetic resonance imaging showed solid
and cystic, contrast enhancing mass at the pineal
region with associated ventriculomegaly. Smaller and
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contrast enhancing nodular lesions were also found
at the pituitary stalk and bilateral internal acoustic
canals. After endoscopic ventriculostomy the partial
resection was performed. The pathological examina-
tion of the specimen revealed the features of PTPR.
Despite the radiotherapy of the lesions through

Folia Neuropathologica 2016; 54/1
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gamma knife radiosurgery and a decrease in size of
the primary lesions on MRI six months afterwards,
new enhancing lesions occurred. The case presented
is a proof that PTPR can disseminate to other sites
distant from the original lesion [6].

We report the case of a 61-year-old man who was
first operated in 2007 with the initial pathological
diagnosis of pineocytoma. During the follow-up peri-
od the MRI scans showed the tumor in the foramen
magnum region resembling meningioma, which was
not seen in the MR scan performed after surgery in
2007. After surgery and histopathology examination
of the specimen, the final diagnosis established in
2013 was PTPR. After re-examination of the tissue
blocks from the first operation, the same morpholo-
gy was presented. The immunochistochemical reac-
tivity confirmed the diagnosis of PTPR. Magnetic
resonance imaging showed the dissemination to the
subependymal region of frontal (anterior) horns and
stem of lateral ventricles. Our clinical data as well as
already published series of PTPR patients indicate
that the pattern of cerebrospinal fluid dissemination
is possible. Concurring with other authors we strongly
encourage the primary cerebrospinal axis MR imag-
ing, after the PTPR is diagnosed [4,10]. Obvious cere-
brospinal fluid dissemination in our patient led to
a decision of craniospinal irradiation in order to treat
visible dissemination in the brain and to prevent spi-
nal seeding. The radiotherapy plan was similar to our
protocol in patients with PNET or medulloblastoma. In
a report of Fauchon et al., the radiotherapy to neurax-
is was also performed in patients with craniospinal
dissemination [1]. At the moment the follow-up is
very short so we should wait for the outcome.

Papillary tumors of the pineal region are rare
tumors with a strong propensity for local recurrenc-
es and which may disseminate via the craniospinal
fluid. The clinical data on behavior of those tumors
should still be followed and accumulated in a pro-
spective, multi-center manner to enable the evalua-
tion of the same diagnostic and treatment guideline
consensus. What is important now from a practi-
cal point of view is the need for serial radiological
examination of the entire cerebrospinal axis while
the PTPR is diagnosed. It is not clear if cerebrospinal
irradiation should be considered during the initial
adjuvant therapy of PTPR.

Folia Neuropathologica 2016; 54/1

Disclosure

10.

11.

Authors report no conflict of interest.

References

. Fauchon F, Hasselblatt M, Jouvet A, Champier J, Popovic M, Kirol-

los R, Santarius T, Amemiya S, Kumabe T, Frappaz D, Lonjon M,
Févre Montange M, Vasiljevic A. Role of surgery, radiotherapy
and chemotherapy in papillary tumors of the pineal region:
a multicenter study. ) Neurooncol 2013; 112: 223-231.

. Févre-Montange M, Vasiljevic A, Champier J, Jouvet A. Histopa-

thology of tumors of the pineal region. Future Oncol 2010; 6:
791-809.

. Févre-Montange M, Hasselblatt M, Figarella-Branger D, Chau-

veinc L, Champier J Saint-Pierre G, Taillandier L, Coulon A, Pau-
lus W, Fauchon F Jouvet A. Prognosis and histopathologic fea-
tures in papillary tumors of the pineal region: a retrospective
multicenter study of 31 cases. J Neuropathol Exp Neurol 2006;
65:1004-1011.

. Hong B, Nakamura M, Brandis A, Becker H, Krauss JK. Spinal

metastasis of papillary tumor of the pineal region. Clin Neurol
Neurosurg 2011; 113: 235-238.

. Jouvet A, Fauchon F, Liberski B Saint-Pierre G, Didier-Bazes M,

Heitzmann A, Delisle MB, Biassette HA, Vincent S, Mikol J,
Streichenberger N, Ahboucha S Brisson C, Belin MF, Févre-Mon-
tange M. Papillary tumor of the pineal region. Am J Surg Pathol
2003; 27: 505-512.

. Kim YH, Kim JW, Park CK, Kim DG, Sohn CH, Chang KH, Park SH.

Papillary tumor of pineal region presenting with leptomeninge-
al seeding. Neuropathology 2010; 30: 654-660.

. Lechapt-Zalcman E, Chapon F, Guillamo JS, Khouris S, Menegal-

li-Boggelli D, Loussouarn D, Févre-Montange M, Jouvet A. Long
term clinicopathological observations on papillary tumor of
pineal region. Neuropathol Appl Neurobiol 2011; 37: 431-435.

. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jou-

vet A, Scheithauer BW, Kleihues P. The 2007 WHO classifica-
toion of tumors of central nervous system. Acta Neuropathol
2007; 114: 97-109.

. Matyja E, Grajkowska W, Nauman B Bonicki W. Histopatholog-

ical patterns of papillary tumor of pineal region. Folia Neuro-
pathol 2011; 49: 181-190.

Poulgrain K, Gurgo R, Winter C, Ong B, Lau Q. Papillary tumor of
pineal region. J Clin Neurosci 2011; 18: 1007-1017.

Sato TS, Kirby PA, Buatti JM, Moritani T. Papillary tumor of the
pineal region: report of a rapidly progressive tumor with possi-
ble multicentric origin. Pediatr Radiol 2009; 39: 188-190.

79


http://www.ncbi.nlm.nih.gov/pubmed/23314823

Case report Folia

Neuropathologica

Rosette-forming glioneuronal tumour of the fourth ventricle:
case report and review of the literature

Tayfun Hakan?, Fiigen Vardar Aker?
IMemorial Atasehir Hospital, Atasehir/istanbul, 2Haydarpasa Numune Teaching and Research Hospital, Atasehir/istanbul, Turkey

Folia Neuropathol 2016; 54 (1): 80-87 DOI: 10.5114/fn.2016.58919

Abstract

Rosette-forming glioneuronal tumour (RGNT) of the fourth ventricle is one of the newly described primary tumours
of the central nervous system. These tumours have two components of both neurocytic and glial areas but usually
the glial component of the tumour predominates. They have biphasic cytoarchitecture with two elements; neuro-
cytic rosettes resembling Homer-Wright rosettes, and astrocytic component resembling a pilocytic astrocytoma. They
are low-grade tumours with lack of histopathological signs of malignancy. Here, clinical, magnetic resonance, com-
puted tomography (CT) and pathological features of rosette-forming glioneuronal tumour of posterior fossa are
presented. A 29-year-man was admitted with an acute neurological deterioration. A three ventricular hydrocephalus
and a hypo-density around vermis in the posterior fossa were seen in his CT scans. He did well after an emergency
external ventricular drainage. He had an elective operation and a mass that was reported to be a rosette-forming
glioneuronal tumour of the fourth ventricle was excised.

Key words: cerebellum, fourth ventricle, glioneuronal tumour, neuropathology, rosette-forming glioneuronal tumour.

Introduction

Rosette-forming glioneuronal tumour (RGNT) of
the fourth ventricle is one of the newly described
primary tumours of the central nervous system [12].
Komori et al. [18] were the first who described this
entity. They explained the characteristics of these
tumours in terms of location, distinctive histological
appearance with formation of neurocytic component
and indolent biologic behaviour in a series of 11 cas-
es report in 2002 [19]. Rosette-forming glioneuronal
tumour was confirmed as a new type in the newly
updated World Health Organization (WHO) classi-
fication of tumours of the central nervous system

in 2007 [12]. Previously, these tumours assumed
to be only infratentorial and located around fourth
ventricle. Different locations of RGNT as chias-
ma [31], suprasellar region [30] and pineal region
[10,13,19,32], septum pellucidum [36], intraventric-
ular dissemination [35] and two spinal cord [5,28]
were published later.

Although the histopathological features of these
tumours are regarded as distinct and typical, they
can show wide spectral clinical symptoms (Table I).
We aimed to make a case addition to the limited
clinical, radiological and pathological experience of
this kind of rare and “poorly” described tumours.
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Table I. Review of the literature of cases of rosette-forming glioneuronal tumour

Rosette-forming glioneuronal tumour of the fourth ventricle: case report and review of the literature

Author No. Sex, age Presenting symptom Location Treatment  Postoperative
morbidity
Komori et al. 1 25, M Headache, 4" nerve palsy 4.V, aquaduct, Biopsy -
pineal region
2 59, M Ataxia 4.V, aguaduct ST +RT +
3 24, F Headache, ataxia, 4.V, aquaduct, vermis, PR -
dysartria pons
4 18, M Seizure 4.V, aquaduct GTR -
5 40, F Headache 4.V, vermis GTR +
6 38, F Headache 4.V GTR -
7 39, F Headache, neck pain, 4.V, aquaduct GTR +
blurred vision
8 27, M Headache, confusion, 4.V PR +
ataxia
9 18, F Incidental, headache, 4.V, aquaduct PR +
ataxia
10 46, M Headache, blurred vision, 4.V, vermis, cerebellum PR +
ataxia
11 12, F Headache, ataxia Tectum, aquaduct, pinealr. PR -
Preusser et al.* 12 35 M Incidental 4.V, vermis Surgery! Not known
Adachi et al. 13 18, F Incidental, slight ataxia 4.V PR +
Albanese et al. 14 32,F Headache, cervical pain, 4.V GTR +
neck rigidity
Jacques et al. 15 39, M Vertigo, headache, 4.V GTR -
diplopia, nystagmus
16 33, F Headache, diplopia, 4.V GTR Not known
ataxia, dysarthria, lethargy
17 42, M Headache 4.V GTR Not known
Johnson et al. 18 29, F Headache, vertigo 4.V NGTR Not known
Rickert et al. 19 16, F Therapy resistant back Spinal cord (C7-T2) GTR -
pain
Vajtai et al. 20 16, F Vertigo, nausea, tinnitus, Roof of 4.V GTR +
ataxia
21 30, F Vertigo, vomiting, Roof of 4.V GTR -
headache, clumsy walking
Pimentel et al. 22 38, F Headache 4.V NGTR +
23 51, F Dizziness Cerebellum GTR -
Marhold et al. 24 20, M Somnolence, anisocoria,  Pineal region, vermis, 4. V GTR +
ataxia
25 47, F Headache, ataxia, Inferior vermis GTR +
hemiparesthesia
26 39, F Headache, vertigo, Foluculus, lateral (CPA) GTR -
nausea, tinnitus
Tan et al. 27 42, M Headache, feeling “odd” Upper cerebellar Biopsy +
aquaduct
28 38, F Lightheadedness Cerebellar vermis Biopsy -

Folia Neuropathologica 2016; 54/1
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Table I. Cont.
Author No. Sex, age Presenting symptom Location Treatment  Postoperative
morbidity
Joseph et al. 29 38, F Headache, vomiting Cereballar vermis GTR -
30 24, F Worsening of gait, 4.V PR -
anisocoria
Scheithauer 31 23, M Eye pain, blurred vision, Chiasma PR -
etal headache
Anan et al. 32 44, F Tetraparesis, dysesthesia, Spinal cord, GTR + (slight aggra-
neurogenic bladder cervicothoracic vation)
Wang et al. 33 16, F Seizure, loss of ventricle Biopsy -
consciousness
Kinno et al.** 34 18, M Gait disturbance, ataxia Cerebellar vermis PR -
Lietal 35 27, M Headache, vomiting, 4.V GTR -
clumsy walking
Arai et al. 36 15, F Headache 4.V, ventricle, vermis GTR +
Luan et al. 37 30, F Headache Right cerebellar GTR -
hemisphere
Ghosal et al. 38 22, M Headache, diplopia Pineal gland & tectum  Decompres- -
(3" nerve palsy) sion?
Frydenberg 39 29, M Headache, vomiting, Pineal gland GTR -
etal decrease in the level
of consciousness
Matyja et al. 40 20, F Headache, nausea, 4.V PR ?
balance disturbance
Sharma et al. 41 16, F Headache, diplopia Midbrain Biopsy + RT -
42 17, M Loss of consciousness Suprasellar, 3rd ventricle Biopsy -
Gessietal. 43 18, M Not known Vermis GTR -
Fushimi et al. 44 28, F Intermittent headache Cerebellar midline PR -
Ellezam et al. 45 29, F Not known Inf vermis/4.V Not known Not known
46 23,F Not known Inf vermis/4.V Not known Not known
47 12, M Not known Inf vermis/4.V Not known Not known
48 50, M Not known Inf vermis/4.V Not known Not known
49 45, M Not known Midbrain/tectal Not known Not known
50 18, F Not known Inf vermis/4. V Not known Not known
51 30, F Not known 3rdy Not known Not known
52 15, M Not known Inf vermis/4th v Not known Not known
Karafin et al. 53 18,7 Developmental delay Posterior fossa GTR -
Solis et al. 55 16, F Headache, vomiting Pineal region PR -
Xiong et al. 56 38, M Visual disturbance Septum pellicidum PR -
Podlesek et al. 57 70, M Persistant vertigo Vermis, 4.V GTR -
Present study 58 29, M Neurological deterioration Vermis, 4.V NGTR -

with somnolence

PR — partial removal, GTR — gross total removal, RT — radiotherapy, NGTR — nearly gross total removal
*This case reported again in Marhold serious
**One of the cases presented in this report had been published previously by Adachi et al.
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Case report

A 29-year-man was admitted with an acute neu-
rological deterioration and somnolence. His neuro-
logical examination was normal except a positive
Babinski sign on his right side. In his medical history,
there was a diagnosis of an incidental and asymp-
tomatic hydrocephalus that was seen in his cranial
computed tomography (CT) following a mild head
injury three years before. A cranial CT showed a three
ventricular hydrocephalus and a hypodensity around

vermis in the posterior fossa (Fig. 1A). A cranial mag-
netic resonance imaging (MRI) revealed a partly cys-
tic lesion located in vermis. It was hypointense on T1
and hyperintense on T2 weighted images and had
no contrast enhancement (Fig. 1B-D). The lesion was
hyperintense on flair sequences. The neurological
status of the patient improved promptly following
an emergent external ventricular drainage inser-
tion. On the following day, the patient underwent an
operation and a nearly gross total tumour removal
was performed.

Fig. 1. A) Non-contrast computed tomography scan shows a hypodense lesion at vermis. B) On T1 weighted
magnetic resonance scans this lesion shows heterogeneous contrast enhancement and a cystic component
also is found (arrow) in the lesion. C) The lesion seems hyperintense on T2 weighted magnetic resonance
imaging (MRI). D) On flair weighted MRI images the lesion seems hyperintense but the cystic component

is hypointense (arrow).

Folia Neuropathologica 2016; 54/1
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The resected tumour specimen was transferred
to the pathology department after fixing in a phos-
phate buffered 4% solution of formalin. Serial sec-
tions of 5 um thick paraffin-embedded tumour tis-
sues were stained with hematoxylin and eosin (HE).
Additionally, an immunohistochemical (IHC) staining
with monoclonal antibodies against glial fibrillary
acidic protein (GFAP) (1 : 75; Neomarkers, Fremont,
CA, USA), synaptophysin (1 : 100; Neomarkers) and
Ki 67 (1 : 50; Neomarkers) was performed. Immu-
nohistochemical staining was performed using an
enhancement method based on a repetitive micro-
wave heating technique using sodium citrate buffer.
In microscopic examination, the tumour consisted
of two components and it was also well demarcat-
ed from cerebellar tissue. The tumour was charac-

terized by glial and neuronal components (Fig. 2A).
In the area of the glial component, the cytoplasmic
processes formed a compact textured fibrillary
background. Some areas resembled pilocytic astro-
cytoma and oligodendroglioma (Fig. 2D). There were
a few Rosenthal fibres and hemosiderin deposits.
The neurocytic component consisted of uniform
neurocytes which are forming rosettes and pseu-
dorosettes (Fig. 2B-C). Neurocytic tumour cells had
ovoid or round nuclei with fine chromatin pattern,
inconspicuous nucleoli and delicate cytoplasmic pro-
cesses. Overall, cellularity was low. Mitosis, atypia,
necrosis or vascular proliferations were not seen. In
immunohistochemical examination, synaptophysin
immunoreactivity was only restricted in the peripap-
illary area of perivascular pseudorosette and rosette

Fig. 2. Two components: neurocytic and astrocytic (H&E x40), pilocytic astrocytoma like component on the left
side (H&E x200). A) Neurocytic pseudorosettes and rosettes around the astrocytic component. B) Neurocytic
pseudorosette: delicate cell processes radiating toward a capillary (H&E x100). C) The other glial area resem-
bling oligodendroglioma intermingle with pilocytic astrocytoma like area (H&E x100). D) There is no mitosis
and atypical histopathological findings.
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(Fig. 3A). Staining with GFAP antibody was positive
in the astrocytic component of the tumour (Fig. 3B).
Ki 67 labelling index was very low (1% and below).
The tumour was reported to be a rosette-forming gli-
oneuronal tumour of the fourth ventricle.

The postoperative period was unremarkable. He
was followed for 32 months without evidence of
progressive clinical deterioration.

Discussion

Kuchelmeister et al. [20] reported a dysembryo-
plastic neuroepithelial tumour (DNT) in cerebellum
which morphologically resembled RGNT in 1995.
The term rosette-forming glioneuronal tumour was
used to define the low-grade tumour of the fourth
ventricle by Komori et al. [18] for the first time in
1998. The characteristic features of these tumours
were explained as 1) its unique location, 2) neuro-
cytic pseudo-rosette formation and 3) the presence
of a pilocytic astrocytoma component. Until the
publishing of two cases that were located in chi-
asma [31] and spinal cord [5], these tumours were
believed to be found only in posterior fossa. So, the
“unique location” of these tumours seems to need
some change. Anan et al. [5] suggested that the
lesion might derive from the gray matter or the mid-
dle motor nuclei in the spinal cord, so RGNT may not
be limited in distribution [5]. Scheithauer et al. [31]
reported that periventricular germinal matrix is the
likely origin of RGNTs and so, they may be occur-
ring in “ectopic” sites. Rosette-forming glioneuronal
tumours may be located in different areas such as
the pineal region [9,10] and lateral ventricles [35]
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and some satellite tumours may also be seen in the
patients [6,18,27,33].

Rosette-forming glioneuronal tumour is encoun-
tered more frequently in females. Thirty-one of the
56 reported cases in the English literature, including
the present case, up to date were seen in women.
Patient age was 12-70 years with a mean of 29 years
(Table 1).

Headache and cerebellar signs as ataxia and
nystagmus are the most common initial clinical
symptoms. Diplopia, ptosis [13], dysarthria [13,19],
blurred vision [19], seizure [19,35], dizziness [25],
vertigo [14,34], vomiting [21,34), clumsy walking
[21,23] and neck pain and rigidity [2,19] are the oth-
er signs and symptoms of this tumour. Lethargy [13],
somnolence, loss of conscious [35] and anisocoria
[23] due to increased intracranial pressure may also
be seen in these patients as in the presented case.
However, there are some cases which are diagnosed
incidentally [1,19,27], too.

A three ventricular hydrocephalus may be seen
in RGNT patients. It can be so serious that a ventri-
culo-peritoneal shunt [13] or insertion of an external
ventricular drainage (EVD) may be required [10,23].
We also performed an EVD in the emergency room
for the presented case, because the patient was
admitted with an acute neurological deteriora-
tion with somnolence. Fortunately, most of these
tumours are slowly growing lesions. The develop-
ment of ventriculomegaly can be chronic and may
be clinically compensated [23].

The radiological findings of RGNTs may show
some variations. These lesions are relatively circum-
scribed and heterogeneous, they may have some cal-

Fig. 3.In immunoh|stochem|cal study synaptophysin is present at the centre of neurocytic rosettes (A) and
glial fibrillary acidic protein (GFAP) immunoreactivity is present in the glial component (B).
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cifications and cystic components [4,11,13,21,23,27].
Some smaller tumour nodules may accompany
these tumours [19,23,27]. These tumours are usual-
ly hypointense on T1 and hyperintense or isointens
on T2 weighted MRI sequences [10]. They may have
no contrast enhancement as in our case or may
have a ring shaped contrast enhancement that led
to consideration of malignancy [24,27]. Low densi-
ty on non-enhanced CT as in the presented case is
also typical of these lesions [4]. These tumours may
show evidence of previous intratumoral haemor-
rhage on MRI [21,30].

Rosette-forming glioneuronal tumours have two
components of both neurocytic and glial areas, but
usually the glial component of the tumour predom-
inates [3]. Rosette-forming glioneuronal tumours
are low-grade tumours with no histopathological
signs of malignancy [1,27]. They have a low labelling
index of Ki-67 antigen, minimal or no cellular atypia
and there is no evidence of recurrence, increase in
tumour size or metastasis until now [19]. Solis et al.
[32] found mutations of isocitrate dehydrogenase 1
(IDH1) and IDH2 that are relatively specific of diffuse
gliomas; but Xiong et al. [36] did not detect somatic
mutations of IDH1 and IDH2 in their cases. PIK3CA
mutations were other mutations reported in RGNT
[7]. PIK3CA mutants are seen with high frequencies
in glioblastomas and anaplastic oligodendrogliomas.

The recommended treatment modality of these
tumours is surgery. As these tumours are accepted
low-grade in nature, an aggressive approach can
increase surgical morbidity [15]; so, subtotal remov-
al or gross total removal may be chosen. Until now,
4 cases of recurrence have been reported. The recur-
rence time of the tumours was 10 years in 2 cases
[13,19] and 9 and 4 years in the others [7].

The main differential diagnosis of RGNT includes
pilocytic astrocytoma (PA), dysembryoplastic neu-
roepithelial tumour, central neurocytoma, plexus
papilloma, oligodendroglioma, ependymoma, prim-
itive neuroectodermal tumour (PNET), glioneuronal
tumour with neuropil-like islands (rosette) glioneu-
ronal tumour, papillary glioneuronal tumour and
metastasis [3,15,19,29]. Pilocytic astrocytoma is the
most difficult tumour type for differential diagnosis
with RGNT. Pilocytic astrocytoma has small round
cells as well as astrocytic cells but rosette structures
like those of RGNT are not found in PA[17,19]. There
is also no evidence of neural differentiation in the
rounded cells of pilocytic astrocytoma [3]. Dysem-
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bryoplastic neuroepithelial tumour has mature neu-
rons in mucinous pools that help for differentiating
from RGNT. Rosette-forming glioneuronal tumour
does not have “floating neurons” as is the case for
the “specific glioneuronal element” of DNT [34].
Central neurocytoma is characterized by uniform
round cells and has similar immunohistochemical
features of neuronal differentiation as in RGNT, but
it does not have biphasic architecture with a dis-
tinctly separate glial component and true neurocytic
rosette formation [35]. Central neurocytomas have
no astrocytic components as RGNTs. Although neu-
rocytes or well-formed rosettes may be found in oli-
godendrogliomas, oligodendroglial components are
not seen in RGNTs [6]. The distribution pattern of
synaptophysin and GFAP staining in ependymomas
are quite the opposite to that seen in RGNTs [34].

In conclusion, RGNTs are clinically slow-growing
tumours and typically occur in the midline. They
affect mainly young adults with a slight female pre-
dominance. They can be seen outside the posterior
fossa as ectopic tumours. They have biphasic cytoar-
chitecture with two elements; neurocytic rosettes
resembling Homer-Wright rosettes and astrocytic
component resembling a pilocytic astrocytoma. Gli-
oneuronal tumours are a heterogeneous entity; so,
further pathologic and clinical subclassifications
may be required for prognostication and treatment.
Careful and long-term follow-up monitoring will be
wise for these uncommon tumours.
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