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A b s t r a c t

Dysembryoplastic neuroepithelial tumour (DNT) is categorized as a benign glioneuronal neoplasm affecting children 
and young adults with chronic epileptic seizures. It is characterized by predominant intracortical localization and nod-
ular architecture. Dysembryoplastic neuroepithelial tumour usually demonstrates a distinctive morphological pattern 
with a specific glioneuronal element but occasionally, its morphological picture is heterogeneous and unspecific. Thus, 
considering the morphology of DNT, three different histopathological subtypes are distinguished: simple, complex, 
and non-specific and diffuse. The DNT lesions are often related with focal cortical dysplasia (FCD) type IIIb, which is 
postulated to play a role in epileptogenicity. Moreover, the accompanying inflammation process might be implicated 
in DNT-related epileptogenesis. 
Dysembryoplastic neuroepithelial tumour is generally characterized by favourable prognosis and good results of 
surgical treatment. The pathogenesis and molecular mechanisms involved in DNT development remain uncertain.  
The main molecular findings are connected with BRAF alterations and activation of RAS/ERK, PI3K/AKT and mTOR 
signalling pathways. 
The present review summarizes the clinical, histopathological and molecular findings of DNT. The classification con-
troversy, morphological heterogeneity and diagnostic problems are also discussed. 
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Introduction

Dysembryoplastic neuroepithelial tumour (DNT) is 
a benign, glioneuronal neoplasm that is included in  
the group of neuronal and mixed neuronal-glial 
tumours, according to the revised 4th edition of current 
‘WHO Classification of Tumours of the Central Nervous 

System’ 2016 [46]. This slowly growing tumour corre-
sponds histologically to WHO grade I [37]. 

Dysembryoplastic neuroepithelial tumour was 
first described in 1988 by Daumas-Duport et al. [17] 
as a  distinct clinico-pathological entity associated 
with drug-resistant seizures, which affects children 
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and young adults. Typically, the lesion is located in 
the cerebral cortex, particularly in the mesial tem-
poral lobe. It exhibits multinodular architecture and 
appears in several different histopathological forms: 
1) simple, 2) complex, 3) non-specific and diffuse.  
The most common clinical presentation is a  drug- 
resistant epilepsy of a partial complex type, with early- 
onset and long duration from weeks to decades.  
The resection of the lesion is recommended in symp-
tomatic cases. The stabilization of epileptic seizures 
has been demonstrated after total or even subto-
tal resection [12]. Occasionally, the recurrences and 
spontaneous or post radiation anaplastic transfor-
mation to high-grade gliomas have been noted [27]. 

Localization

Typically, the DNT lesion is located supratentori-
ally in the cerebral cortex with a predilection for the 
mesial temporal lobe, less commonly for the fron-
tal lobe [5,12,60]. It can be also found in other sites, 
including the septum pellucidum, caudate nucleus, 
brain stem and cerebellum [66]. Extremely rarely,  
the DNT located inside the ventricles, area of the cor-
pus callosum and pericallosal region has been report-
ed [2,11,23]. 

Clinical presentation

The main symptom of DNT is an early-onset, 
long-lasting, intractable epilepsy, mostly complex 
partial seizures with a frequent secondary generali
zation [5,12,41,59]. Seizures have their onset before 
the age of 20 years, usually in the childhood and 
continue for years to decades (mean duration of  
10.8 years). The majority of cases are without focal 
neurologic deficits. Other symptoms, like dysarthria, 
facial asymmetry, focal weakness or numbness, visu-
al field deficits or other visual symptoms are rarely 
encountered [16]. Moreover, the obstructive hydro-
cephalus could be seen in the septum pellucidum 
lesions [66]. 

Neuroimaging findings

Typically, DNT is a well-demarcated, multinodular 
lesion with predominant cerebral cortical location 
(Fig. 1A and B). It is hypointense on T1-weighted and 
hyperintense on T2-weighted magnetic resonance 
images (MRI) [35,36,59]. Dysembryoplastic neuroepi
thelial tumour is often composed of single or multiple 
cysts [59,67] and sometimes contains microcalcifica-
tions [16,59]. The deformations of the overlying part 
of the skull have been described. The oedema, mass 

Fig. 1. Magnetic resonance images (MRI) of dysembryoplastic neuroepithelial tumour (DNT). A) The multi-
nodular intracortical lesion of high signal intensity on axial T2-weighted MR image. B) Coronal T2-weighted 
MRI with hyperintense cortical abnormality (Courtesy of Professor M. Roszkowski). 
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effects on midline structures and contrast enhance-
ment are not typical for DNT [36,67]. The internal sep-
tation and hyperintense “ring sign” at the periphery of 
the lesion might be revealed by MRI FLAIR sequence. 
The magnetic resonance spectroscopy (MRS) usually 
shows a low N-acetylaspartate peak and a lack of ele-
vated choline-containing component (Cho) or Cho-Cr 
ratio (Cho/Cr) [67]. These features help to identify the 
DNT lesion and distinguish it from other low-grade 
gliomas. 

Histopathology

Typically, DNT is characterized by intracortical 
nodules with columnar architecture of uniform oligo-
dendrocyte-like cells within microcystic background 
(Fig. 2A and B). It exhibits a distinct morphology with 
a  so-called specific glioneuronal element (Fig. 2C). 
This element consists predominantly of small oligo-
dendrocyte-like cells arranged in a  columnar orien-
tation along parallel bundles of axons (Fig. 2D). They 
are usually oriented perpendicular to the cortical/pial 
surface [20]. Microcysts of various shape and size are 
lined by small, uniform cells of oligodendrocyte-like 
morphology (Fig. 2E and F). The large neurons are 
scattered within microcystic areas, sometimes mak-
ing an impression that they “float” in mucin-filled 
background (Fig. 3A). The neurons usually exhibit 
morphology of normal pyramidal neurons (Fig. 3B) 
and may be considered as pre-existing cortical neu-
ronal cells. Moreover, the various amount of astro-
cytes might be scattered in the DNT lesion. The above 
multinodular architecture of the lesion accompanied 
by the presence of “floating neurons” are the most 
distinctive morphological features of DNT. 

Sometimes, the DNT may exhibit a growth pattern 
resembling diffuse gliomas. In some cases the DNT 
lesion consists of solid areas with oligodendrocyte-like 
cells and thin-walled microvessels (Fig. 3C). Delicate, 
so-called “chicken-wire” vasculature resembling oli-
godendroglioma can be visible (Fig. 3D). Microvascu-
lar proliferation with a telangiectatic pattern could be 
also seen. Some areas of DNT show hypercellularity 
with honeycomb appearance of monomorphic cells 
with round nuclei surrounded by clear haloes or rib-
bon-like palisades highly similar to oligodendroglio-
ma (Fig. 3E and F). However, perinuclear satellitosis is 
not characteristic for DNTs lesions. Occasionally, the 
compact piloid tissue with pleomorphic neoplastic 
cells might resemble pilocytic astrocytoma. 

Intriguingly, Komori et al. [33] claimed that DNT 
is rather a glial than glioneuronal tumour, similar to 
oligodendroglioma, thus it should be classified as 
a  non-infiltrative oligodendroglioma. The research 
performed on DNT samples using morphometric 
evaluation and immunohistochemical studies docu-
mented staining for Neu-N, a neuronal nuclear anti-
gen being a marker of neurons, and Olig-2, a tran-
scription factor important for motoneuron [42,52] 
and oligodendrocyte differentiation [70]. They found 
that double immunohistochemical staining showed 
co-localization of Olig-2 and Neu-N. The distribution 
of Neu-N positive nuclei was similar in the tumour 
tissue and the adjacent cortex. Moreover, the densi-
ty of Neu-N positive nuclei was lower in the tumours 
located in the white matter compared to those from 
grey matter. They suggest that probably Neu-N pos-
itive cells are entrapped in granular and pyramidal 
neuronal cells [33]. 

Three histopathological forms of DNT have been 
described, including: 1) simple, 2) complex and 3) non- 
specific and diffuse. The last form was created based 
on the statement that the diffuse form of DNT corre-
sponds to a non-specific variant [8,19,29]. However, 
the diagnosis and definition of the non-specific type 
of DNT is controversial. 

The simple form of DNT is composed of the spe-
cific glioneuronal element with oligodendrocyte-like 
cells arranged in columns. The bundles of axons and 
floating neurons are dispersed in a mucin-like back-
ground. 

The complex form of DNT exhibits heterogeneous 
morphology with multinodular architecture. Except 
a specific glioneuronal element mentioned above, it  
is characterized by presence of glial nodules resem-
bling oligodendrocytic or astrocytic population [18]. 

Diagnosis of a non-specific and diffuse form of 
DNT is challenging because of lack of the specific 
glioneuronal element and no multinodular structure. 
This form of DNT exhibits glial components similar to 
glial nodules of the complex DNT type. It is difficult to 
distinguish this DNT variant from other glial tumours. 
The non-specific and diffuse form of DNT might be 
histologically similar to glioma, ganglioglioma, pilo-
cytic astrocytoma or diffuse astrocytoma [61,65]. 
Nevertheless, the clinical presentation with chronic 
seizures, cortical localization on neuroimaging and 
a follow-up are similar to typical DNT. Thus, the clini-
cal data are mandatory to consider the identification 
of the non-specific and diffuse form of DNT [19]. 
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Fig. 2. Histopathology of dysembryoplastic neuroepithelial tumour (DNT), H&E staining. A, B) Intracor-
tical nodules with microcystic, vacuolated background. C) Specific glioneuronal component with typical 
columnar architecture. D) Microcystic region consisting of mucin-rich background and a small oligoden-
drocyte-like component arranged along parallel rows of axons. E) Microcystic architecture with uniform 
oligodendrocyte-like cells and tiny vessels. F) Large microcysts lined by small oligodendrocyte-like cells 
(from own archival surgical material).
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Fig. 3. Histopathology of dysembryoplastic neuroepithelial tumour (DNT), H&E staining. A) Specific glioneu-
ronal element with alveolar arrangement of oligodendrocyte-like cells and numerous interspersed floating 
neurons. B) Typical glioneuronal element with an easily visible floating neuron. C) Solid growth pattern with 
oligodendrocyte-like cells and small, thin-walled vessels. D) Delicate branching capillaries and small, uni-
form cells resembling oligodendroglioma. E) Diffuse growth pattern with honeycomb appearance mimick
ing oligodendroglioma. F) Small, monomorphic cells with round nuclei surrounded by clear haloes similar to 
oligodendroglioma (from own archival surgical material).
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In accordance with the benign nature of DNT, 
cytological atypia or mitotic activity are uncommon 
features and Ki-67 proliferative index is usually low, 
ranges from 0 to about 1.6% [22]. 

Moreover, DNT may be associated with focal 
cortical dysplasia (FCD), hippocampal sclerosis and 
ganglioglioma [50,51,63]. Cortical dysplasia accom-
panying DNT lesions is identified as FCD type IIIb, 
according to the criteria of the classification of the 
International League Against Epilepsy [6]. The foci of 
cortical dysplasia often coexist with the simple and 
non-specific type of DNT [18,19]. 

Differences between various forms of DNT also 
manifest in epileptogenicity. Chassoux et al. [15], 
using stereo-electroencephalography, compared epi-
leptogenicity in different histological variants of DNT. 
Interestingly, they have found that the epileptogenic 
zone is localized in the tumour in a simple and com-
plex form and is more widespread in most non-spe-
cific DNTs. The difference is pronounced especially in 
non-specific, temporal DNTs with extensive focal cor-
tical dysplasia (FCD). However, the relationship with 
FCD does not unambiguously explain this discrepancy. 

In addition, rare mixed tumours composed of 
a  DNT lesion with components of rosette forming 
glioneuronal tumour [38], pilocytic astrocytoma [44] 
or pleomorphic xanthoastrocytoma [30] have been 
described.

Immunophenotypic profile 

Markers useful in characterization of immunophe-
notype of DNT include S-100 protein, transcriptional 

factor OLIG-2, glial fibrillary acid protein (GFAP), NeuN, 
microtubule-associated protein 2 (MAP-2), CD34, nes-
tin, and calbindin. 

The small oligodendrocyte cells express S-100 
protein (Fig. 4A) and OLIG-2, whereas they are neg-
ative for GFAP. The neuronal component consisting 
of “floating neurons” shows neuronal markers such 
as NeuN, MAP-2 and synaptophysin. GFAP can be 
expressed in the astrocytes scattered in the back-
ground (Fig. 4B).

MAP2 protein was observed in different propor-
tions among DNT variants. It is expressed during 
development of the central nervous system as 
well as in neurons and glial cells in the adult brain 
[58,64]. MAP2 expression in oligodendrocyte-like 
cells and glial elements was observed significantly 
more often in non-specific DNTs than in the simple 
or complex form. Co-expression of MAP2 and CD34 
was significantly more frequent in the non-specif-
ic than in complex and simple form [62]. However, 
the difference in MAP2 expression among different 
types of DNT has not been confirmed [65]. 

A cell-surface transmembrane protein CD34 can 
be found in some cases of DNT. It is commonly used 
as a marker of hematopoietic stem, progenitor cells 
and vascular endothelial cells, which is associated 
with increased proliferation and abrogated cell dif-
ferentiation [45]. CD34 staining was observed in the 
perikaryal membrane of neuronal cells, cytoplasm 
of oligodendrocyte-like cells, pericellular stroma 
and stellate cells with astroglial morphology. Irre-
spective of the classification to the non-specific or 

Fig. 4. Immunohistochemistry of dysembryoplastic neuroepithelial tumour (DNT). A) S-100 protein immu-
nopositivity in oligodendrocyte-like elements. B) Glial fibrillary acid protein (GFAP) reactivity in the astrocytes 
scattered in the background (from own archival surgical material). 
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diffuse form, CD34 expression in both types of DNT 
was found to be similar. Statistically significant dif-
ferences of immunohistochemical staining for CD34 
among three main histological types of DNT were 
observed in two studies. The highest expression of 
CD34 was noticed for the non-specific type com-
pared with simple and complex types [62,65]. 

Expression of CD34 and nestin was found to be 
the highest in the non-specific and diffuse form, 
but there was a  difference in expression of these 
markers in the simple type [61,62]. However, Thom 
et al. [65] observed a statistically significant correla-
tion between CD34 and nestin staining in particular 
forms. Nestin is expressed during development of the 
central nervous system and in the majority of prolif-
erating brain progenitor cells, thus it is considered as 
a neural stem cell marker [40]. Expression of nestin 
and CD34 was considerably higher in the non-specific 
and diffuse DNTs, which may suggest that it is a less 
differentiated form. Nevertheless, it is not related to 
higher malignancy [65]. 

Furthermore, the non-specific type and mixed 
DNT/GG tumours were characterized by a significant-
ly higher expression of calbindin [65], a calcium bind-
ing protein expressed in neuronal cells [4].

Molecular findings

The main molecular findings are connected with 
BRAF alterations and activation of RAS/ERK, PI3K/AKT 
and mTOR signalling pathways. 

BRAF is a RAF family member displaying the highest 
basal activity and being considered to play an import-
ant role in tumorigenesis [13,57] It is implicated in the 
so-called mitogen-activated protein kinase (MAPK) 
pathway [39].

Chappé et al. [13] found BRAFV600E mutation in 
ca. 30% of DNT. Analysis was performed by a combi-
nation of polymerase chain reaction-high resolution 
melting (PCR-HRM), direct sequencing and immuno-
histochemistry as a complementary method. 

Fig. 5. Diagram illustrating probable mechanism leading to mammalian target of rapamycin (mTOR) activa-
tion. Activation of RAS/mitogen activated protein kinase (ERK) – p90 ribosomal six kinase (p90RSK) path-
way as well as activating mutation of BRAFV600E may impact on separation of liver kinase B1 (LKB1) from 
AMP-activated protein kinase (AMPK), what leads to mTOR activation. However, the mechanism seems to 
be independent of phosphorylation of LKB1 by p90RSK.
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High occurrence of BRAFV600E mutations (51%) 
was detected in a study performed on a group of 51 
DNT cases [34]. Furthermore, the authors have found 
that mutations were significantly more frequent in 
tumours with extratemporal location.

In another direct sequencing study performed 
on 77 samples of DNT, frequent BRAFV600E muta-
tion was shown in approximately 30% of cases [47]. 
Intriguingly, the authors did not find BRAFV600E 
mutation in the simple form of DNT. They also 
reported immunohistochemical co-localization of 
BRAF V600E-mutated protein with phosphorylated 
ribosomal S6 protein (pS6) and phosphorylated liver 
kinase B1 (pLKB1), as well as they found a signifi-
cant correlation between presence of BRAFV600E 

mutations and pS6 expression in dysplastic neurons 
in DNTs. The pS6 is a  marker of mTOR activation. 
Thus, a  mutation in BRAF might indirectly activate 
mTOR by the LKB1/AMP-activated protein kinase 
(AMPK) pathway (Fig. 5). LKB1 with its downstream 
effector AMPK may act as a  tumour suppressor by 
downregulation of mTOR activity [26]. The crosstalk 
LKB1/AMPK with RAS/ERK/p90RSK pathway was 
previously described in melanoma cell cultures [25]. 
BRAF copy number gain was reported for the first 
time in DNT tumours by Kakkar et al. [32]. Alter-
ations in the BRAF gene, and activation of mTOR 
and MAPK signalling pathways are suggested to 
play an important role in pathogenesis of DNT, and 
may be considered as a target for future treatment. 

Fig. 6. Diagram illustrating activation of signalling pathways, which activation was examined in dysem-
bryoplastic neuroepithelial tumour (DNT). Activation of the receptor, i.e. fibroblast growth factor receptor 1 
(FGFR1) leads to RAS activation and consequently to phosphorylation of mitogen activated protein kinase 
(ERK) through cascade of protein kinases: RAF and mitogen activated protein kinase (MEK). Phosphorylated 
ERK may activate transcription factors as well as impact on tuberous sclerosis complex 2 (TSC2) – an inhibi-
tor of mammalian target of rapamycin (mTOR). Lack of mTOR suppression implies cell growth and prolifera-
tion. Similarly to ERK, also phosphorylation of AKT by 3-phosphoinositide-dependent kinase 1 (PDK1) leads 
to mTOR activation. Phosphatase and tensin homolog (PTEN) might reverse phosphatidylinositol-3-kinase 
(PI3K) phosphorylation and inhibit activation of downstream proteins of the pathway.
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The targeted therapies might be especially useful in 
patients with incomplete surgical resection and per-
sistent seizures.

On the contrary, the study of Boer et al. [9] show
ed that activation of the mTOR pathway is similar 
to the control human brain. However, it should be 
stressed that this study was performed on nine sam-
ples of the simple DNT type, which may explain lack 
of active mTOR. Immunocytochemical analysis of 
activation of the PI3K/AKT pathway also revealed no 
differences as compared to the control brain.

Pathogenesis of DNT may also include phospha-
tase and tensin homolog (PTEN), a tumour suppres-
sor protein, which is involved in regulation of the 
PI3K/AKT pathway [28] (Fig. 6). However, mutations 
of the PTEN gene were not detected using single 
strand conformation polymorphism (SSCP) analysis 
and direct sequencing in a sample of DNT [21]. Fur-
thermore, it must be stressed that this investigation 
was performed on one DNT sample only. 

The possible way of RAS/ERK, as well as PI3K/AKT 
activation, is phosphorylation of fibroblast growth 
factor receptor 1 (FGFR1). Investigations by Zhang 
et al. [69] on paediatric low grade gliomas showed 
duplication of the tyrosine kinase domain of FGFR1. 
It leads to autophosphorylation of the receptor and 
consequently RAS/ERK and PI3K/AKT upregulation. 

Recent studies have shown genetic alterations of 
FGFR1 in 82% of examined DNTs, where dominant 
types of alterations were tyrosine kinase domain 
duplications and single nucleotide variations [53]. 

Furthermore, high frequency of FGFR1 mutations 
was presented by Rivera et al. [56]. Interestingly, 
they distinguished two groups of tumours from col-
lected samples, which were primarily diagnosed as 
DNTs. Histopathological revision using current WHO 
diagnostic criteria distinguished the group of typi-
cal DNTs with characteristic glioneuronal elements.  
The non-DNT group was composed of the other 
tumours whose histopathological view and clinical 
features might correspond to the non-specific type of 
DNT. Mutations of FGFR1 were more frequent in spe-
cific DNT (58%) in comparison to the non-DNT group 
(19%). The main type of alteration in the specific  
DNT group was tyrosine kinase domain duplication. 
Moreover, mutation of BRAFV600E was observed in 
22.6% of non-DNTs, while it was not detected in spe-
cific DNT. 

In addition, the authors described germline FGFR1 
mutation in the three familial cases with multino

dular DNTs. It was localized in the region coding 
tyrosine kinase domain. The tumours, which were 
resected from proband’s children, shared somatic 
“hot spot” mutations [56].

Prabowo et al. [48] studied chromosomal copy 
number aberrations in DNTs and gangliogliomas. 
Using whole genome sequencing, they found a wide 
spectrum of copy number aberrations with chromo-
some 5 and 7 being the most often changed ones. 
Furthermore, FISH analysis performed on five sam-
ples of DNT showed that copy number gain on chro-
mosome 7 is detected in cells with glial morphology, 
but not in cells with neuronal morphology. 

The involvement of the local 
microenvironment in tumour 
development

It is plausible that the development of DNT may 
be also affected by brain parenchyma and elements, 
which constitute environment of the tumour. 

Aronica et al. [3] have found that the amount of 
cells of the microglia/macrophage lineage in DNTs 
and gangliogliomas was much higher compared to 
the control brain. In the majority of samples there 
was a diffuse distribution of HLA-DR immunoreactivi-
ty. The positive cells revealed morphology of activated 
microglia. 

Another study performed on samples of epilep-
sy-associated lesions DNTs, gangliogliomas and 
focal cortical dysplasias, has shown positive immu-
nostaining for interleukin 1β (IL-1β) and IL-1 recep-
tor type I (IL-1RI) in neurons as well as in astrocytes 
and microglial cells. Noteworthy, immunoreactivity of 
interleukin 1 receptor antagonist (IL-1Ra), which may 
act as an inhibitory control of IL-1β, was lower than 
immunoreactivity of IL-1β and IL-1RI in examined sam-
ples and its extension was negatively related to the 
duration of seizures [55]. 

Differential diagnosis

The diagnosis of DNT requires consideration of 
clinical, neuroradiological and pathological data. In 
cases with incomplete resection and limited tissue 
samples the correct diagnosis might be doubtful. 
Moreover, the particular forms of DNT, especially the 
non-specific and diffuse form can be mistakenly iden-
tified as diffuse gliomas. However, in the differential 
diagnosis of DNT, first of all, the oligodendroglioma 
and diffuse astrocytoma should be considered. 
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Immunohistochemical staining with specific mark-
er as S-100, synaptophysin, CD34 or BRAF protein and 
analysis of genetic aberrations might be helpful to 
differentiate DNT from other brain tumours. 

Evaluation of 1p/19q status as well as muta-
tion of the IDH1 gene in codon 132 (R132H) may be 
useful to distinguish DNT from oligodendroglioma. 
Both, loss of heterozygosity for 1p, 17p and 19q [31, 
49] and IDH1 gene mutation [10] are not identified 
in DNTs and their presence excludes the diagnosis 
of DNT lesion. Also, the IDH1 and TP53 mutation is 
helpful in identification of diffuse astrocytomas and 
distinguish them from DNT. Moreover, strong GFAP 
immunopositivity of neoplastic cells is related with 
astrocytic differentiation in pure astroglial tumours. 
The low proliferative index Ki67 might indicate the 
benign DNT tumour rather than diffuse gliomas. 

Treatment and outcome

The predominant and the most effective treat-
ment in DNT symptomatic cases is a  total tumour 
resection. It leads to a seizure-free outcome even in 
more than 80% of patients during at least a one-year 
observation [12]. Even better results may be obtained 
by the complete resection of the tumour together 
with the epileptogenic zone [15]. Thus, it is believed 
that the majority of DNT lesions are surgically curable.

However, the cases of DNT with recurrences and 
malignant transformations of initially recognized 
benign tumours have been sporadically reported 
[1,27,68]. The malignant transformation of DNT 
seems to be unique, however it argues the possi-
bility of more aggressive behaviour of this originally 
described benign lesion [6]. Time of recurrence after 
the initial resection may ranges between several 
months to several years. Occasionally, another brain 
tumour with higher malignancy has been detected 
after DNT resection, including atypical teratoid rhab-
doid tumour (AT/RT), a highly aggressive embryonal 
brain tumour [43]. This emphasizes the importance 
of the prolonged period of clinical and neuroimaging 
follow-up of DNT resected lesions.

Prognosis

Most commonly, the DNT resection results in 
stabilization of the clinical course, even after sub-
total resection. The meta-analysis conducted on 910 
patients with DNT or ganglioglioma showed that the 
seizure outcome depends on the duration and type 

of epilepsy, and extensiveness of resection [24]. Sec-
ondarily generalized seizures, longer than one-year 
epilepsy and subtotal lesionectomy were connected 
with a worse seizure outcome. It was documented 
that there were no significant differences in the sei-
zure outcome between DNT and ganglioglioma.

Another analysis conducted on data of 78 pa
tients operated on for DNT confirmed a statistically 
significant correlation between a shorter duration of 
epilepsy before the surgery and a more favourable 
outcome [14]. 

Furthermore, a study on paediatric patients with 
glioneuronal tumours (ganglioglioma and DNT) 
showed that a shorter duration of seizures was con-
nected with a  better cognitive functioning [54]. It 
might indicate a negative effect of epilepsy as well 
as antiepileptic drugs on cognitive development. 

Another study revealed the presence of cells of 
the microglial/macrophage cell system and indi-
cated a  significant functional correlation between 
HLA-DR positive cells and the duration of epilepsy 
and also a  preoperative seizure frequency in glio
neuronal tumours (gangliogliomas and DNTs) [3]. 
Moreover, the connection between the presence of 
microglial cells and the seizure outcome after sur-
gery was found. The presence of microglial cells 
was connected with an inflammatory process that 
might have a negative effect on the disease process.  
The authors pointed out that the duration of epi-
lepsy had an impact on the occurrence of microglial 
cells and probably also on the inflammation, which 
developed during the neoplasm growth. 

Final considerations

The theory that DNTs are only glial tumours, where-
as the neuronal component consists of entrapped 
normal neurons, demands further investigations on 
a larger group, which will contain also the non-specif-
ic and diffuse type. On the one hand, the occurrence 
of copy number aberrations only in the cells with glial 
morphology is in accordance with the mentioned the-
ory. But, on the other hand, the mutations in BRAF 
were found in neuronal cells. Moreover, the FISH anal-
ysis of copy number aberrations should be performed 
on a higher number of cases to ensure it. 

Differences in immunophenotype of distinct 
types of DNT may suggest a  distinct origin of the 
non-specific and diffuse type or might indicate that 
it is an earlier form of DNT, which might progress 
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into the simple or complex form. The diagnosis of 
non-specific and diffuse variant of DNT is still not 
obvious. Moreover, the changes in classification of 
tumours associated with long-term epilepsy are pos-
tulated. The idea is to categorize all three types of 
DNT into different groups of tumours [7]. The pro-
posed classification is based on histopathological 
features as well as immunohistochemical labelling 
(CD34, MAP2) and testing for IDH1 mutations. 

Histological categorization might be supported 
by differences in molecular mechanisms involved 
in pathogenesis. BRAFV600E mutations seem to be 
implicated mainly in non-specific and diffuse types 
of DNT, while FGFR1 mutations were observed most-
ly in specific DNTs. 

Moreover, the microglia cells and released cyto-
kines seem to be implicated in the DNT pathological 
process and they are related to the clinical presen-
tation. Probably, the role of microglia is associated 
with IL-1β release and induction of the inflammatory 
process, which causes seizures.

Summarizing, DNT is a benign tumour lesion of 
a distinct clinical and neuroimaging picture but het-
erogonous, often confusing morphology, uncertain 
histogenesis and not fully defined molecular back-
ground. 
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A b s t r a c t

Glioblastoma is the most common primary brain tumor. Despite multimodality therapy with aggressive microsurgical 
resection and adjuvant chemotherapy and radiotherapy, the median survival is below 15 months. Glioblastomas are 
heterogeneous tumors with high resistance to most chemotherapeutic drugs. According to reliable evidence, YKL-40, 
one of the best investigated chitinase-like protein, may facilitate invasion, migration and angiogenesis, and could be 
also responsible for temozolomide resistance in glioblastoma, thus conferring a dismal prognosis. Previous studies 
have demonstrated that glioblastoma stem cells give rise to endothelial cells through an YKL-40 influence. Such fac-
tor is closely related to the subventricular zone. This review focuses on the most recent theories involving the possible 
relationship between topographic gliomagenesis related to the subventricular zone and YKL-40.
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Introduction

Glioblastoma (GB) is the most common primary 
malignant brain tumor in adults [6,86], accounting  
for more than 45% of primary malignant brain 
tumors. Glioblastoma has an incidence that increas-
es with age and peaks between 75 and 84 years old, 
being more common in white males, according to 
the most recent Central Brain Tumor Registry of the 
United States (CBTRUS) statistical report. The medi-
an survival for patients diagnosed with GB using 
the current standard of care is only 12 to 15 months 
[8,52,77,81] despite multimodality treatment with 

aggressive microsurgical resection, combined radia-
tion and chemotherapy, and adjuvant chemothera-
py [81]. GB cells are diffusely infiltrative and motile; 
consequently, GB renders them incurable by surgery 
alone [24,78,79]. Thus, a novel therapeutic approach 
is urgently needed to control recurrence and over-
come resistance to treatment. 

Over the last few decades, it has become clear 
that GBs are characterized by an extreme degree of 
phenotypic, cellular, genetic, epigenetic, and radio-
logical heterogeneity, as implied by the older term 
“multiforme” [37,73], which challenges our ability 
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to understand or treat it. There have been several 
studies that seek to determine which factors can be 
prognostic or predictive to impact on overall survival 
and progression free survival [3,19,33,41,46,53,55].

Although currently more research is needed, bio-
markers must be taken into account when deciding 
which treatment modality is most appropriate for 
the individual patient. We review the evidence and 
theories involving the possible relationship between 
topographic gliomagenesis related to the subven-
tricular zone (SVZ) and YKL-40, in an attempt to 
reveal either cellular mechanisms or molecular fac-
tors associated with ubiquitous GB stem-like cells 
(GSCs) support and motility. The following aspects 
are summarized: subventricular zone, mesenchymal 
factor YKL-40, radial glia and the perivascular tumor 
cells. 

Levels of circulating, subgranular or subventric-
ular YKL-40 (chitinase 3-like 1 or cartilage glycopro-
tein-39), have the potential to be used in the opti-
mization of glioblastoma therapies. Elevated serum 
levels of YKL-40 were found in 55-75% of patients 
with GB with shorter OS [6,7,29,31].

One of the most recent and attractive evidence 
included YKL-40 as the most predictive and prog-
nostic marker in patients with GB [15,87], and it has 
been shown directly associated with tumor radiore-
sistance, invasiveness, migration, recurrence, chro-
mosome 10 loss [6,29,54], hypoxia-induced mesen-
chymal transition [36], and poor clinical outcome 
prognosis. Recently, Akiyama et al. using a TMZ-re-
sistant (TMZ-R) U87 GB cell in vitro and in vivo 
identified that YKL-40 could be also responsible for 
temozolomide resistance in GB and suggested that 
therapies targeting YKL-40 may be potentially bene-
ficial in GB treatment [2].

Glioblastoma stem cells and YKL-40

Glioblastoma is composed of cancer cells and 
surrounding stromal cells with diverse genetic/epi-
genetic backgrounds. Increasing evidence suggests 
that the tumorigenic process in GB is apparently 
initiated and maintained by a rare and special sub-
population of slow-cycling clonogenic cells referred 
to as GSCs [28,62,66,67]. It has been assumed that 
overall survival heterogeneity [33,45,46] in patients 
with GB might be related to GSCs variability and 
brain microenvironment [58]. Presently, it is not clear 
what the origin of GSCs is, but presumably it may 

arise from SVZ stem cells. Based on in vivo evidence, 
GSCs are responsible for tumor growth, recurrence, 
and resistance to therapies [15,48,59] and endowed 
with unregulated self-renewal, robust proliferative 
potential, high motility, diversity of progeny asso-
ciation with blood vessels and white matter tracts, 
multi-lineage differentiation capacities, invasive-
ness [22,63], and relatively resistant to radio- and 
chemotherapies [56,80], which express markers of 
both undifferentiated and differentiated cells [73], 
with a similar behavior to neural stem cells (NSCs) 
[5], which are present during the early development 
of the brain [7]. Nevertheless, the specific intrinsic 
factors that govern such characteristics are not well 
understood [27,66,83].

Mounting evidence shows that GSCs are large-
ly dependent on distinctive and specialized vascu-
lar, perivascular or perinecrotic microenvironment 
called “niche” [11,30,63,64,66,68,76]. Furthermore, 
some investigators observe that GSCs give rise to 
endothelial cells (ECs)60, as shown in Figure 1, and 
induce changes in vascular niches, characterized by 
the sprouting of new blood vessels, consisting of  
an abundant, leaky and highly disorganized “glo-
meruloid” vascular network through the cooperative 
secretion of pro-angiogenic factors [1,61,67], such 
as VEGF, IL-8 and YKL-40 [2,29,56], highly differ-
ent in patients with the same tumor [42,56,60,82].  
YKL-40, also known as chitinase-like protein 1 or 
human cartilage glycoprotein-39 [6], is a highly con-
served glycoprotein that belongs to the glycosyl 
hydrolase family 18 with no chitinolytic activity [7,84], 
included as a mesenchymal marker overexpressed 
in GB and postulated as one of the most promis-
ing predictive serum markers since it was found to 
have elevated levels in the serum of patients with 
GB [6,29,31,32,35].

So far, YKL-40 has been found to induce tight 
interplay between the membrane receptors syn-
decan-1 and an adjacent membrane-associated pro-
tein integrin αvβ5 [21] on endothelial cells [70,71], 
and triggered a signaling cascade through pFAK 
[8,61] to MAP kinase ERK-1 and ERK-2 by regulating 
VEGF expression and inducing angiogenesis as an 
independent angiogenic factor under hypoxic con-
ditions. 

However, these vascular formations usually lack 
basement membrane and pericyte coverage. In 
addition, recent studies [1,44,66] support that vas-
culogenesis [34,56] by GSCs may occur directly via 
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differentiation of cells that participate in vasculo-
genesis, tumor growth, or indirectly via cytokines 
and chemokines production stimulated by hypoxia, 
which are known to activate endothelial cells. Inter-
estingly, through a three dimensional reconstruc-
tion, Calabrese et al. demonstrated that brain GSCs 
are preferentially located in close contact to tumor 
microvasculature and that endothelial cells release 
trophic factors that maintain these cells in a self- 
renewing and undifferentiated state [12].

As a well-recognized component of the tumor 
microenvironment, intratumoral low oxygen concen-
tration upregulates the expression of multiple factors 
such as hypoxia-inducible factors (HIFs), members of 
a subfamily of basic helix-loop helix transcription fac-
tor that regulates different aspects of cell biogenesis 
such as metabolism, migration, proliferation, differen-
tiation, apoptosis, angiogenesis, resistance to chemo-
therapy, and stem cell maintenance [13,14,28,44,50]. 
Importantly, recent findings indicate that GSCs are the 
origin of tumor recurrence in glioblastoma [13,62,83]. 
Indeed, it has been demonstrated through a genet-
ically-engineered mouse model that after arrest of 
tumor cell proliferation with temozolomide, the first 
cell population to undergo proliferation and lead to 
tumor regrowth is the nestin-positive (a marker also 
for neural stem cells) GSC population [13].

Growing evidence indicates that nuclear accumu-
lation of HIF results in transcriptional activation of 
the vascular endothelial growth factor (VEGF) whose 
pathway is modulated by reactive oxygen species 
(ROS), and demonstrating VEGF downregulation fol-
lowing HIF1a gene deletion and that HIF1/2 deter-
mined VEGF levels [4,28,44]. Francescone et al. iden-
tified that YKL-40 (CHI3L1) closely upregulates VEGF 
expression, and YKL-40-induced tumor vasculogene-
sis is at least partially dependent on VEGF [21].

Adult stem cells, human subventricular 
zone and YKL-40 expression  
in glioblastoma

In the adult human brain, astrocytes are the larg-
est glial population, and provide structural, metabo
lic, and trophic support for neurons. Astrocytes can 
also support proliferation of adult NSCs lining the 
SVZ. Adult neurogenesis is a lifetime process, which 
has been isolated from two specific neurogenic 
regions: the dentate gyrus of the hippocampus, and 
the subventricular zone of the lateral ventricles. In 
both regions, NSCs are identified as a subpopulation 
of astrocytes that are able to produce undifferentiat-
ed neuronal and glial precursors [13,18,40,67].

The adult SVZ, most pronounced in the dorso
lateral wall of the lateral ventricle, is the main 

Fig. 1. Model depicting the glioblastoma stem-like cells (GSCs) transdifferentiation into Ecs. YKL-40 acts as 
an angiogenic factor to trigger tumor vascular development. B) Magnetic resonance image of a glioblastoma 
tumor, and (A) tissue sample from the same tumor illustrating tumor microenvironment.

A B
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source of new neurons in the adult brain, and con-
tains a subset of astrocytes which behave as stem 
cells both in vivo and in vitro [18,25,30,43,45,68], and 
derive from radial glia (RG) cells [17,39]. In fact, RG 
cells also act as NSCs and source of neurogenesis, 
and probably give rise to astrocytes in the cerebral 
cortex [17,23,64,74]. In the adult human brain, the 
cellular composition and cytoarchitecture of the 
SVZ is organized into four distinct layers: layer I  is 
found adjacent to the lateral ventricle, and rep-
resents a  single layer of multi-cialiated ependymal 
cells; layer II, also known as a hypocellular layer [64], 
consisting of a  diffuse network of a  large number 
of astrocytic, ependymal and neuronal processes, 
but a  few cell bodies; layer III, a strip of astrocytic 
bodies, and externally, layer IV, adjacent to the brain 
parenchyma, we find a  transition zone composed 
of many myelin tracts and neuronal bodies (Fig. 2) 
[25,26,30,38,57].

Interestingly, NSCs, identified as a subpopula-
tion of astrocytes called B1 astrocytes, give rise to 
actively proliferating transit amplifying progenitors 
(type C cells), which in turn differentiate into neuro-
blasts (type A cells) that differentiate into interneu-
rons and eventually migrate toward the olfactory 
bulb (OB) circuitry, via the rostral migratory stream 
(RMS), preferentially located in the ventral anterior 
SVZ of the adult human brain (Fig. 3). In the adult 

human brain, there are a small number of migratory 
neuroblasts in the SVZ and RMS. Nevertheless, so far 
there has been no consensus about the exact mech-
anisms underlying such neural migration toward OB 
in the adult human SVZ, and also whether there is 
an RMS [16,57,65]. Although the cytoarchitecture 
of the adult human SVZ have been characterized, 
a transcriptional analysis has not been fully estab-
lished and understood. Interestingly, a recent tran-
scriptional analysis [51] distinguished human SVZ 
astrocytes from parenchymal astrocytes based on 
gene expression, suggesting that SVZ astrocytes 
(type B) maintain the stemness in the adult human 
brain. Alternatively, it was found that in vitro CSCs 
have a tropism toward normal vasculature.

A putative source of glioma cells is the SVZ, the 
largest area of neurogenesis in the adult human 
brain. NSCs line the lateral ventricles in the SVZ, and 
recruitment of these progenitor cells may play a role 
in the aggressive behavior encountered in GB. In ani-
mal studies, the SVZ demonstrated increased sus-
ceptibility to tumorigenesis compared with cortical 
regions. Experiments and clinical findings provide 
evidence that neuronal progenitor cells in the SVZ 
with a high migratory potential are involved in the 
aggressive GB subtype. Recently, the SVZ has been 
identified as the source cells of malignant gliomas 
[55,63-66,68]. 

Fig. 2. A diagrammatic sectional view of the 
human subventricular zone. Lateral ventricle 
illustrating the cellular composition and cytoar-
chitecture of subventricular zone (SVZ), consist-
ing of four layers: layer I – ependymal cells, layer 
II – hypocellular gap, layer III – a strip of astrocyte 
bodies, and layer IV – transitional zone.

Fig. 3. Cell types and anatomy of the subventric-
ular zone (SVZ) niche. Neural stem cells in the 
human brain, which generate the type C cells. 
These transit amplifying cells, type C cells, mature 
into type A cells, or neuroblasts that differentiate 
into interneurons and eventually migrate toward 
the olfactory bulb circuitry, preferentially located 
in the ventral anterior SVZ of the adult human 
brain.

Type C cells

Neuroblast

Interneurons

Human olfactory bulb (OB)

Migration  
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Based on cancer stem cell theory, and images 
of GB, SVZ was classified according to one of these 
categories: type I – tumor in which the contrast-en-
hancing lesion contacts both the SVZ and the cortex; 
type II – tumor contacts the SVZ but not the cor-
tex; type III – tumor contacts the cortex but not the 
SVZ, and type IV – tumor contacts neither the SVZ 
nor the cortex [46]. Regarding the multifocal and/or 
multicentric GBs there are many theories, but sup-
ported by few studies [46,69], showing an associa-
tion with group I given the findings consistent with 
high migratory and invasiveness of cells, according 
to Willis’ theory. Although relevant data suggest that 
GSCs may be important in gliomagenesis originat-
ing from SVZ, recent research has differed from this 
argument, hypothesizing through a combination of 
clinical observations and mathematical modeling 
that GBs may arise from cells distributed throughout 
the white matter and not limited to the region of  
the SVZ [9].

In a novel and interesting study on the YKL-40 
expression in developing human embryonic and 
fetal tissues conducted by Bjornbak [7], YKL-40 was 
found to be associated with tissues undergoing mor-
phogenetic changes. In this research, YKL-40 was 
found significantly marked in GB, as compared with 
normal human brain SVZ. By using immunohisto-
chemical, double-labeling immunofluorescence and 
mRNA analysis through brain development (from 6th 

to 21st week post-conception), the authors pointed 
out that YKL-40 may be implicated in controlling 
angiogenesis and access of peripheral cells to the 
forebrain. 

On the cellular lever, Bjornbak also suggested 
that YKL-40 plays a role in the developing brain bar-
riers as well as is possibly involved in the differen-
tiation of a particular astrocytic lineage. Consistent 
with our previous findings [55], in this study there 
was a decreased YKL-40 immunoreactivity in prox-
imity to the cortex and ECs of the pia mater were 
not positive for YKL-40. Additionally, YKL-40 immu-
noreactivity was found also to be produced by the 
choroid plexus epithelium and secreted into the 
ventricular system and either detected in both neu-
roepithelial cells and radial glial end feet. Strikingly, 
Antonelly et al. [3] reported on 22 children with GBs 
who underwent tumor resection and immunohisto-
chemistry was performed on tumor tissue for YKL-40 
immunoexpression, showing less expression and 
better OS. However, such disagreement with recent 

data may be due to a small sample size, as stated by 
the authors.

Recent studies with gene expression profiles have 
established that cells expressing increased mesen-
chymal properties have a tendency to display self- 
renewal capacity. Interestingly, mesenchymal signa-
ture genes such as YKL-40 (shown in the early stage 
of development and probably related to neural stem 
cells) and oncostatin M – which belongs to interleukin 
6 group of cytokines – receptor are associated with 
highly invasive feature and worse prognosis in GB 
patients [49,72].

Current data provide several useful insights 
[47,71]. First, YKL-40-positive cells may be respon-
sible for the aggressive and invasive pattern seen in 
GSC. What are the properties of the microenviron-
ment that permit widespread invasion? The previous 
phenomenon probably could be mediated by NSCs 
cues or by direct response of YKL-40 over ECs. Since 
most GBs tumors occur late in life and recently it 
was suggested a relationship between YKL-40 and 
SVZ, we can estimate that GBs could be initiated 
either by unknown trigger factors over preformed 
pathways. As regards YKL-40 immunoexpression, 
is there a special association between SVZ region-
alization and GB formation? Under this topic, fur-
ther studies in large series are needed to evaluate 
how YKL-40 measurements and pathways change 
throughout life. Furthermore, currently we are con-
ducting a study that seeks to determine the factors 
causing tumor YKL-40 overexpression and whether 
such factors are expressed in both SVZ in close rela-
tionship to GB and in SVZ without a close relation-
ship with GB in the same brain patients.

The role of YKL-40, glial cells  
and perivascular scaffold in migration 
and invasion

The existence of possible anatomical scaffolds 
allowing motility and migration of neuronal precur-
sors toward the olfactory bulb along the vessels was 
first suggested and reported by Bovetti et al. [11] based 
on experimental analysis of olfactory bulb (OB) in 
rodents. Ontogenically, RG cells have been described 
as the first glia to appear, developing probably from 
the neuroepithelial youngest cells [17].

Although RG cells maintain a close contact with 
the SVZ in humans throughout adulthood, its apical 
processes are shortened by a probable retractable 
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mechanism with posterior acquisition of ependy-
mal characteristics, suggesting that RG cells turn 
into astrocytes, carried out by a mechanism not well 
understood [10,75], although the factors responsible 
for radial glia and their maintenance are lost during 
development. 

Even though the existence of neuronal migration 
along RG during development is patent, in the mam-
malian adulthood such phenomenon is not exper-
imentally demonstrated. Based on the latter find-
ings, recent research suggests that heterotopic RG 
cells progeny spread at early postnatal stages with 
local proliferation [17].

We hypothesize that GB tumors regionalization 
in adult human brain could be explained by the fact 
that residual RG-tumor promoter could be ‘lost’ in 
different brain pathways, but given the technical dif-
ficulty following stem cells along the extension of 
the RG cells and to determine the microanatomic 
localization of perivascular glioma cells, the invasive 
and motility pattern of gliomas may be explained 
nowadays by the understanding of branching blood 
vessel architecture. The study of all mechanisms that 
control and modulate the migration and invasion of 
GSCs and progeny is a crucial step for the design of 
therapies against GB. 

Baker et al. [4] studied the requirement for neoan-
giogenesis in perivascular glioma by treating animals 
with angiogenesis inhibitors bevacizumab and DC101. 
In their work, the authors explained that perivascu-
lar invasion give rise to neoangiogenesis by digesting 
normal brain tissue in a VEGF-independent way that 
leads to tumor invasion. In line with a vascular-guided 
GSCs migration pattern during GB progression, Shao 
et al., reviewed how the mesenchymal marker YKL-40 
acts on GSCs to lead to the formation of angiogen-
esis. They explained that YKL-40 maintains vascular 
integrity. This fact is of paramount relevance as the 
microanatomic vascular scaffold was long thought to 
be non-neoplastic and that the relationship between 
tumor cells and ECs are independent [20].

Conclusions

Glioblastoma with SVZ infiltration showed de- 
creased PFS and OS rates, probably due to GSCs and 
its aggressive mesenchymal growth pattern. YKL-40 
seems to play a key role in the motility and migrating 
patterns of GSCs and their transdifferentiation into 
ECs. These findings may be associated with the loca-

tion of GSCs in the SVZ and the occurrence of a more 
invasive and migratory GB subtype. Furthermore, 
GSCs can be the source for inter-tumoral heteroge-
neity with an impact on clinical outcome.

Although tumor development is highly dependent 
of several molecular factors, angiogenesis may be 
the key to developing novel therapeutic agents able 
to inhibit molecular pathways responsible for GB.
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A b s t r a c t

The objective of this study was to determine whether there is evidence from quantitative morphometry and spatial 
pattern analysis to support the hypothesis of anatomical spread of α-synuclein in Parkinson’s disease dementia 
(PDD). Hence, clustering of α-synuclein-immunoreactive Lewy bodies (LB), Lewy neurites (LN), and Lewy grains (LG) 
was studied in α-synuclein-immunolabeled sections of cortical and limbic regions in 12 cases of PDD. The data sug-
gested that: (1) LB, LN, and LG occurred in clusters which in 63% of regions were regularly distributed parallel to the 
tissue boundary, (2) in approximately 30% of cortical regions, the estimated cluster size of LB, LN, and LG was within 
the size range of cellular columns associated with the cortico-cortical pathways, (3) regularly distributed clusters 
were present in anatomically connected regions, and (4) the clustering pattern was similar to that of prion protein 
(PrPsc) deposits in Creutzfeldt-Jacob disease (CJD). The clustering patterns of LB, LN, and LG were similar to those 
exhibited by cellular inclusions in other synucleinopathies and by PrPsc deposits in prion disease and therefore, ana-
tomical spread of pathogenic α-synuclein could be involved in the pathogenesis of PDD. 
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Introduction

The ‘synucleinopathies’, viz. Parkinson’s disease 
dementia (PDD), dementia with Lewy bodies (DLB), 
and multiple system atrophy (MSA) are character-
ized by the formation of cellular inclusions contain-
ing pathological forms of the pre-synaptic protein 
α-synuclein. These pathologies include Lewy bodies 
(LB), Lewy neurites (LN), and Lewy grains (LG) in PDD 
and DLB [33] and glial cytoplasmic inclusions (GCI) 
in MSA [31]. α-Synuclein is a small molecular weight 
protein which regulates the functioning of dopamine 
transporter and tyrosine hydroxylase [27]. In normal 

brain, monomers of α-synuclein are unfolded soluble 
proteins, the oligomeric and fibrillar species existing 
in equilibrium. In the synucleinopathies, however, 
aggregation of α-synuclein occurs to form β-sheet 
configurations rich in amyloid [34] resulting in the 
formation of pathogenic inclusions such as LB. 

Pathogenic α-synuclein may be secreted from 
cells, enter other cells, and seed small intracellu-
lar aggregates to form larger inclusions [23,35,37]. 
Hence, in PDD, pathological α-synuclein may exhib-
it ‘prion-like’ behaviour and propagate through the 
brain via anatomical connections. In the prion dis-
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ease, Creutzfeldt-Jakob disease (CJD), in which prop-
agation of prion protein (PrPsc) along anatomical 
pathways is well established [12,13], PrPsc depos-
its are clustered in the cerebral cortex, the clusters 
often being regularly distributed parallel to the pia 
mater [7,9]. Clustering could therefore be a conse-
quence of PrPsc spreading among regions via ana-
tomical pathways [7]. To determine whether similar 
clustering of α-synuclein pathology occurs in PDD, 
the spatial patterns of LB, LN, and LG were studied 
in cortical and limbic regions in twelve cases of PDD. 

Material and methods

Cases

Parkinson’s disease dementia cases (n = 12, 
details in Table I) were consecutive cases meeting 
the diagnostic criteria for Parkinson’s disease (PD) 
and PDD and were obtained from the Movement 
Disorders Center at Washington University School of 
Medicine in St. Louis [11,26]. Initial diagnosis of PD 
was based on modified United Kingdom Parkinson 
Disease Society Brain Bank (UKPDSBB) clinical diag-
nostic criteria [24]: (1) bradykinesia was present in 
association with at least one of the following, viz. 
rigidity, 4-6 Hz rest tremor, or postural instability,  
(2) three supporting criteria were also present such 

as unilateral onset, rest tremor, a progressive disor-
der, persistent asymmetry, a clinical condition pres-
ent for more than 10 years, or excellent response to 
levodopa, and (3) the various exclusion criteria were 
applied such as the absence of stroke, persistent 
head injury, definite encephalitis, oculogyric crisis, 
family history of the disease, sustained remission, 
unilateral features after three years, progressive 
supranuclear palsy (PSP), early severe autonom-
ic involvement, early signs of dementia, Babinski 
sign, cerebral tumor, exposure to MPTP, and nega-
tive response to levodopa [24]. Age of PD onset was 
determined by chart review and defined by onset of 
motor symptoms. Dementia in PD was determined 
by clinical assessment including the presence of 
impairment of attention, memory, executive, and 
visuo-spatial function together with behavioural dis-
turbance, hallucinations and apathy [20]. The main 
pathological correlate of PDD is the presence of 
Lewy-body type degeneration in the cerebral cor-
tex and limbic regions [20]. In addition, PDD cases 
are frequently associated with Alzheimer’s disease 
neuropathologic change (ADNC) and the degree 
of ADNC was assessed using National Institute on 
Aging-Alzheimer’s (NIA-AA) association guidelines 
‘ABC’ [25]. This system uses four-point scales to 
assess the abundance of β-amyloid (Aβ) deposits 

Table I. Demographic features, duration of disease, and disease stage of the twelve cases of Parkinson 
disease dementia (PDD). Lewy body (LB) stage was assessed using a PD staging scale (range: 0, 1-6) and 
the McKeith et al. staging scale (McKeith et al. 1996, 2005). Alzheimer’s disease neuropathological change 
(ADNC) was rated using the National Institute on Aging-Alzheimer’s (NIA-AA) association guidelines: 
A stage indicating β-amyloid (Aβ) deposition, B stage frequency of tau-immunoreactive neurofibrillary tan-
gles (NFT), and C stage frequency of neuritic plaques (NP)

Case Sex Age Dur. 
(PD)

Dur.
(DM)

LB
stage

ADNC Level of AD

A B C

A F 82 12 9 6 0 2 0 N

B M 80 18 7 6 3 2 1 I

C M 78 12 1 6 1 3 0 L

D M 79 19 6 6 1 1 0 L

E M 71 8 7 6 3 2 1 I

F M 78 22 6 6 3 3 2 I

G M 76 12 6 6 1 1 0 L

H M 67 11 4 6 3 1 1 L

I M 67 34 7 6 3 1 1 L

J F 73 8 1 6 0 1 0 N

K M 76 18 11 6 3 3 1 I

L M 77 14 13 6 1 1 1 L

Dur. – duration, M – male, F – female, Aβ – amyloid-β, PD – Parkinson disease, DM – dementia, N – not AD, L – low level of AD, I – intermediate level of AD
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(‘A’ score), neurofibrillary tangles (NFT) (‘B’ score), 
and neuritic plaques (NP) (‘C’ score), the distribution 
of the three scores equating to four levels of ADNC, 
viz. ‘not’, ‘low’, ‘intermediate’, and ‘high’. The 12 PDD 
cases in the present study equated to levels of ADNC 
from ‘not’ to ‘intermediate’ levels of AD.

Tissue preparation

After death, the consent of next-of-kin was 
obtained for brain removal, following local Institu-
tional Review Board procedures and the 1995 Decla-
ration of Helsinki (as modified in Edinburgh, 2000). 
Brains were fixed in 10% neutral buffered formalin for 
two weeks, paraffin-embedded, and sections cut at 
6 mm. Blocks were taken from frontal and temporal 
lobes, the latter including the amygdala, hippocam-
pus (HC), and dentate gyrus (DG). Histologic stains 
included hematoxylin and eosin and modified Biel-
schowsky silver impregnation. Immunohistochem-
istry was performed using the following antibodies: 
Aβ (10D5, 1 : 100,000; Elan Pharmaceuticals, San 
Francisco, CA), phosphorylated tau (PHF-1, 1 : 500; 
supplied by Dr. Peter Davies, Albert Einstein Medical 
School, Bronx, NY), ubiquitin (Dako, Glostrup, Den-
mark) and phosphorylated α-synuclein (1 : 10,000; 
Wako Chemicals USA Inc., Richmond, VA), and phos-
phorylated TDP-43 (pTDP-43, 1 : 40,000; Cosmo Bio 
Inc., Carlsbad, CA). Lewy bodies stage was assessed 
using a PD staging scale (range: 0, 1-6) [15,16] and 
the McKeith et al. staging scale [28,29]. 

Morphological methods

In the superior frontal gyrus (SFG) (BA 8,6), cin-
gulate gyrus (CG) (BA 24), and entorhinal cortex (EC) 
(BA 28), the densities of LB, LN, and LG were counted 
along strips of tissue orientated parallel to the pia 
mater, using 250 x 50 µm sample fields arranged 
contiguously [3]. The sample fields were located both 
in the upper and lower (laminae V/VI) cortex (mini-
mum n = 32 sample fields in each region), the short 
edge of the sample field orientated parallel with 
the pia mater and aligned with guidelines marked 
on the slide. In the HC, densities of inclusions were 
measured in sectors CA1 and CA2 (n = 32 fields in 
total), the short dimension of the sample field being 
aligned with the edge of the alveus. In the DG (n = 
32 fields), the sample fields were aligned to study 
the molecular and granule cell layers. In the amyg-
dala (n = 16 fields), the fields were arranged across 

the maximum diameter of the basolateral nucleus, 
a  region with severe α-synuclein pathology in PDD 
[11]. All distinct α-synuclein-immunoreactive round-
ed inclusions were counted as LB, LN were thread-
like structures often contorted in shape, and small 
circular dot-like structures were identified as LG [11].

Data analysis

To determine patterns of clustering of the LB, LN, 
and LG, the data were analyzed by spatial pattern 
analysis [1-3] which was carried out on all brain 
regions with sufficient density of the pathology, i.e., 
at least 20 lesions were present along the strip of 
tissue analyzed. Departure from a random distribu-
tion can be measured by calculating the variance/
mean (V/M) ratio of the counts of a  pathology in 
contiguous sample fields. If individuals of a patholo-
gy are randomly distributed, the number of samples 
containing 0, 1, 2, 3 … n, inclusions should corre-
spond to a Poisson distribution and the V/M ratio 
should approximate to unity. A V/M ratio less than 
unity indicates a  regular or uniform distribution of 
individual lesions and greater than unity a clumped 
or clustered distribution. If a pathology exhibits clus-
tering along the strip of tissue examined, the mean 
size and distribution of the clusters can be estimat-
ed from counts in adjacent sample fields added 
together successively to provide data for increas-
ing field sizes, e.g., 50 × 250 µm, 100 × 250 µm,  
200 × 250 µm etc., up to a size limited by the total 
length of strip sampled. The V/M ratio is plotted 
against field size. A  V/M peak estimates the pres-
ence of regularly-spaced clusters and location of the 
peak indicates mean cluster size, statistical signifi-
cance of a V/M peak being tested using the ‘t’ dis-
tribution [2,3]. Mean cluster sizes of the LB, LN, and 
LG were compared among brain regions using a one-
way analysis of variance (ANOVA). Relationships 
between spatial pattern, α-synuclein pathology, and 
brain region were tested using chi-square (c2) con-
tingency table tests. Correlations between cluster 
size of the LB, LN, and LG and patient age, disease 
duration, and ADNC ‘ABC’ stages were tested using 
Pearson’s correlation coefficient (‘r’). As the number 
of analyses performed was large and without pre-
planned hypotheses, p values were adjusted using 
the Bonferroni correction which suggested that  
a p value of 0.001 should be used as the critical level 
to judge significance [5]. 
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Results 

Figure 1 shows the typical α-synuclein-immuno-
reactive pathology in the EC of a case of PDD. Lewy 
bodies typically occur in small clusters whereas LN 
and LG are more widespread often developing in 
larger clusters. 

Examples of the spatial pattern analysis are 
shown in Figure 2. In the upper laminae of the EC 
(Case A), LB exhibited a V/M peak at a field size of 
100 mm suggesting a regular distribution of clusters 
of LB, 100 mm in diameter, distributed parallel to the 
pia mater. In the lower laminae of the CG (Case A), 
LN exhibited a V/M peak at a field size of 400 mm 
suggesting a regular distribution of clusters 400 mm 
in diameter, distributed parallel to the pia mater. 
In the upper laminae of the CG (Case A), there was 
an increase in V/M of the LG with field size without 
reaching a peak, suggesting a large cluster of LG of 
at least 800 mm in diameter.

The frequency of the different spatial patterns 
exhibited by the LB, LN, and LG in all regions and cases 
are summarized in Table II. In the majority of regions, 
the LB, LN, and LG were clustered and most frequent-
ly, the clusters were regularly distributed parallel to 
the tissue boundary. In addition, in a  proportion of 
regions, the LB, LN, and LG were randomly distributed 
or present in large, non-regularly distributed clusters 

> 800 mm in diameter. The LB and LN exhibited a sim-
ilar range of spatial patterns (c2 = 6.11, p > 0.05) but 
the LG were more frequently present in large, non-reg-
ularly distributed clusters than the LB (c2 = 21.04,  
p < 0.001) or the LN (c2 = 9.51, p < 0.05). No significant 
differences in the frequencies of spatial patterns were 
observed in upper compared with lower cortical lami-
nae or in cortical regions compared with CA1/CA2, the 
dentate gyrus, and basolateral amygdala.

The frequency distribution of cluster sizes of the 
LB, LN, and LG in cortical regions, viz., SFG, CG, and 
EC is shown in Table III. The majority of clusters were 
in the size range of 100-800 mm, significantly fewer 
gyri having cluster sizes as small as 50 mm or as 
large as 800 mm. Mean cluster size of the LB, LN, and 
LG in each brain region is shown in Figure 3. ANOVA 
suggested that mean cluster size of the LB was sig-
nificantly less than that of the LN and LG (F = 7.19,  
p < 0.001). There were no statistically significant dif-
ferences in cluster size among regions.

Correlations among cluster size of the LB, LN, LG 
and patient age, disease duration, and NIA-AA ‘ABC’ 
stage are shown in Table IV. Several correlations were 
present but after Bonferroni adjustment only clus-
ter size of the LN was positively correlated with NFT 
(‘B’) stage in the lower laminae of the EC (r = 0.99, 
p < 0.001).

Fig. 2. Examples of the spatial patterns exhibit-
ed by Lewy bodies (LB), Lewy neurites (LN), and 
Lewy grains (LG) in a case of Parkinson disease 
dementia (PDD) (Case A). *Significant variance/
mean peaks.

Fig. 1. The α-synuclein pathology of a case of Par
kinson disease dementia (PDD) showing Lewy 
bodies (LB) (star), Lewy neurites (LN) (arrow), 
and Lewy grains (LG) (arrowhead) in the entor
hinal cortex (α-synuclein immunohistochemistry, 
hematoxylin, bar = 50 mm).
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Discussion

In cortical regions in PDD, the LB, LN, and LG were 
most frequently clustered and in a significant propor-
tion of regions the clusters exhibited a  regular dis-
tribution parallel to the pia mater. Similar clustering 
patterns were observed in sectors CA1/CA2 of the 
HC, DG, and basolateral amygdala. Hence, clustering 
of the α-synuclein pathology in PDD is similar to that 
reported previously in various neurodegenerative dis-

orders including the synucleinopathies DLB and MSA 
[8,10]. Clustering patterns of the α-synuclein pathol-
ogy in PDD are also similar to that of PrPsc deposits in 
CJD [7,9] in which propagation of PrPsc among brain 
regions is particularly well documented [12,13].

A  number of features of the data suggest that 
α-synuclein may have spread among brain regions 
via anatomical connections. First, in approximately 
60% of cortical gyri, the LB, LN, and LG occurred in 

Table II. Frequency of different spatial patterns of the α-synuclein pathology in twelve cases of Parkinson 
disease dementia (PDD)

Frequency of spatial pattern

Region Lesion N R Reg Regular clusters Large clusters

SFG-U LB 5 1 1 2 1

LN 8 0 3 3 2

LG 10 0 1 5 4

SFG-L LB 4 2 0 2 0

LN 9 0 2 3 4

LG 11 1 1 6 3

CG-U LB 6 3 0 3 0

LN 11 2 2 5 2

LG 12 2 3 4 3

CG-L LB 10 2 0 8 0

LN 12 2 0 8 2

LG 12 0 1 6 5

EC-U LB 9 1 0 7 1

LN 12 3 0 6 3

LG 11 1 0 5 5

EC-L LB 7 0 1 6 0

LN 11 5 1 3 2

LG 11 0 1 7 3

AM LB 10 6 1 2 1

LN 10 2 1 6 1

LG 10 2 0 3 5

CA1/2 LB 7 1 0 5 1

LN 10 2 0 5 3

LG 12 0 3 6 3

DG (ML) LB 3 1 1 1 1

LN 1 0 0 1 0

LG 8 2 0 4 2

DG (GCL) LN 4 2 0 2 0

LG 8 0 0 6 2

LB – Lewy bodies, LN – Lewy neurites, LG – Lewy grains, SFG – superior frontal gyrus, CG – cingulate gyrus, EC – entorhinal cortex, U – upper cortex, L – lower 
cortex, AM – amygdala, CA1/2 – sectors of the hippocampus, DG – dentate gyrus, ML – molecular layer, GCL – granule cell layer, N – number of regions studied, 
R – random distribution, Reg – regular or uniform distribution of individual lesions 
Statistical analysis: Comparison of frequencies (Chi-square (c2) contingency table tests totaled over regions): Comparison of different α-synuclein pathologies 
c2 = 22.72 (6DF, p < 0.001), LN vs. LG c2 = 9.51 (3DF, p < 0.05), LB vs. LN c2 = 6.11 (3DF, p > 0.05), LB vs. LG c2 = 21.04 (3DF, p < 0.001). Comparison of upper and 
lower cortex LB c2 = 3.69 (3DF, p > 0.05), LN c2 = 0.45 (3DF, p > 0.05), LG c2 = 3.29 (3DF, p > 0.05). Comparison of cortical areas and HC/amygdala LB c2 = 3.57 
(3DF, p > 0.05), LN c2 = 1.60 (3DF, p > 0.05), LG c2 = 1.89 (3DF, p > 0.05). 
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either small regularly distributed clusters 50-200 mm  
in diameter or in larger regularly distributed clus-
ters 400-800 mm in diameter. The smaller clusters 
could reflect an association between the pathology 
and columns of cells originating either from the mid-
brain or brain stem nuclei which repeat at 30-40 mm 
intervals or the commissural and ipsilateral associ-
ation fibers, which terminate in vertically oriented 
columns 200-500 mm in width [30]. The larger reg-
ularly distributed clusters 400-800 mm in diameter, 
however, are within the size range of the columns of 

cells associated with the cortico-cortical pathways 
[19,22,32]. These cells are themselves clustered and 
occur in bands regularly distributed along the cor-
tex parallel to the pia mater [19,22]. Individual bands 
of cells have a  mean dimension of approximately 
500-1000 mm in width depending on the region, 
and traverse the laminae in columns; a similar size 
to the clusters of the LB, LN, and LG is observed in 
30% of gyri in PDD. Second, positive correlations 
between cluster size, disease duration, and NIA-AA 
‘A’ or ‘B’ stage in some regions in a region over time 
or with developing ADNC co-pathology consistent 
with spread and recruitment of α-synuclein. How-
ever, only the correlation between LN and NFT ‘B’ 
stage in the EC remained significant after Bonferroni 
adjustment suggesting less convincing evidence for 
an increasing burden of the pathology as the disease 
develops. Third, anatomically connected regions 
exhibited similar regularly distributed clusters, e.g. 
across the basolateral amygdala and in the CG and 
EC [17] and in dentate gyrus granule cells and EC 
(‘perforant path’) [6].

The data suggest a  close relationship in PDD 
between the developing pathology and anatomi
cal pathways which could have resulted from the 
spread of pathogenic α-synuclein in PDD [14,18,35]. 
This raises the possibility, first proposed by Braak 
et al. [21], that a  pathogenic agent introduced via 
ingestion or inhalation, may transfer along axons to 
basal areas of the brain, the brain stem, and then to 
the cerebral cortex. α-Synuclein may be the target of 
this unknown agent causing protein misfolding and 
subsequent spread of α-synuclein via connecting 
cells. Hence, olfactory deficits are an early non-mo-
tor feature of PD and the pathology could potentially 
spread via the olfactory bulb and vagal system to 
the substantia nigra [36]. Further spread into cortical 
and limbic areas could then occur with subsequent 
propagation of the pathology among cortical regions 

Table III. Frequency distribution of cluster size of α-synuclein pathology (% of totals in parentheses) in cortical 
regions of twelve cases of Parkinson disease dementia (PDD)

Cluster size (mm)

Inclusion N 50 100-200 400-800 > 800

Lewy bodies 31 8(26) 17 (55) 6 (19) 0

Lewy neurites 43 8 (19) 15 (35) 13 (30) 7 (16)

Lewy grains 48 9 (19) 15 (31) 16 (33) 8 (17)

N – number of brain regions studied

Fig. 3. Mean cluster sizes (bars = SE of mean) 
of the Lewy bodies (LB), Lewy neurites (LN), and 
Lewy grains (LG) in various brain regions (SFG 
– superior frontal cortex, CG – cingulate gyrus, 
EC – entorhinal cortex, CA1/2 – sectors of the 
hippocampus, DG – dentate gyrus, ML – molecu-
lar layer, GC – granule cell layer, AM – amygdala,  
U  – upper cortex, L – lower cortex) in fifteen 
cases of Parkinson disease dementia (PDD). 
Analysis of variance (one-way ANOVA): among 
lesions F = 7.19 (p < 0.001); among regions: LB, 
F = 0.70 (p > 0.05), LN, F = 0.29 (p > 0.05), LG,  
F = 1.12 (p > 0.05).
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via the cortico-cortical projections. Such a  spread 
could therefore be an important factor in the devel-
opment of dementia in PDD.

In conclusion, several features of the spatial pat-
terns of the LB, LN, and LG suggest the anatomical 
spread of α-synuclein pathology in PDD: (1) the pa
thology occurred in clusters which were regularly dis-
tributed parallel to the tissue boundary, (2) in several 
regions the estimated cluster size of the LB, LN, and 
LG was within the size range of cellular columns asso-
ciated with the cortico-cortical pathways, (3) regular-
ly distributed clusters were present in anatomically 
connected regions, and (4) the clustering pattern was 
similar to that of PrPsc deposits in CJD. If this hypoth-
esis is correct, the presence of regularly distributed 
clusters of the pathology could be a useful indicator 
of this spread in both human patients and in animal 
models of the disease. 
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A b s t r a c t

Introduction: Mixed dementia (MixD) refers to a  combination of definite Alzheimer’s disease (AD) and vascular 
encephalopathy. The existence of a “pure” type of vascular dementia (VaD) is controversial. There is a need to find 
magnetic resonance imaging (MRI) characteristics allowing the distinction between VaD and MixD. The present 
post-mortem 7.0-tesla MRI compares the frequency or severity and the topography of the small cerebrovascular 
lesions in brains of patients with VaD and with MixD.
Material and methods: Based on neuropathological criteria, 14 brains were classified as VaD, 24 as MixD and 11 as 
controls. Three coronal sections of a cerebral hemisphere and a horizontal section of a cerebellar hemisphere under-
went T2 and T2* 7.0-tesla MRI examination. The mean values and topographic distribution of white matter changes 
(WMCs), lacunar infarcts (LIs), cortical microbleeds (CoMBs) and cortical microinfarcts (CoMIs) were determined and 
compared between the different groups.
Results: Compared to the controls, both VaD and MixD brains had significantly more severe WMCs and increased 
numbers of CoMBs and CoMIs. Lacunar infarcts predominated only in the VaD cases. On mutual comparison of VaD 
and MixD brains, CoMBs and CoMIs predominated in the frontal lobe and the cerebellum of VaD, while were mainly 
present in the occipital lobe of MixD. White matter changes predominated in the temporal lobe of MixD cases. Lacu-
nar infarcts were significantly increased in the corona radiata and putamen of VaD patients.
Conclusions: The present post-mortem MRI study shows clear differences in the distribution and the types of cere-
brovascular lesions on high-field MRI, confirming that VaD and MixD are different diseases.
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Introduction

Mixed dementia (MixD) refers to a combination 
of definite Alzheimer’s disease (AD) and vascular 
encephalopathy. The distinction between MixD and 
“pure” vascular dementia is controversial [15,23]. In 
demented patients vascular lesions on structural 
magnetic resonance imaging (MRI) are often mis-
diagnosed as probable vascular dementia (VaD) as 
compared to autopsy-confirmed diagnosis [20]. Also 
the utility of their detection for the individual diag-
nosis of VaD or MixD is limited [28]. Major vascular 
lesions differ between VaD and MixD [17]. 

An important obstacle in the standardization of 
diagnosis is the fact that vascular brain lesions are 
a  large group comprising heterogeneous changes 
that have different pathogenesis [14]. Our previous 
post-mortem study showed that the lesion pattern 
in VaD and MixD is different: while the global severi-
ty of the white matter changes is more or less similar, 
lacunes in the corona radiata predominate in the for-
mer and cerebral amyloid angiopathy-related lesions in 
the latter [9].

So there is a need to quantify and determine the 
topography of the different types of cerebrovascu-
lar lesions in VaD and MixD. Post-mortem MRI is 
an additional complement of the neuropathological 
assessment of these lesions [21]. 7-tesla MRI is the 
most suitable technique to detect small cerebrovas-
cular lesions in post-mortem brains [26].

The present post-mortem 7.0-tesla MRI study with 
neuropathological correlates investigates whether 
there are differences in severity and topography of 
small cerebrovascular lesions between VaD and MixD 
brains in order to find neuroimaging criteria that 
allow the distinction between both disease entities.

Material and methods

Out of a series of 162 consecutive autopsied pa
tients, followed up at the Lille University Hospital, 
who underwent a MRI examination, according to the 
neuropathological criteria [2,4], 14 with a diagnosis 
of VaD, 24 of MixD and 11 control brains, without 
a history of dementia or stroke, were selected. 

They all underwent a post-mortem 7.0-tesla MRI 
examination of 3 coronal sections of a cerebral hemi-
sphere and one horizontal section of a  cerebellar 
hemisphere, followed by an extensive histological 
examination of the brain samples. 

Previously obtained informed consent of the pa
tients or from the nearest family allowed an autopsy 
for diagnostic and scientific purposes. The brain tis-
sue samples were acquired from the Lille Neuro-Bank 
of the Lille University that is a part of the “Centres des 
Resources Biologiques” and acts as an institutional 
review board.

One fresh cerebral hemisphere was frozen for bio-
chemical examination. The remaining hemisphere, 
the brainstem, and most of the cerebellum were fixed 
in formalin for three weeks.

Neuropathological examination

The disease diagnosis was made according a stan-
dard procedure and examination of a  large number 
of samples. In addition to the detection of macro-
scopic visible lesions such as haematomas, territorial 
and lacunar infarcts (LIs), a whole coronal section of 
a cerebral hemisphere, at the level of the mammillary 
body and a horizontal section of a cerebellar hemi-
sphere were taken for the semi-quantitative evalu-
ation of the small cerebrovascular lesions such as 
white matter changes (WMCs), cortical microbleeds 
(CoMBs), and cortical microinfarcts (CoMIs). 

The mean values for WMCs were the average of 
the ranking scores: no change (R0), a  few isolated 
(R1), frequent scattered in the corona radiata (R2) 
and forming confluent lesions (R3) of myelin and 
axonal loss. For the other cerebrovascular lesions, 
their mean values corresponded to their percentage 
number [6].

The diagnosis of cerebral angiopathy (CAA) was 
made when a majority of β-amyloid stained vessels 
were present in at least three of the four examined 
samples and as not-CAA, β when absent or scarce, in 
case of a few stained vessels in one or two slides [13].

Magnetic resonance imaging 
examination

Three coronal sections of a cerebral hemisphere 
were submitted to T2 and T2* MRI: a frontal one at 
the level of the head of the caudate nucleus, a cen-
tral one at the level of the mammillary body and 
one at the level of the parietal and occipital lobes. In 
addition, one horizontal section of a cerebellar hemi-
sphere was also examined.

A 7.0-tesla MRI Bruker BioSpin SA with an issu-
er-receiver cylinder coil of 72 mm inner diameter 
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(Ettlingen, Germany) was used, according to a previ-
ous described method [7]. 

The ranking scores of severity of the WMCs were 
evaluated separately in the different brain sections 
as done on the neuropathological section. Lacunar 
infarcts were defined as small-rounded lesions with 
a diameter between 3 and 15 mm in the corona radi-
ata, internal capsule, caudate nucleus, putamen, glo-
bus pallidus, thalamus and cerebellar white matter 
[27]. The number and the location of the small cere-
brovascular lesions were determined by consensus 
evaluation of three observers (JDR, FA, ND), blinded 
to the neuropathological diagnosis. The inter-rater 
reliability resulted in an interclass correlation coef-
ficient of 0.82. 

Statistical analysis

Univariate comparisons of unpaired groups were 
performed with the Fisher’s exact test for categori-
cal data. The non-parametric Mann-Whitney U-test 
was used to compare continuous variables. The signi
ficance level, two-tailed, was set at ≤ 0.01 for signifi-
cant and ≤ 0.001 for highly significant. Values set at  

≤ 0.05 but more than > 0.01 were considered as mar-
ginal significant and not included as relevant due to 
the relative small sample sizes. 

Results

The average age at death was not significantly 
different between the groups: 75 (± 10) years in the 
VaD patients, 76 (± 11) in the MixD and 71 (± 9) in the 
control group (p = 0.16). Also the gender distribution 
was similar with 80% males in VaD, 54% in MixD and 
73% in the control groups, respectively (p = 0.62). 

Arterial hypertension and the use of antithrom-
botic agents were the only more frequently found 
clinical vascular risk factors in the VaD and MixD 
patients compared to the controls (Table I).

On neuropathological examination, the semi- quan
titative evaluation of the degree of severity showed 
a significant increase in WMCs and higher incidence 
of CoMIs and CoMBs in VaD as MixD compared to 
controls. On the other hand, LIs and territorial infarcts 
were only more frequent in the VaD group, while CAA 
related lesions were more observed in the MixD group 
(Table II). 

Table I. Comparison of vascular risk factors between normal controls (C) and patients with vascular demen-
tia (VaD) and mixed dementia (MixD) 

Vascular risk factors
 

C VaD MixD

(n = 11) (n =14) (n = 24)

Arterial hypertension 18% 86%** 75%*

Diabetes 0% 43% 33%

Hypercholesterolemia 27% 50% 46%

Smoking 18% 21% 13%

Antithrombotic use 18% 93%** 83%** 

*p ≤ 0.01; **p ≤ 0.001

Table II. Mean values (standard deviations) of the neuropathological lesions in normal controls (C) com-
pared to those in vascular dementia (VaD) and mixed dementia (MixD) brains

Cerebrovascular lesions  C VaD MixD

(n = 11) (n = 14) (n = 24)

White matter changes 0.4 (0.7) 1.7 (1.3)* 1.4 (1.2)*

Cerebral amyloid angiopathy 0.0 (0.0) 0.5 (0.8) 2.7 (0.5)**

Lacunar infarct 0.0 (0.0) 2.5 (0.9)** 0.2 (0.5)

Territorial infarct 0.0 (0.0) 2.0 (1.4)** 0.1 (0.4)

Haematoma 0.0 (0.0) 0.9 (1.2) 0.4 (0.7)

Cortical microinfarcts 0.2 (0.4) 2.2 (1.3)** 3.4 (1.0)**

Cortical microbleeds 0.3 (0.5) 1.7 (0.9)** 2.0 (1.3)**

*p ≤ 0.01; **p ≤ 0.001
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The same findings were observed on the post- 
mortem MRI, concerning WMCs, LIs, CoMBs and 
CoMIs (Table III). 

On mutual comparison of the VaD and the MixD 
brain CoMBs, predominated in the frontal lobe and in 
the cerebellum of the former, while increased in the 
temporal and the occipital lobes in the latter group 
(Fig. 1). Cortical microinfarcts predominated in the 
frontal lobe and the cerebellum of the VaD group, 
while increased in the occipital lobe of the MixD 
group (Fig. 2). White matter changes predominated 
only in the temporal lobe of the MixD group (Fig. 3). 
As to LIs they were significantly increased in the coro-
na radiata and the putamen in the VaD group (Fig. 4, 
Table IV).

Discussion

The present study shows a difference in the distri-
bution and types of the small cerebrovascular lesions 

in patients with VaD compared to those with MixD. 
Their heterogeneity was already previously suspect-
ed [16,22,25]. Our previous neuropathological study 
demonstrated that LIs due to arteriosclerotic angiop-
athy are the most common lesions in VaD, while CAA 
related lesions are more frequent in MixD, suggesting 
that the latter represent the natural end-stage evo-
lution of Alzheimer’s disease [9]. There is a  strong 
correlation between CAA and age [17,19]. However, 
in contrast to a previous neuropathological study [1], 
more territorial infarcts are observed in VaD than in 
MixD brains. This is probably due to more additional 
large-vessel disease in the former group [18].

Cortical microinfarcts predominate in the fron-
tal lobe and in the cerebellum of VaD as cerebral 
arteriosclerosis is their main cause [8,18], while 
according to the validated Boston criteria for CAA, 
they predominate in the occipital lobe in MixD [10]. 
The same is also observed for CoMBs, although also 

Fig. 1. T2* MRI demonstrating the presence of cortical microbleeds (arrows) on a coronal section of the frontal 
lobe in a patient with vascular dementia (A) and of the occipital lobe in a patient with mixed dementia (B).

A B

Table III. Mean values (standard deviations) of the MRI lesions in normal controls (C) compared to those in 
vascular dementia (VaD) and mixed dementia (MixD) brains.

MRI lesions C VaD MixD

(n = 11) (n = 14) (n = 24)

White matter changes 0.2 (0.4) 1.4 (0.6)** 1.5 (0.6)**

Lacunar infarct 2.8 (1.0) 14.4 (1.9)** 3.3 (2.2)

Cortical microinfarcts 0.2 (0.4) 5.2 (1.4)** 4.9 (0.8)**

Cortical microbleeds 3.3 (1.1) 10.4 (1.6)** 9.8 (2.0)**
*p ≤ 0.01; **p ≤ 0.001
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highly present in the temporal lobe of MixD brains. 
The latter can be explained by the fact that CoMBs 
are not only due to micro-vascular lesions, but also 
to the severity of the neurodegenerative changes 
themselves in AD [6]. 

White matter changes are, as a whole, as severe 
in VaD as in MixD [9]. The present study shows 
a predominance in the temporal lobe of MixD brains 
associated to the temporal lobe atrophy, due to the 
underlying severity of the Alzheimer lesions [3].

Fig. 2. T2 MRI demonstrating the presence of cortical microinfarcts (arrows) on a coronal section of the frontal 
lobe in a patient with vascular dementia (A) and of the occipital lobe in a patient with mixed dementia (B).

A B

Fig. 3. T2 MRI of a central coronal section of a mixed dementia brain showing, in addition to the enlarge-
ment of the temporal horn, more selective temporal white matter changes.

A B
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Although in our previous study, only LIs in the 
corona radiata were found in VaD compared to MixD 
[12], our present study also shows an additional 
increase in the putamen. Their topography corre-
sponds to the vascular territory of the lenticulostri-
ate arteries [5]. These findings correlate well with 
“in vivo” measurements of lenticulostriate arteries 
using 7-tesla MRI that show fewer side-branches in 
VaD [24].

The present post-mortem MRI study shows clear 
differences in the distribution and the types of cere-
brovascular lesions, confirming that VaD and MixD 
are different diseases.

Fig. 4. T2 MRI showing on a central coronal sec-
tion in addition to diffuse white matter chang-
es also several lacunar infarcts in the corona 
radiata and putamen (arrows) in a patient with 
vascular dementia (A). A lacunar infarct is also 
observed in the cerebellar white matter of the 
same patient (B).

A

B

Table IV. Comparison of the mean values (stan-
dard deviations) of the topography of the small 
cerebrovascular lesions on magnetic resonance 
imaging between brains with vascular dementia 
(VaD) and mixed dementia (MixD)

Cerebrovascular
lesions

VaD
(n = 14)

MixD
(n = 24)

Cortical microbleeds

Frontal lobe 4.1 (0.8)** 2.1 (1.0)

Temporal lobe 1.5 (0.9) 2.6 (1.0)**

Parietal lobe 1.4 (0.6) 1.6 (1.1) 

Occipital lobe 1.5 (0.9) 3.4 (1.0)**

Cerebellum 2.7 (1.1)** 0.8 (1.1) 

Cortical microinfarcts

Frontal lobe 1.6 (0.8)* 0.8 (0.8)

Temporal lobe 0.4 (0.6) 0.9 (0.8)

Parietal lobe 1.3 (1.1) 1.6 (0.6)

Occipital lobe 0.5 (0.3) 1.4 (0.8)**

Cerebellum 1.9 (0.7)** 0.4 (0.6)

White matter changes

Frontal lobe 1.6 (0.6) 1.1 (0.8)

Temporal lobe 0.3 (0.6) 1.3 (0.9)**

Parietal lobe 0.9 (0.8) 1.7 (0.9)

Occipital lobe 0.9 (0.9) 1.3 (0.9)

Cerebellum 0.8 (0.8) 0.3 (0.7)

Lacunar infarcts

Corona radiata 7.0 (0.5)** 0.6 (0.8)

Caudate nucleus 1.1 (0.8) 0.4 (0.7)

Internal capsule 1.1 (0.6)  0.6 (0.8)

Putamen 3.2 (0.8)** 0.9 (0.9)

Globus pallidus 1.3 (0.9) 0.3 (0.4)

Thalamus 0.7 (0.7) 0.3 (0.4)

Cerebellum 0.2 (0.4) 0.0 (0.0)

*p ≤ 0.01; **p ≤ 0.001
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A b s t r a c t

Prenatal stress-induced neurobehavioral deficits observed in offspring are multifactorial, including oxidative stress in 
the developing brain. The time by which the developing brain acquires self-defense against oxidative stress is not clear. 
Hence in the present study we aimed to evaluate the brain antioxidant status during different developing periods. 
Further the study also evaluates the role of the glutathione precursor, N-acetyl cysteine (NAC) on the brain antioxidant 
status. Pregnant rats were subjected to restraint stress during an early or late gestational period. Another set of rats 
received NAC during the entire gestational period along with early or late gestational stress. The study parameters 
included several antioxidant studies directly from rat brain homogenate on postnatal day 24 or 48. Early or late ges-
tational stress has caused severe oxidative stress in the developing brain on postnatal day 24 in all the parameters 
studied. However, brain reduced glutathione (GSH), superoxide dismutase (SOD) and total antioxidant activity (TAO) 
were not affected by either early or late gestational stress on postnatal day 48, but the brain malondialdehyde (MDA) 
level remained high and brain glutathione reductase (GSS-Rd) level remained low on postnatal day 48. Prenatal NAC 
treatment has reversed the oxidative damage in all the parameters on postnatal day 24 and also the brain MDA level 
and GSS-Rd level on postnatal day 48. This study confirms that the growing brain acquires antioxidant capacity over 
time but during early postnatal development it is vulnerable to oxidative stress and related neurological consequences. 
N-acetyl cysteine treatment during the prenatal period as an antioxidant supplement exerted a beneficiary effect 
in this study. Hence glutathione supplement in the nutritional source would be an idealistic approach to prenatal 
stress-induced neurological comorbidities in children. 
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Introduction

It is well known that the prenatal stress adverse-
ly affects the brain development with neuronal loss 
and behavioral dysfunction. Among the various mecha

nisms involved in the developmental toxicity, the alter
ed cellular homeostasis by oxidative damage in the 
developing brain has gained much attention in recent 
years. The adult brain is known to be well equipp
ed with defense and repair mechanisms to combat 
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the oxidative stress, but existence of such defensive 
mechanisms in the developing brain is obscure [14]. 
Oxidative stress occurs when free radicals are generat-
ed more rapidly than they are buffered by the cellular 
defense mechanisms [4]. Maintenance of a balance 
between reactive oxygen species (ROS) production 
and antioxidant defense is very essential for normal 
development of organisms. Prenatal stress-induced  
suppression of neuronal proliferation involving brain 
antioxidant systems was reported by Kawamura  
et al. [16]. Prenatal stress-induced oxidative damage 
to mitochondrial DNA and damage to hippocampal 
neurons in neonates is reported by Zhu et al. [43]. 
Hence the cellular damage in the developing brain 
could be attributed to overproduction of antioxidants. 

Administration of an antioxidant which cross-
es both the placental and blood brain barrier may be 
helpful in providing the antioxidant defense system 
in the growing brain. N-acetyl cysteine (NAC), a  thiol 
compound having the formula C5H9O3S is a  very 
good source of sulfhydryl (SH) groups that stimulate 
the reduced glutathione (GSH) synthesis, help deto
xification and directly bring about free radical scav-
enging [44]. Among the various studies conducted 
on neuroprotective interventions aiming at amelio-
rating brain injury, only few have been proved safe 
for clinical use. N-acetyl cysteine is one such antiox-
idant, which is proved to be safe during pregnancy. 
The efficacy of NAC as a neuroprotector is largely due 
to its ability to stimulate the reduced GSH synthesis 
by acting as a  cysteine donor [7], cross the blood-
brain barrier [12] and boost brain GSH levels during 
periods of increased oxidative stress [12,19]. Previous 
studies have demonstrated that NAC has reduced the 
oxidative stress in rat brains produced by lead expo-
sure [29], limited maternal lipopolysaccharide (LPS) 
induced oxidative stress and increased lipid peroxi-
dation in the placenta that led to preterm labor [33], 
prevented birth-linked oxidative stress in neonates, 
when pre administered to dams [37]. Lante et al. [19] 
found that prenatal exposure to lipopolysaccharide 
brought about oxidative stress in fetal hippocampus 
while pretreatment with NAC protected the offspring 
from impairment of the spatial memory and synaptic 
plasticity [19]. N-acetyl cysteine has been proven to 
protect the brain against oxidative stress and neu-
rodevelopmental damage associated with prenatal 
infection [30]. Hence in the present study, NAC, a well-
known antioxidant was considered as a therapeutic 

strategy to combat the prenatal stress-induced possi-
ble oxidative damage in the developing brain.

Material and methods 

Animals

Healthy, in-house bred female and male rats of 
the albino Wistar strain (3-4 months of age) were 
obtained for the study. The rats were maintained in 
12 hours light and dark cycle in temperature- and 
humidity-controlled environment. The rats were 
fed with standard food pellet and water ad libitum.  
The polypropylene cage with paddy husk as bedding 
materials was used for housing the rats. Breeding 
and maintenance of the animals were done as per 
the guidelines of the Government of India for use 
of laboratory animals and also ARRIVE guidelines.  
The Institutional Animal Ethics Committee approval 
was obtained before the conduct of the study and care 
was taken to handle the rats in a humane manner.

Animal breeding

Female rats were allowed to mate with one fertile 
sexually active male for four hours per day (separate 
male rats for each group). At the end of four hours, 
female rats were separated and vaginal smears tak-
en to detect the presence of sperm for the confir-
mation of pregnancy and the rats were designated 
as day 0 of pregnancy for further counting the days. 
The pregnant rats were housed individually in sepa-
rate cages with a proper label indicating the day of 
conception and randomly allocated into six groups 
of eight each. One male and one female pup from 
each mother (a total of 16 pups in each group) were 
considered for antioxidant studies. 

Induction of prenatal stress

The pregnant rats were stressed (restraint stress) 
using a wire mesh restrainer [24] three times daily 
for 45 min. The wire mesh restrainer had a wooden 
base and stainless steel wire mesh restrainer hinged 
to the base. A pad lock and latch helped to secure 
the rat in the restrainer. The restrainer with dimen-
sions of 11 cm (L) × 6 cm (B) × 6 cm (H) was used 
for rats with gestation day 1 to 10. The restrainer of  
11 cm (L) × 8 cm (B) × 8 cm (H) was used for rats with 
gestation day 11 to till delivery. This type of restrain-
er will only restrict the animal movement without 
any pain, discomfort or suffocation.
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Animal groups and treatment

Group 1 (Control): The pups belonging to the preg-
nant rats who received only normal saline in a dose 
of 10 ml/kg body weight (intraperitoneal) throughout 
pregnancy.

Group 2 (NAC): The pups belonging to the preg-
nant rats who received NAC alone in a dose of 10 mg/ 
kg body weight (i.p.) throughout pregnancy.

Group 3 (EGS): The pups belonging to the preg-
nant rats who received restrain stress from gestation 
day 1 to 10 and normal saline throughout pregnancy. 

Group 4 (LGS): The pups belonging to the pregnant 
rats who received restrain stress from gestation day 11 
to delivery and normal saline throughout pregnancy. 

Group 5 (EGS+NAC): The pups belonging to the 
pregnant rats who received restrain stress from ges-
tation day 1 to 10 and NAC (10 mg/kg body weight, 
i.p.) throughout pregnancy.

Group 6 (LGS+NAC): The pups belonging to the 
pregnant rats who received restrain stress from ges-
tation day 11 to delivery and NAC (10 mg/kg body 
weight, i.p.) throughout pregnancy.

All the mothers delivered at term (21-24th day of 
gestation). The offspring of the all groups were raised 
by their biological mothers until weaning (21st day 
after birth).

N-acetyl cysteine treatment

The dose of NAC was selected based on an earli-
er study by Basyigit et al. [1] where a 10 mg/kg dose 
(i.p.) was given continuously for 14 days to pregnant 
rats. The acute oral toxicity of NAC is low e.g. LD 50 
> 10,000 mg/kg body weight in adult rats. In rats 
administered with 250 mg NAC/kg body weight per 
day for 20 weeks, all NAC-related effects observed are 
marginal. Hence in the present study, a 10 mg/kg dose 
of NAC dissolved in physiological saline was adminis-
tered intraperitoneally.

For the present study, one male and one female 
pup from each mother were selected randomly. Pups 
were divided into two groups: the first group was 
sacrificed on postnatal day 24 (PND 24) and the oth-
er group was sacrificed on postnatal day 48 (PND 48) 
for antioxidant estimations; to assess both short- 
and long-term effects of prenatal stress.

We aimed at investigating the effect of prenatal 
stress during two important phases of life, which are 
childhood and adolescence. PND 24 in rats appears 
to correspond to the childhood period in humans. 

This is the time period in rats when structural mat-
uration of the brain takes place. A  plateau in the 
volume of most brain structures has been found to 
occur during this period. PND 48 was selected so as 
to investigate whether the effects of early and late 
gestational stress last until the adolescent/early 
adult period. Many adolescent specific neurobehav-
ioral alterations observed in humans are also seen 
in rats of comparable age. Adolescence is an age 
period around the time of sexual maturation when 
age-specific behavioral and psychopharmacological 
discontinuities are evident. 

Estimation of oxidative stress in brain

Preparation of brain homogenate: Pups were 
weighed and sacrificed by decapitation after ether 
anesthesia. The whole brain was removed rapidly and 
rinsed with 0.1 M/l saline phosphate buffer (pH 7.4). 
Tissue was weighed and homogenized (1 : 10 w/v) in 
0.1 M/l saline phosphate buffer. The homogenate was 
centrifuged at 10 000 g for 20 min at 4°C and aliquots 
of supernatant were separated and used for following 
biochemical estimations. 

Estimation of total antioxidants: Brain total anti-
oxidant capacity was assayed according to the meth-
od of Koracevic et al. [17]. The method is based on 
determination of the ability to eliminate added hydro-
gen peroxide. The remaining H2O2 is determined cal-
orimetrically by an enzymatic reaction converting 3, 
5-dichloro-2-hydroxyl benzenesulfonate to a colored 
product that is measured at 532 nm.

Estimation of superoxide dismutase activity: 
Superoxide dismutase (SOD) activity was determined 
by the method of Marklund et al. [25]. The reaction 
was performed in an mixture containing 5.6 × 10–5 M 
nitro blue tetrazolium (NBT), 1.17 × 10–6 M riboflavin,  
1 × 10–2 M methionine in 0.05 M potassium phos-
phate buffer, pH 7.8 with suitably diluted tissue 
homogenate in a total volume of 3 ml. Illumination of 
the solution was carried out in an aluminum lined foil 
box fitted with a 15v fluorescent lamp. The solution 
taken in a beaker was kept in the box and illuminated 
exactly for 10 min. The control without the enzyme 
source was prepared. The absorbance was measured 
spectrophotometrically with a Systronic-117 UV-Visi-
ble spectrophotometer at 560 nm. SOD activity was 
expressed as specific activity of the enzyme in units 
per mg protein (U/mg protein). Protein content was 
determined by the method of Lowry et al. [21].
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Estimation of reduced glutathione: Glutathione 
in the brain was estimated according to the method 
described by Ellman [10]. 1 ml supernatant was pre-
cipitated with 1 ml of 4% sulfosalicylic acid and cold 
digested at 41°C for 1 hour. The samples were cen-
trifuged at 1200 g for 15 min at 41°C. To 1 ml of this 
supernatant, 2.7 ml of phosphate buffer (0.1 mol/l, 
pH 8) and 0.2 ml of 5, 50-dithio-bis (2-nitrobenzoic 
acid) were added. The yellow color developed was 
read immediately at 412 nm by using the UV-1700 
spectrophotometer, Shimadzu, Japan. Results were 
calculated using a  molar extinction coefficient of 
chromophore (1.36 × 104/mol/l/cm) and expressed 
as nmol per mg protein.

Estimation of glutathione reductase: The GSSG-
Rd activity was measured using the method originally 
described by Moron et al. [27]. The reaction mixture 
consisted of 1.6 ml of 0.067 M potassium phosphate 
buffer (pH 6.6), 0.12 ml of 0.06% NADPH, 0.12 ml  
1.15% GSSG, 0.1 ml of enzyme source and water in 

a  final volume of 2 ml. All mixtures and solutions 
were prepared at room temperature. Control cuvettes 
then received 180 µl of deionized water while sample 
cuvettes received 60 µl of deionized water and 120 µl  
of GSSG solution. NADPH oxidation was followed for  
5 min and was recorded using a Systronic-117 spec-
trophotometer. The reduction of GSSG to GSH was 
determined indirectly by the measurement of the con-
sumption of NADPH, as demonstrated by a decrease 
in absorbance at 340 nm as a  function of time. The 
enzyme activity was calculated using the extinction 
coefficient of chromophore (1.36 × 104 (mol/l)–1 cm –1) 
and expressed as nmol NADPH oxidized/min/mg pro-
tein. Protein content was determined by the method of 
Lowry et al. [21] with bovine serum albumin as standard.

Estimation of lipid peroxidation: Measurement of 
lipid peroxidation was done by the method described 
by Ohkawa et al. [31]. Tissue lipid peroxidation was 
measured in whole-brain homogenate for 30 min 
at 37oC. The incubation was interrupted by adding  

Table I. Brain oxidant/antioxidant levels in rat brain at PND 24 and PND 48

Brain oxidant/antioxidants (PND 24)

Total antioxidants 
(mmol/l)

Superoxide 
dismutase  

(U/mg protein)

Reduced 
glutathione  

(mg/gm  
brain tissue)

Glutathione 
reductase (nmol 
NADPH oxidized/
min/mg protein)

Lipid peroxidation 
(ng/gm)

CON
Male

(n = 4)
1.97 ± 
0.60 p = 0.83

t = 0.22

1.72 ± 
0.25 p = 0.46

t = 0.82

2.52 ± 
0.50 p = 0.60

t = 0.57

5.75 ± 
0.70 p = 0.12

t = 2.13

6.80 ± 
0.80 p = 0.33

t = 1.14Female
(n = 4)

0.81 ± 
0.08

2.25 ± 
0.23

2.35 ± 
0.70

6.90 ± 
0.70

7.40 ± 
0.30

NAC
Male 

(n = 4)
1.75 ± 
0.60 p = 0.90

t = 0.12

1.65 ±  
0.19 p = 0.54

t = 0.67

2.52 ± 
0.90 p = 0.60

t = 0.57

5.81 ± 
0.90 p = 0.29

t = 1.27

7.37 ± 
0.40 p = 0.80

t = 0.14Female
(n = 4)

1.82 ± 
0.80

1.99 ± 
0.35

2.11 ± 
0.90

7.29 ± 
1.50

7.25 ± 
1.40

EGS
Male 

(n = 4)
0.72 ± 
0.30 p = 0.31

t = 1.21

0.90 ±  
0.59 p = 0.96

t = 0.53

1.29 ± 
0.72 p = 0.94

t = 0.07

3.85 ± 
0.70 p = 0.71

t = 0.40

8.70 ± 
1.01 p = 0.58

t = 0.61 Female 
(n = 4)

0.60 ±  
0.10

0.87 ± 
0.57

1.34 ± 
0.60

4.21 ± 
1.50

9.15 ± 
1.10

LGS
Male 

(n = 4)
0.85 ± 
0.40 p = 0.62 

t = 0.54

0.45 ± 
0.69 p = 0.48

t = 0.80

0.96 ± 
0.25 p = 0.91

t = 0.11

4.45 ± 
0.70 p = 0.43 

t = 0.91

8.25 ± 
1.18 p = 0.06

t = 2.77Female
(n = 4)

0.62 ± 
0.40

0.83 ± 
0.56

1.39 ± 
0.49

3.96 ± 
0.15

10.50 ± 
1.30

EGS+
NAC

Male 
(n = 4)

1.70 ±  
0.70 p = 0.82

t = 0.24

2.25 ±  
1.10 p = 0.30

t = 1.00

2.58 ± 
0.57 p = 0.62

t = 0.54

5.88 ± 
2.10 p = 0.71

t = 0.40

7.27 ± 
0.70 p = 0.66

t = 0.47Female 
(n = 4)

1.80 ±  
0.80

1.67 ± 
0.23

2.30 ± 
0.61

6.19 ± 
0.90

7.05 ± 
0.20

LGS+
NAC

Male
(n = 4)

1.82 ± 
1.21 p = 0.85

t = 0.19

1.70 ±  
0.70 p = 0.39

t = 0.98

2.68 ± 
0.70 p = 0.28

t = 1.29

5.00 ± 
0.60 p = 0.05

t = 3.07

7.45 ± 
0.90 p = 0.48

t = 0.80Female
(n = 4)

1.95 ± 
0.88

2.20 ±  
0.50

2.01 ± 
0.40

7.50 ±  
1.00

7.70 ± 
1.27
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0.1 ml of 10% trichloroacetic acid. After centrifugation 
(1 ml) supernatant was then mixed with 1 ml of 0.65% 
thiobarbituric acid. The mixture was then kept in 
a boiling water bath for 15 min. The malondialdehyde 
formation was determined by reading absorbance at 
535 nm. The amount of TBARS was calculated using 
a molar extinction coefficient of 1.56 × 105 (M)–1 cm –1.

Statistical analysis

All results represent mean ± S.E.M. The signifi-
cance of differences among the groups was assessed 
using the one way analysis of variance (ANOVA) test 
followed by Bonferroni’s multiple comparison test. 
Comparison of data between male and female groups 
was assessed by unpaired t test. P values < 0.05 were 
considered significant.

Results

Brain antioxidant levels: There was no sexually 
dimorphic effect in all the parameters studied, hence 

mean values for both male and female rats were com-
bined. 

Prenatal stress-induced declined total 
antioxidant capacity (TAO) is reversed 
by NAC

Effect of prenatal stress and NAC on total 
antioxidant capacity at PND 24

A  significant (p < 0.05) decrease in TAO was 
observed in the early gestational stress group when 
compared to the control group. Pups exposed to 
early gestational stress, treated with NAC (group 5) 
showed an increase (p < 0.05) in TAO when com-
pared to the group that received early gestational 
stress alone. Total antioxidant capacity significantly 
decreased in group 4 (p < 0.05) whereas in group 6, 
there was a  significant elevation of TAO in brain 
homogenate. There was no significant difference in 
the level of TAO in the group that received only NAC 
when compared to the control group (Fig. 1).

Brain oxidant/antioxidants (PND 48)

Total antioxidants 
(mmol/l)

Superoxide 
dismutase (U/mg 

protein)

Reduced 
glutathione (mg/
gm brain tissue)

Glutathione reductase 
(nmol NADPH oxidized/

min/mg protein)

Lipid 
peroxidation  

(ng/gm)

CON
Male 

(n = 4)
2.95 ± 
0.80 p = 0.46

t = 0.82

3.80 ±
1.10 p = 0.81

t = 0.24

3.87 ± 
0.70 p = 0.20

t = 1.60

7.05 ± 
1.70 p = 0.64

t = 0.50

4.07 ± 
1.00 p = 0.45

t = 0.86Female 
(n = 4)

2.52 ± 
0.70

3.60 ±
1.80

2.92 ± 
0.40

6.49 ± 
1.40

4.92 ± 
2.10

NAC
Male  

(n = 4)
2.28 ± 
1.70 p = 0.06

t = 1.40

2.67 ±
0.50 p = 0.21

t = 1.56

2.65 ± 
0.40 p = 0.25

t = 1.40

7.78 ± 
2.80 p = 0.47

t = 0.82

4.80 ±  
1.30 p = 0.64

t = 0.51Female 
(n = 4)

2.82 ± 
1.40

4.36 ±
1.60

3.20 ± 
0.90

6.06 ±  
2.00

4.25 ± 
1.05

EGS
Male 

(n = 4)
2.48 ± 
1.30 p = 0.27

t = 1.32

3.00 ±  
1.71 p = 0.91

t = 0.11

2.36 ± 
0.80 p = 0.54

t = 0.68

4.70 ± 
1.80 p = 0.82

t = 0.24

6.72 ± 
1.20 p = 0.98

t = 0.02 Female 
(n = 4)

1.50 ±  
0.90

3.08 ± 
2.24

2.83 ± 
0.90

5.00 ±  
0.90

6.75 ± 
1.20

LGS
Male  

(n = 4)
1.47 ± 
1.00 p = 0.50 

t = 0.74

3.02 ± 
2.08 p = 0.35

t = 1.10

2.97 ± 
0.54 p = 0.96

t = 0.04

6.06 ± 
2.50 p = 0.24

t = 1.42

7.10 ±  
1.90 p = 0.52

t = 2.71Female 
(n = 4)

1.90 ±  
0.50

1.96 ± 
0.30

2.99 ± 
0.84

3.70 ± 
0.70

6.40 ± 
0.50

EGS+NAC
Male  

(n = 4)
1.90 ±  
0.50 p = 0.28

t = 1.31

3.67 ±  
2.00 p = 0.88

t = 0.15

3.08 ± 
0.93 p = 0.55

t = 0.67

7.15 ± 
2.40 p = 0.49

t = 0.76

4.25 ± 
1.60 p = 0.47

t = 0.80Female 
(n = 4)

2.14 ± 
1.51

3.59 ±  
1.40

2.70 ± 
0.34

6.16 ± 
1.60

4.92 ± 
0.90

LGS+NAC
Male 

(n = 4)
3.35 ± 
1.70 p = 0.25

t = 1.40

3.50 ±  
0.60 p = 0.90

t = 0.12

3.31 ± 
0.70 p = 0.68

t = 0.45

4.20 ± 
1.14 p = 0.67

t = 0.45

4.20 ±  
1.10 p = 0.67

t = 0.45Female 
(n = 4)

2.32 ± 
1.10

3.40 ±  
0.60

3.12 ± 
0.92

4.80 ± 
1.08

4.80 ± 
1.80

Table I. Cont.
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Effect of prenatal stress and NAC on total 
antioxidant capacity at PND 48

Total antioxidant capacity levels did not signifi-
cantly differ between any of the comparisons (Fig. 1).

Comparison of total antioxidant capacity between 
PND24 and PND48

Total antioxidant capacity was seen to have sig-
nificantly increased in group 3 (p < 0.01) and group 4 
(p < 0.01), but did not show any elevation in group 
1, 2, 5 and 6 at PND 48 when compared to PND 24.

Prenatal stress-induced declined SOD 
activity is reversed by NAC

Effect of prenatal stress and NAC on concentration 
of SOD at postnatal day 24 (PND 24)

There was a  significant decrease (p < 0.05) in 
the level of SOD in offspring who received early ges-

tational stress (group 3) and also late gestational 
stress (p < 0.01) but group 5 (p < 0.05) and group 6  
(p < 0.01) pups showed significantly elevated SOD 
levels when compared with those of group 3 and 
group 4, respectively. No significant difference was 
seen in the SOD level in the group that received NAC 
alone when compared to control animals (Fig. 2).

Effect of prenatal stress and NAC on concentration 
of SOD at PND 48

Superoxide dismutase activity was not seen to dif-
fer significantly between any of the groups (Fig. 2).

Comparison of the SOD level between PND24  
and PND48

There was significant increase in brain SOD lev-
els in all groups at PND 48 (group 1 [p < 0.01], group 
2 [p < 0.05], group 3 [p < 0.01], group 4 [p < 0.01], 
group 5 [p < 0.01]) with respect to its levels at post-
natal day 24.

Prenatal stress-induced declined 
reduced GSH activity is reversed by NAC

Effect of prenatal stress and NAC on concentration 
of reduced glutathione at PND 24

Prenatal stress during early gestation (group 3) 
caused a significant (p < 0.05) depletion of the reduc

Fig. 1. Effect of prenatal stress and N-acetyl cys-
teine (NAC) on brain TAO capacity in 24- and 
48-day-old offspring. Abbreviations – CONT:  
control, EGS: rats received prenatal stress from 
gestation day 1 to 10, EGS+NAC: rats received 
stress from gestation day 1 to 10 along with 
N acetyl cysteine during the entire gestation 
period, LGS: rats received prenatal stress from 
gestation day 11 until delivery, LGS+NAC: rats 
received stress from gestation day 11 to delivery 
along with N acetyl cysteine during the entire 
gestation period, NAC: rats received N acetyl 
cysteine for the entire gestation period. One 
way ANOVA, Bonferroni’s test – CON vs. EGS& 
LGS, *p < 0.05; EGS vs. EGS+NAC, ap < 0.05; LGS 
vs. LGS+NAC, bp < 0.05; PND 24 vs. PND 48,  
##p < 0.01.

Fig. 2. Effect of prenatal stress and N-acetyl 
cysteine (NAC) on brain SOD activity in 24- and 
48-day-old offspring. Abbreviations – see Fig. 1. 
One way ANOVA, Bonferroni’s test – CON vs. EGS 
& LGS, *p < 0.05, **p < 0.01; EGS vs. EGS+NAC, 
ap < 0.05; LGS vs. LGS+NAC, bbp < 0.01; NAC vs. 
LGS, $p < 0.05; PND 24 vs. PND 48, #p < 0.05, 
##p < 0.01.
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ed glutathione (GSH) level in the brain compared to 
controls (group 1). Offspring who received early ges-
tational stress and NAC treatment (group 5) showed 
a significant (p < 0.05) increase in the GSH level when 
compared to offspring of group 3. There was a signif-
icant (p < 0.01) depletion of GSH concentration in the 
LGS group but offspring who received late gestational 
stress and NAC treatment (group 6) showed a signif-
icant (p < 0.01) increase in the GSH level when com-
pared to offspring who received late prenatal stress. 
There was no significant difference in the level of GSH 
in the group that received only NAC when compared to 
the control group (Fig. 3).

Effect of prenatal stress and NAC on concentration 
of reduced glutathione at postnatal day 48  
(PND 48)

The activity of brain GSSG-Rd did not show a sta-
tistically significant difference between any of the 
groups (Fig. 3).

Comparison of a reduced glutathione 
concentration between PND24 and PND48

Glutathione levels were significantly increased in 
group 1 (p < 0.05), group 3 (p < 0.01), group 4 (p < 0.001) 
and group 6 (p < 0.05) at postnatal day 48 in compari-
son with GSH levels at PND 24. 

Fig. 3. Effect of prenatal stress and N-acetyl cyste-
ine (NAC) on the brain reduced glutathione level in 
24- and 48-day-old offspring. Abbreviations – see 
Fig. 1. One way ANOVA, Tukey-Kramer Multiple 
Comparisons Test – CON vs. EGS & LGS, *p < 0.05, 
**p < 0.01; EGS vs. EGS+NAC, ap < 0.05; LGS vs. 
LGS+NAC, bbp < 0.01; NAC vs. LGS, $p < 0.05; PND 
48 vs. PND 24, #p < 0.05, ##p < 0.01, ###p < 0.001.

Fig. 4. Effect of prenatal stress and N-acetyl 
cysteine (NAC) on brain glutathione reductase 
activity in 24- and 48-day-old offspring. Abbrevi-
ations – see Fig. 1. One way ANOVA, Tukey-Kram-
er Multiple Comparisons Test – CON vs. EGS 
& LGS, *p < 0.05; EGS vs. EGS+NAC, ap < 0.05; 
LGS vs. LGS+NAC, bp < 0.05; NAC vs. EGS&LGS,  
$p < 0.05, $$p < 0.01.
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Prenatal stress-induced decline  
in glutathione reductase (GSHRd)  
is reversed by NAC

Effect of prenatal stress and NAC on activity  
of glutathione reductase at PND 24

The activity of glutathione reductase in the brain 
homogenate of different groups is summarized in 
Figure 4. GSHRd was significantly (p < 0.05) reduced 
in the offspring that belonged to the early gesta-
tional stress group when compared to controls.  
EGS offspring treated with prenatal NAC showed an 
elevation in GSSG-Rd, which was quite significant  
(p < 0.05) when compared to the early gestational 
stress group. It was seen that late gestational stress 
also significantly (p < 0.05) lowered the activity of 
reduced glutathione in comparison with control pups, 
whereas this activity was restored in the LGS+NAC 
group. No significant difference was seen in the 
GSHRd level in the group that received NAC alone 
when compared to control animals.

Effect of prenatal stress and NAC on activity of 
glutathione reductase at PND 48

The activity of brain GSSG-Rd did not show a sta-
tistically significant difference between any of the 
groups (Fig. 4).
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Comparison of glutathione reductase activity 
between PND24 and PND48

As shown in Figure 4, no significant change in brain 
GSH Rd activity was observed in any of the groups at 
PND 48, when compared to its levels at PND 24.

Prenatal stress-induced elevated lipid 
peroxidation is reversed by NAC

Effect of prenatal stress and NAC on lipid 
peroxidation at postnatal day 24 (PND 24)

The malondialdehyde (MDA) level is a marker of 
lipid peroxidation. Early gestational stress signifi-
cantly (p < 0.05) increased brain lipid peroxidation  
in comparison with the control group. A  significant  
(p < 0.05) reduction in lipid peroxidation was 
observed in the early gestational stress group which 
received NAC (group 5) when compared to group 3. 
Brain lipid peroxidation was also markedly (p < 0.001) 
increased in the late gestational stress group (group 
4) when compared to that of the control group. There 
was a significant (p < 0.05) decrease in the MDA lev-
el in the LGS+NAC group as compared with the LGS 
group. There was no significant difference in the lev-
el of MDA in the group that received only NAC when 
compared to the control group (Fig. 5).

Effect of prenatal stress and NAC on lipid 
peroxidation at postnatal day 48 (PND 48)

As summarized in Figure 5, a significant (p < 0.05) 
elevation of lipid peroxidation activity in the brain 
homogenate was observed in the EGS group in com-
parison with the control group. EGS+NAC showed 
a  significant (p < 0.05) decrease in lipid peroxida-
tion when compared to EGS. The MDA level was also 
elevated significantly (p < 0.05) in LGS, whereas in 
LGS+NAC, a  significant (p < 0.05) depletion in the 
MDA level was observed. 

Comparison of lipid peroxidation between PND24 
and PND48

There was a  very significant reduction in brain 
MDA levels measured at PND 48, in the control group 
(group 1) (p < 0.001), group 3 (p < 0.001), group 4  
(p < 0.0001), group 5 (p < 0.04) and group 6 (p < 0.0002) 
when compared to MDA levels measured at PND 24.

Discussion 

Oxidative stress has been recognized as one of 
the earliest factors causing neurodegeneration [3] as 

brain is relatively more vulnerable to oxidative dam-
age due to high levels of oxidizable polyunsaturated 
fatty acid and redox-active metals, but lower levels 
of antioxidant molecules [9]. It has previously been 
shown that oxidative damage produced by prenatal 
restrain stress resulted in neuronal loss in rat off-
spring [22C]. Exposure to early as well as late gesta-
tional stress brought about brain oxidative damage 
where decline in SOD, GSH and GSSG-Rd activities 
[23,39], increase in lipid peroxidation and decrease 
in total antioxidant capacity were observed [22]. An 
increase in the content of reactive oxygen species 
in the hippocampus of prenatally stressed rat off-
spring was reported by Li et al. [20]. In agreement 
with these studies, we found that early as well as 
late prenatal stress resulted in brain oxidative stress 
in 24-day-old offspring as indicated by a decrease in 
levels of total antioxidants, SOD, GSH and GSH-Rd, 
as well as an increase in lipid peroxidation. These 
findings reveal suppressed efficiency of antioxidants 
to combat the prenatal stress induced ROS in the 
developing brain. 

Super oxide dismutases that form a very import-
ant component of antioxidant defenses are a class 
of metalloenzymes that catalyze dismutation of the 
superoxide radical into oxygen and H2O2 [13]. Our 
data indicated that prenatal stress has resulted in 

Fig. 5. Effect of prenatal stress and N-acetyl cys-
teine (NAC) on brain lipid peroxidation (MDA 
level) in 24- and 48-day-old offspring. For all the 
parameters and legends, data are expressed as 
mean ± SEM, n = 8, and animal groups are abbre-
viated as in Fig. 1. One way ANOVA, Tukey-Kramer 
Multiple Comparisons Test – CON vs. EGS&LGS, 
*p < 0.05, ***p < 0.001; EGS vs. EGS+NAC,  
ap < 0.05; LGS vs. LGS+NAC, bp < 0.05; NAC vs. 
LGS, $$p < 0.01; PND 48 vs. PND 24, ##p < 0.01, 
###p < 0.001.
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significant inhibition of SOD and glutathione reduc-
tase activities. This reduction could be a  result of 
increased ROS generation and enhanced lipid per-
oxidation [5].

Glutathione is required for detoxification of ROS in 
brain cells [8]. The decrease in GSH concentrations we 
observed in this study could be due to its increased 
rate of utilization caused by oxidative stress [36]. 
Increased levels of free radicals bring about more 
reduced glutathione (GSH) to convert to its oxidized 
form (GSSG) [32]. It could also be due to a decreased 
activity of the enzyme glutathione reductase [6] that 
is required to restore the GSH level. 

Lipid peroxidation is considered as a major source 
of oxidative damage by stress. The brain being rich in 
polyunsaturated lipids, and having an elevated rate 
of oxygen consumption, is highly susceptible to per-
oxidation by oxygen free radicals [35,15]. Malondial-
dehyde, a marker of lipid peroxidation, is very reac-
tive and plays a role in cross-linking with DNA and 
proteins, resulting in mitochondrial dysfunction and 
cell damage [11]. In the present study, early as well 
as late prenatal stress has brought about a signifi-
cant elevation in MDA levels, in 24-day-old offspring, 
as a possible consequence of decreased antioxidant 
enzyme activities.

The results of our study demonstrated that pre-
natal NAC treatment enhanced the activity of the 
antioxidant defense system in the offspring who 
received prenatal stress during early as well as late 
gestation. It prevented the decrease in GSH, GSSG-
Rd, SOD and total antioxidant levels and increase in 
lipid peroxidation in the brain of prenatally stressed 
offspring, thus proving its neuroprotective role 
against oxidative damage.

In the present work, we also evaluated the levels 
of total antioxidant capacity, SOD, GSH, GSSG-Rd and 
MDA at PND 48 to investigate the long-term effects of 
early and late gestational stress on the brain antioxi-
dant system; PND 48 in rats corresponds to the early 
adult period in human subjects. Interestingly, howev-
er not expected result suggestive of brain oxidative 
damage was detected except for a small but signifi-
cant increase in MDA levels. This shows the possibili-
ty of recovery of the brain from gestational stress-in-
duced oxidative damage when the rats reached the 
early adult stage. Not many studies, to the best of our 
knowledge, have investigated the long-term effect of 
gestational restrain stress on oxidative damage in rat 
whole brain homogenate, although several animal 

and human studies have proved long-term effects of 
different kinds of stress during pregnancy in terms of 
behavior, physiology, and immunity of the offspring 
[41,42]. In several studies where long-term effects of 
prenatal stress were investigated, younger offspring 
showed higher emotionality levels when compared 
to older ones [40], higher anxiety and lower locomo-
tion at 1 month, but not at 4 months [2], decrease in 
dendritic spines in pyramidal neurons of offspring at 
PND 23 in a study by Murmu et al. [28], although no 
such decrease at PND 100 in response to a similar 
kind of a  repeated prenatal stressor as reported by 
Michelson et al. [26]. In a study by Kraszpulski et al., 
the decrease in volumes and cell numbers in amyg-
dala resolved after PND 45 [18]. Based on these data 
and the result of our present study, the response of 
the offspring brain to prenatal stress appears to at 
times be short lived and the brain seems to recov-
er from this transient stress effect. Such variation in 
responses may occur depending on the type, dura-
tion, intensity of stress and different strains of ani-
mal species. We also compared the brain oxidative 
status of individual groups between 2 ages where we 
observed a  significant increase in total antioxidant 
capacity, SOD, GSH, and fall in lipid peroxidation, in 
all groups at PND 48 when compared to their levels 
at PND 24. This shows that brain oxidative defense 
improves with age at early development periods. 
However oxidative stress during early postnatal 
development is sufficient enough to adversely affect 
the neurobehavioral development.

Conclusions

In summary, the present study demonstrated 
that both early and late gestational stress showed 
oxidative stress in the developing brain during early 
postnatal development and this effect did not last 
until postnatal day 48, which suggests that oxi-
dative stress may be transient and last for a short 
period of postnatal development. Our data suggest 
that maternal administration of NAC effectively pre-
vented prenatal stress-induced oxidative changes 
in the developing brain of the offspring exposed to 
prenatal stress. Based on the results of this study, 
we assume that the NAC can be beneficial for pre-
venting the brain oxidative damage and cognitive 
dysfunction associated with prenatal stress, hence 
an ideal candidate for clinical trials. 
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A b s t r a c t

Chronic cerebrospinal venous insufficiency (CCSVI) is a series of stenotic malformations in the cerebrospinal venous 
outflow routes, which is postulated to cause multiple sclerosis (MS). The hypotheses assumed that CCSVI leads to 
iron deposition which triggers inflammation and demyelination in MS. Invasive endovascular treatment of CCSVI 
was initiated based on the previous theory. The present study was designed to validate this hypothesis using a rat 
model of CCSVI. Bilateral jugular vein ligation (JVL) was performed on female albino rats (n = 15), and sham-oper-
ated rats (n = 15) were used as a control group. The rats were followed clinically for eight months and neurological 
examination detected no weakness or paralysis in the operated rats. At the end of the experiment, the rats were 
sacrificed and the brains were processed for histopathological examination of tissue sections stained by hematoxylin 
and eosin, myelin stain, silver impregnation, iron stain and immunohistochemical preparations for GFAP, CD68 and 
CD45. Semithin sections stained with toluidine blue were also examined. In the JVL group, increased iron deposi-
tion in the white matter was detected. An increase in the size and number of astrocytes along with increased GFAP 
immunoreactivity denoting reactive gliosis was also noted in the JVL group. However, no signs of demyelination, 
inflammation or axonopathy were detected. This study revealed that iron deposition in the JVL group as a model 
for CCSVI was not associated with cardinal histopathological findings of MS. It is therefore recommended that the 
invasive endovascular treatment of CCSVI should be reconsidered and further controlled clinical studies be carried 
out to provide a better understanding of the pathogeneses of MS.
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Introduction

Chronic cerebrospinal venous insufficiency (CCSVI) 
comprises a series of stenotic malformations affect-
ing the extracranial cerebrospinal venous outflow 
routes, mainly the internal jugular and azygous veins 
[33]. The chronic insufficient venous drainage occur-

ring in the course of CCSVI was postulated to cause 
multiple sclerosis (MS) through the deposition of iron 
in the walls of the congested veins and in the brain 
tissue [43]. Multiple sclerosis is a  chronic incurable 
demyelinating disease of the central nervous system, 
which affects up to 2.5 million people worldwide [15]. 
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Multiple sclerosis is described as focal inflammatory 
demyelination that leads to slowing or loss of impulse 
transmission [35]. The development of MS occurs in 
three stages: inflammation, demyelination and axo-
nal damage [23].

Iron overload is hypothesized to act as a causal 
factor in the development of MS lesions [41], either 
directly via oxidative stress or indirectly by caus- 
ing the primary activation of the autoimmune cas
cade [32].

The potential link between the pathogenesis of 
MS and CCSVI has generated tremendous interest in 
the scientific community and in the news media [17].

To date, a  limited trial has been attempted to 
create an animal model of CCSVI, bilateral jugu-
lar venous ligation have been performed and the 
mice models have been evaluated for inflamma-
tion and demyelination. However, detection of iron 
and explaining its role in the pathological changes 
attributed to CCSVI was never attempted [3].

Given the insufficient evidence and the conflict-
ing data concerning the role of CCSVI in the etiology 
of MS and the source of iron in the course of MS, the 
present study aims to clarify if CCSVI has any role in 
MS pathogenesis in a rat model.

Material and methods

Animals and ethics statement

After approval of the CARE (Committee of animal 
research ethics) of the Faculty of Medicine, Ain Shams 
University, thirty female adult six-month-old Wistar 
rats of an average weight of 160 gm were obtained 
from the animal house of the Medical Research Cen-
ter (MRC) of the Faculty of Medicine, Ain Shams Uni-
versity and were randomly assigned to either a jug-
ular vein ligation group (n = 15) or a sham-operated 
group (n = 15). The animals were given a standard diet 
and tap water ad libitum, housed as three rats/cage 
and kept in a temperature-controlled room (23 ± 1°C) 
with a 12 : 12 hours light/dark cycle. 

Jugular veins ligation

Under anesthesia using an intraperitoneal injec-
tion of ketamine 75 mg/kg and intramuscular chlor-
promazine hydrochloride 20 mg/kg and complete 
aseptic conditions [45], a midline neck incision was 
performed taking care not to injure the rat salivary 
glands. The external jugular veins were exposed 

bilaterally and ligated in their upper portion just 
distal to its formation by the union of the anterior 
and posterior facial veins to avoid blockage of sal-
ivary glands drainage using sterile silk 4-0 sutures.  
The skin closure was done using absorbable vicryl 
sutures. For six successive postoperative days, wound 
cleaning was performed and Cefotaxime 40 mg/kg 
intramuscular injection was given twice daily.

A control group (sham-operated group) was expos
ed to the same operative procedures and postopera-
tive precautions but without jugular veins ligation.

Neurological examination

The rats were followed up clinically using the stan-
dard 5-point “Experimental autoimmune encephalo-
myelitis” staging system according to Chen et al. [9], 
starting from one month post-surgery: 0 = no signs, 
1 = complete tail limpness without limb weakness, 
2 = limb weakness without obvious paralysis on 
ambulation, 3 = one limb with partial paralysis (vol-
untary movements are still possible), 4 = one limb 
with complete paralysis, and 5 = moribund.

Tail limpness was tested by fixation of the tail 
base and observing the tone of the tail, limb weak-
ness was defined by an impaired righting reflex; 
the rats have difficulty turning over after being laid 
down on their back, complete paralysis was defined 
as a total loss of righting reflex.

Obtaining brain tissue for assessment

After eight months and under anesthesia using 
ketamine 75 mg/kg IP and chlorpromazine hydro-
chloride 20 mg/kg IM [45], perfusion fixation of the 
rat brain was performed; and thoracotomy was done 
and 4% warm formalin in phosphate buffer saline 
was infused in the rat’s left ventricle [14]. Decapita-
tion was done, then the skull was opened and the 
brain was extracted.

A coronal segment of the brain was cut between 
a level of 8 mm to 15.3 mm from the beginning of the 
olfactory bulb which is equivalent to bregma 1 mm to 
bregma –6.3 mm according to stereotaxic coordinates 
by Paxinos and Watson [30]. The selected segment 
comprises most of the brain white matter bundles. 
The brain segment was immersed in 10% formalin 
in phosphate buffer saline for processing of paraffin 
blocks.

For preparation of semithin sections, samples of 
white matter (1 mm³) from various areas were har-
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vested and fixed in a solution of 3% phosphate buff-
ered glutaraldehyde (pH 7.3) overnight at 4°C. 

Histopathological examination  
and histochemical staining

6-8 µm sections were prepared from paraffin 
blocks for the following stains:
1. �Hematoxylin and Eosin (H&E) stain for routine 

histopathological assessment: the major white 
matter tracts observed in the coronal brain tissue 
sections were carefully examined. 

2. �Luxol fast blue-cresyl violet stain for myelin using 
the luxol fast blue-cresyl echt violet stain kit (Amer-
ican Master kit, USA) [42]. 

3. �Silver axonal staining using modified Glees tech-
nique [5] and Bielschowsky’s technique [11]. 

4. �Perls Prussian blue stain for iron [5].

Immunohistochemical staining

Immunohistochemical staining was carried out on 
4 µm sections of formalin-fixed paraffin embedded 
tissue using Dako autostainer with standard labeled 
streptavidin- biotin-peroxidase complex technique 
and diaminobenzidine (DAB) served as the chromo-
gen. Staining was performed applying a  polyclonal 
rabbit antibody against glial fibrillary protein (GFAP) 
(Dako, Code IS524, ready-to-use), monoclonal mouse 
antibody against CD68 (Dako, Code IS609, Clone KP1, 
ready-to-use), monoclonal mouse antibody against 
CD45 (Dako, Code IS751, Clones 2B11 + PD7/26, ready-
to-use). Rat brain, rat tonsil and rat spleen tissues 
were used as positive control for GFAP, CD68, CD45 
immunostains, respectively. Negative control was 
achieved by performing the staining procedures with 
omission of the primary antibody.

Toluidine blue staining of semithin 
sections from resin-embedded blocks

The samples were washed off the fixative prepa-
ration in phosphate buffer for a period of 4 hours, 
then post fixed in 1% buffered osmium tetroxide for 
1-2 hours at 4°C. The tissue pieces were subsequent-
ly washed twice in phosphate buffer and then dehy-
drated in ascending grades of ethanol. Clearing was 
done in propylene oxide for 20 minutes at room tem-
perature. Infiltration was then done by using equal 
parts of propylene oxide and Epon 812 for overnight. 
The specimens were embedded in gelatin capsules 
filled with fresh Epon. The capsules were placed in 

the oven at 60°C for 48 hours to allow polymeriza-
tion. Finally, semithin sections were cut at one-mi-
cron thickness with a glass knife and were stained 
with 1% toluidine blue stain dissolved in 1% borax 
for approximately 30-60 seconds at 60-70°C.

Computer image analysis

“TS View” computer image analysis software ver-
sion 6.2.4.5 was used to quantitate the number of 
myelinated fibers and the number of astrocytes per 
microscopic field as well as the surface area of the 
astrocytic cell.

NIH “Image J” computer image analysis software 
version 1.40 g was used to measure the area of iron 
deposits, area of stained myelin as well as area stained 
immunohistochemically by GFAP per microscopic field.

For each of the previous entries, measurements 
were taken from six microscopic fields per slide, six 
slides per rat and six rats per group. 

Counting the myelinated fibers in semithin 
sections per microscopic field was done using the 
100X objective lens. The number of astrocytes per 
microscopic field was counted using the 40× objec-
tive lens. The surface area of astrocytes in square 
micrometer was measured using the 100× objective 
lens (6 astrocytes were measured for each case and 
the mean surface area of the individual astrocyte 
was then calculated). For measurement of area per-
centage of iron and GFAP per microscopic field, the 
4× objective lens was used.

Calibration of the software was done for each 
microscopic magnification in order to translate pix-
els into micrometers. This was done with the aid of 
a stage micrometer.

For measurement of area percentage per micro-
scopic field used for quantitation of iron and GFAP, 
images were split into RGB stacks, then the red stack 
was chosen and adjusted to grey scale threshold to 
mark the stained areas-areas of positive immuno-
reactivity with a red-colored binary mask. Then, the 
percentage of these areas in relation to the micro-
scopic field was subsequently calculated. 

Statistical analysis

SPSS software (Version 13.0) was used. Compari-
son of means between the control and experimental 
groups was done using independent-samples t-test 
with p value of < 0.05 was considered significant 
and < 0.01 was considered highly significant.
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Results
Chronic cerebrospinal venous 
insufficiency in rats does not result 
in neurological deficit 

Clinical follow-up of the rats performed using  
the standard 5-point “Experimental autoimmune 
encephalomyelitis” staging system revealed no neu-
rological signs in both the sham-operated control 
group and the jugular vein ligation group. Monthly  
follow-up started one month post-surgery revealed 
preserved tone and movement of the rat tail on fixa-
tion of the base of the tail with no paralysis or flaccid-
ity. Normal righting reflex was observed.

Histopathological examination  
and histochemical staining results

Examination of white matter tracts at the lev-
el of bregma 1 mm, bregma –1.4 mm, and bregma  
–2.8 mm as they appeared craniocaudally and dorso-
ventrally included the cingulum, the corpus callosum, 
the external capsule, the discrete patches of fibers 
dispersed in the caudate-putamen, the anterior com-
missure, the medial forebrain bundle, the lateral olfac-
tory tract, the ventral hippocampal commissure, the 
dorsal hippocampal commissure, the stria medullaris 
thalami, the fimbria, the stria terminalis, the internal 
capsule, the fornix, the mammillothalamic tract, and 
the optic tract. The following were also examined: the 
white matter structures apparent at the level of the 
superior colliculus of the midbrain corresponding to 
bregma –6.3 mm comprised of the superior colliculus,  
the medial longitudinal fasciculus, cerebral peduncle, 
the medial lemniscus, and the alveus.

Histopathological examination by H&E

The examined white matter tracts in both jug-
ular vein ligation group and sham-operated control 
group exhibited normal appearing white matter with 
no detectable hypodense patches suggesting demye
lination. No signs of congestion or inflammatory cell 
infiltration were noted in both groups. Mild widening 
of perivascular Virchow Robin space with surrounding 
mild brain tissue edema was observed in the jugular 
vein ligation group compared to the sham-operated 
control group.

Myelin luxol fast blue/cresyl violet stain

The white matter showed reserved integrity with 
no foci of demyelination on light microscopic exam-

ination of Luxol fast blue/cresyl violet stained rat brain 
coronal sections in both the sham-operated control 
group and jugular vein ligation group (Fig. 1A-B). Sharp 
discrimination between the white matter, which was 
stained deep blue, and grey matter, which acquired 
light blue color, was exhibited by the stain. 

Computerized image analysis revealed that the 
percentage of areas stained for myelin per micro-
scopic field in the sham-operated group and in the 
JVL group were 21.86% ± 10.93% and 23.15% ± 11.73%, 
respectively. The difference between the two groups 
was statistically non-significant (p = 0.813) (Fig. 2).

Silver stains

Light microscopic examination of silver stained 
coronal sections of the rat brain in the JVL group 
revealed similar results to the control group. No alter-
ation in the organization of the major white matter 
structures with no apparent tangles or swellings in 
the fibers were noted with Bielschowsky stain and 
modified Glees technique (Fig. 1C-D).

Iron Perls Prussian blue stain

Light microscopic examination of Perls Prussian 
blue stained coronal sections of the brain of the rats 
in the sham-operated control group showed minimal 
or negative iron deposits (Fig. 1E). On higher mag-
nification, this trivial iron deposition was observed 
within the oligodendrocytes, the endothelial lining 
of the blood vessels as well as in the surrounding 
brain tissue.

Regarding the jugular vein ligation group, mark-
edly increased iron deposition was noted (Fig. 1F). 
The iron deposits were aggregated mainly in white 
matter tracts including the corpus callosum, the cin-
gulum, and the external capsule, the white matter 
tracts within the caudate-putamen complex, and the 
anterior commissure. Moderate iron deposits were 
seen in the fimbria and the internal capsule and the 
stria terminalis, minimal deposits were observed in 
the optic tract, the fornix, the mammillothalamic 
tract and the medial longitudinal bundle. On high-
er magnification, the iron deposits were observed 
within the oligodendrocytes as well as intercellu-
lar deposits. The blood vessels captured on higher 
magnification photomicrographs showed extensive 
iron deposits in the endothelial lining of the blood 
vessels as well as a marked increase in iron in the 
surrounding brain tissue.
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Fig. 1. Reserved white matter integrity with no foci of demyelination in both sham-operated control group 
(A: reconstructed picture) and JVL group (B); Luxol fast blue/cresyl violet stain. No alteration in the orga-
nization of the major white matter structures with no apparent tangles or swellings in the fibers in both 
sham-operated control group (C: reconstructed picture) and JVL group (D); Bielschowsky silver stain.  
No apparent iron deposit in sham-operated control group (E), while a marked increase in iron deposition 
is noted in the JVL group, mainly noted in white matter tracts (arrows) (F), inset shows iron deposits in 
endothelial cells (arrows) of a blood vessel “BV” and intercellular deposit in surrounding brain tissue (arrow-
heads) with mild widening of the perivascular space “P”; Perls Prussian Blue stain. Site of sections at cor-
onal levels corresponding to bregma –1.4 mm for A, B, C, and D and bregma –1.2 mm for E and F; original 
magnification for all ×40 and ×1000 for inset. Abbreviations: amygdaloid complex (AMG), corpus callosum 
(CC), cingulum (CN), caudate-putamen (CP), external capsule (EC), fimbria (FI), fornix (F), internal capsule 
(IC), globus pallidus externa (GPE), lateral olfactory tract (LO), lateral ventricle (LV), medial forebrain bundle 
(MFB), optic chiasma (OX), piriform cortex (PI), stria medullaris thalamai (SM), stria terminalis (ST), thala-
mus (TH), ventral hippocampal commissure (VHC), third ventricle (3V).

SHAM JVL

E

A

C
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Upon computer image analysis, the percentage 
of areas stained for iron per microscopic field in the 
sham-operated group was 0.93% ± 1.37% compared 
to 7% ± 5.66% in the JVL group. This difference was 
statistically highly significant (p = 0.003) (Fig. 2).

Immunohistochemical staining results
GFAP immunostaining reveal astrogliosis in rats 
with CCSVI 

The stain highlighted the astrocytic cells mainly 
in the perivascular localization with apparent astro-
gliosis observed in the JVL group compared to the 
sham-operated group. The reactive astrocytes were 
distributed rather evenly in the white tracts exam-
ined with a slight increase in numbers at the corpus 
callosum and external capsule. This astrogliosis is 
evidenced as a marked increase in size and number 
of reactive astrocytes in the JVL group compared to 
the sham-operated group which appeared as large 
cells with highly branching thick and intensely stain-
ing processes. 

This astrogliosis observed by light microscopic 
examination of the GFAP stained section in the JVL 
group was further confirmed upon comparing the 

JVL group to the sham-operated group regarding 
the area percentage of GFAP immunoreactivity per 
microscopic field (14.81 ± 6.2 vs. 3.21 ± 0.55) and the 
number of astrocytes per microscopic field (64.67 ± 
8.62 vs. 37.83 ± 7.94), as well as the mean surface 
area of the astrocyte in µ2 (152.88 ± 61.44 vs. 74.37 ± 
42.39) via computerized image analysis with a high-
ly significant statistical difference, p < 0.001 (Figs. 2 
and 3). 

CD68 and CD45 immunostaining reveal lack  
of inflammatory response in rats with CCSVI

Neither microglial/macrophage nor lymphocytes 
could be detected in either perivascular or brain-pa-
renchymal localization in both sham-operated and 
JVL groups (Fig. 4).

Results of semithin toluidine blue 
stained sections examination

Light microscopic examination of toluidine blue 
stained semithin sections from the rat brain of 
both the sham-operated control group and the JVL 
group revealed similar findings with unremarkable 
myelinated nerve fibers, oligodendrocytes, and 
astrocytes (Fig. 5). Examination of nerve fibers in the 
corpus callosum and the caudate-putamen showed 
myelination of most of the fibers with the myelin 
appearing as a  continuous dense cuff surrounding 
the axons with no apparent vacuolation or thinning.  
The axons appeared pale and homogenous (Fig. 5).

Computerized image analysis revealed no statis-
tical significant difference between the number of 
myelinated fibers per microscopic field in the JVL 
group (119.83 ± 29.2) compared to the sham-oper-
ated group (114.5 ± 32.24), p = 0.770 (Fig. 2).

Discussion

This study was designed to validate the hypothesis 
that CCSVI leads to inflammation and demyelination 
in MS through the deposition of iron in the brain.

The present study showed that even though the 
rat model of CCSVI showed extensive iron deposition 
and reactive astrogliosis mostly in white matter, no 
signs of demyelination were detected. Also no signs 
of inflammation were observed as confirmed by 
negative immunoreactivity for both CD68 and CD45. 
The neurological follow-up of the JVL group and the 
sham-operated group showed similar results with 
no paralysis or weakness and intact righting reflex. 

Fig. 2. Myelin content, iron content, GFAP immu-
nohistochemical results, and number of myelin-
ated fibers in the sham-operated group and 
JVL group as assessed by computerized image 
analysis; NS – non-significant; HS – highly signi
ficant.
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Fig. 3. GFAP immunostaining: apparent moderate positive staining of white matter in the sham-operated group 
(A); while intense staining was noted in corpus callosum (CC) adjacent to the lateral ventricle (LV) from the JVL 
group (B); original magnification × 100. Reactive astrocytes in the sham-operated group (C) and JVL group (D) 
with apparent astrogliosis observed in the JVL group evidenced as a marked increase in size and number of 
astrocyte with highly branching thick and intensely staining processes; original magnification ×1000.

C

A B

D

SHAM JVL

Fig. 4. No detectable inflammatory response with lack of microglial/macrophage (A) and lymphocytes (B) 
as assessed by CD68 and CD45 immunostaining, respectively, in the JVL group; the site of section at coronal 
levels corresponding to bregma –1.4 and –2.8 mm, respectively, original magnification ×40. Abbreviation: 
caudate-putamen (CP), external capsule (EC), fimbria (FI), internal capsule (IC), stria terminalis (ST), lateral 
ventricle (LV), ventral hippocampal commissure (VHC).

A B



56 Folia Neuropathologica 2017; 55/1

Maha M.A. Zakaria, Shahira Y. Mikhael, Azza K. Abu Hussein, Rania A. Salah El-din, Hany W. Abd El-Malak, Iman H. Hewedi, Hany S. Nadim

Jugular vein stenosis was found in some studies 
to exist in 91% of MS patients with 14% showing 
bilateral stenosis [26,52]. The cerebral venous out-
flow in the rat is carried mainly by the external jug-
ular vein with contribution from the vertebral vein, 
unlike human circulation, the internal jugular vein is 
almost vestigial in the rat [4]. In the present study, 
total ligation of the external jugular vein bilateral-
ly in the rat model was performed to maximize the 
effect on the cerebral venous circulation.

Bilateral jugular vein stenosis in CCSVI was asso-
ciated with activation of the cervical and intracrani-
al collateral circles shunting the blood towards the 
superior vena cava and the azygos venous system, 
respectively [48]. The activation of these collateral 
circuits was confirmed by CT venogram in the JVL 
animal model used by Atkinson et al. [3]; in the pres-
ent study, the rat model was used replacing the orig-
inal mouse model, the cerebral venous drainage in 
both species is similar as well as the brain structure 
with few minor differences [29,44].

Mimicking the exact pattern of the venous mal-
formations in CCSVI in a rat model was inaccessible 
due to the difficulty and high mortality encountered 
with ligation of the azygos or vertebral veins in rats.

The head position in humans differs from that of 
the rat which impacts the cerebral venous drainage. 
In humans the upright position places the internal 
jugular veins above the heart causing their collapse 

and shifts the cerebral venous drainage towards the 
vertebral vein and azygos system [46]. As rats are 
quadrupeds, the jugular veins are less liable to com-
pression and play a major role in the cerebral venous 
outflow [29], which accounts for the use of the jugu-
lar veins in the present study.

Although the study of Atkinson et al. [3], which 
employed mice as an animal model of CCSVI, 
extended over a period of six months, the present 
experiment extended over a period of eight months 
in rats. This period covers almost one third of the life 
span of albino rats [38]. In addition, this time period 
should be sufficient for the occurrence of patholog-
ical manifestations of MS i.e. inflammation, demye-
lination and axonal injury. Taking into consideration 
the occurrence of MS in humans in their third or 
fourth decade [27] and that in the present experi-
ment JVL was performed bilaterally and the venous 
occlusion was complete, and this would enhance the 
occurrence of such manifestations if the hypothesis 
of Zamboni et al. [51] was valid.

Areas of the rat brain drained by the external jug-
ular vein comprise the dorsal and the ventral aspects 
of the brain excluding the caudal part of the brain-
stem and the cerebellum which is drained mainly by 
the vertebral and the small internal jugular vein [29]. 
The coronal brain segment examined in the present 
study was limited to the areas drained chiefly by the 
external jugular vein. This segment comprised the 
periventricular areas, the major white matter tracts 
as well as the optic tract and optic chiasma. Multiple 
sclerosis is a  disease of the white matter, the cor-
tical lesions are typically periventricular in 80% of 
patients [13].

The present study showed that CCSVI led to iron 
deposition in the brain, which is consistent with the 
findings of Zivadinov et al. [53] using MRI in humans. 
The iron deposits in the present work were recog-
nized mainly in the white matter and the perivas-
cular zones and were detected in oligodendrocytes, 
a finding similar to the distribution of iron deposits 
in the brains of more than 30% of MS patients in 
a study by Adams [2].

However, the distribution of iron deposits in the 
present study was different from the normal distri-
bution of iron in the rat brain described by Hill and 
Switzer [19], in their study iron was mainly localized 
in the circumventricular organs, the pyriform cortex, 
the globus pallidus, the caudate-putamen and the 
substantia nigra.

Fig. 5. Semithin section examination of nerve 
fibers in the caudate-putamen in the JVL group 
exhibited myelination of the nerve fibers (arrow-
heads) with no apparent vacuolation or thinning, 
astrocytes (*) are also observed; Toluidine blue 
stain. Original magnification ×1000.
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Studies showed that chronic venous disease typ-
ically leads to iron deposition in tissues [1,48], which 
is in accordance with the present study.

The iron deposition that was detected in the 
current study could be explained by reviewing the 
findings of Sakata et al. [37] who stated that jugular 
vein ligation alters cerebral venous volume and the 
findings of Yura et al. [49] that revealed that jugular 
vein ligation leads to decreased cerebral blood per-
fusion. Also, decreased CSF reabsorption was linked 
to bilateral jugular vein ligation [21]. Hypoxic states 
were shown to facilitate iron uptake [28] and this 
uptake by the brain is regulated by the blood-brain 
barrier (BBB) and the blood-cerebrospinal fluid barri-
er [31]. Such derangement in the CSF flow dynamics 
might contribute to the iron deposition observed in 
the present study.

It was suggested that iron initiates the demye-
lination sequence in MS either directly through the 
release of free radicals and reactive oxygen [53], or 
indirectly by acting as a potent chemotactic factor 
for macrophages and causing the initial activation of 
T-cell autoimmune cascade [32].

The lesions in MS are characterized by disturbance 
of the blood-brain barrier, local edema and demyelin-
ation; elements which point to an inflammatory pro-
cess [12]. The inflammatory process in MS is initiated 
by the expression of adhesion molecules, followed 
by the passage of T-lymphocytes and macrophages 
or microglia cells across the blood-brain barrier [23]. 
In the areas of active damage, different populations 
of lymphocytes dominated by CD8+ T-cells as well 
as cytotoxic T-cells are found, these cells as well as 
macrophages and activated microglia are closely 
attached to degenerating myelin sheaths and axons, 
the inflammatory cells are believed to play a major 
role in the demyelination and axonal injury [23].

In spite of the iron deposition detected in the pres-
ent study, there was no observable demyelination or 
inflammation in the JVL group which was in agree-
ment with Williams et al. [47] who reported that iron 
deposits in an animal model of MS were found to 
be independent of the lesions or the inflammation. 
These results are contrary to the hypotheses pro-
posed by Zamboni [50] that the deposition of iron as 
a result of deranged cerebral venous return is capable 
of inducing signs of MS.

Also in the present study, iron deposits were not 
seen in macrophages, which is contrary to the find-
ings observed typically in inflammatory diseases [40]. 

Moreover, it was proposed that the source of perive-
nular iron deposits in the course of MS is extrava-
sated red blood cells that occur as a  consequence 
to alteration in the blood flow pattern resulting in 
microbleeds [39]. However, the present study did not 
reveal the presence of extravasated red blood cells.

The results of the present study were consistent 
with those rendered by Atkinson et al. [3]. In both 
studies, bilateral jugular vein ligation resulted in no 
signs of demyelination with absence of activated 
microglia and lymphocytes. In both studies, neurolog-
ical assessment of the rats showed no signs of neuro-
logical impairment which was in agreement with the 
histopathological findings. These findings can explain 
the existence of CCSVI in up to 30% of healthy indi-
viduals [22,24]. These results provide evidence that 
iron deposition resulting from the venous reflux in 
CCSVI is not a direct causal factor for inflammatory 
and demyelinating diseases, which explains its occur-
rence in disease-free individuals.

The present study showed an increase in the num-
ber and size of astrocytes as detected by image anal-
ysis of GFAP stained sections, this finding is in accor-
dance with the astrogliosis observed in the course of 
MS [16]. However, the pattern of astrogliosis in the 
present study was diffuse while in MS, hypertrophied 
astrocytes were typically seen inside the acute and 
chronic lesions and form a limiting zone surrounding 
chronic and inactive plaques [34].

The occurrence of astrogliosis in the current study 
could be explained by a decrease in cerebral perfu-
sion [8,37] and decreased regional cerebral oxygen 
saturation [46]. In another study, Román et al. [36] 
revealed that gliosis was detected in the brain after 
incomplete ischemic injuries.

The presence of macrophages and lymphocytes in 
the active MS lesion was established in several stud-
ies [7,25] and immunostaining for CD68 and CD45 
to highlight such inflammatory cells in brain tissue 
was previously reported [10]. However, the present 
study revealed that both CD68 and CD45 showed no 
detectable inflammatory response in the JVL group.

In conclusion, there is little convincing evidence 
to confirm a cause-and-effect relationship between 
venous insufficiency and the pathophysiological cas-
cade underlying MS using the current animal model 
of CCSVI. Further studies are recommended in order 
to assess the possible relation between CCSVI and 
MS by comparing the effect of induction of CCSVI in 



58 Folia Neuropathologica 2017; 55/1

Maha M.A. Zakaria, Shahira Y. Mikhael, Azza K. Abu Hussein, Rania A. Salah El-din, Hany W. Abd El-Malak, Iman H. Hewedi, Hany S. Nadim

a chemically-induced rat model of MS, in compari-
son to an isolated MS model.
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Introduction: Ectopic sphenoid sinus pituitary adenoma is a rare tumour originating from embryologic remnants of 
Rathke’s pouch. Although it is considered a clinically benign neoplasm, necrosis is encountered in 25% of cases and 
it can invade adjacent bone structures. 
Aims: To establish clinical, radiological and histopathological features of ectopic sphenoid sinus pituitary adenoma.
Material and methods: Analysis of three cases: two females and one man, aged 61-70. 
Results: One patient presented with a  unilateral hearing loss, the other two with headache and vertigo. They 
all suffered from type 2 diabetes mellitus. Neurological examination revealed no abnormality. Radiological imag-
ing showed a sphenoid sinus space-occupying soft-tissue lesion with bone erosion in 2 cases and empty sella in 
2 patients whereas one had a normal pituitary gland. All were operated on via the transnasal approach. Total 
resection was achieved in one patient and subtotal in two; in two cases we observed intact sellar dura and in one 
intact sellar floor. Histopathology showed immunoreactivity for synaptophysin in all cases and cytokeratin in two. 
The Ki-67 index was less than 2%. Immunohistochemical staining demonstrated growth hormone cells in all cases 
whereas prolactin and adrenocorticotropin in two. The patients were discharged home in good condition with no 
neurological deficits.
Conclusions: Ectopic sphenoid sinus pituitary adenoma should always be considered in differential diagnosis of sphe-
noid sinus lesion in the elderly, especially in coexistence with empty sella or type 2 diabetes mellitus. Since ectopic 
sphenoid sinus pituitary adenoma is a benign lesion, surgical removal is an effective treatment.
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Introduction

Pituitary adenoma (PA) is a  common entity in 
the sellar region, it accounts for approximately 12% 
of primary brain tumours [16]. Its ectopic localiza-
tion in sphenoid sinus is seen in 0.48% of cases 
[17]. Although ectopic sphenoid sinus pituitary ade-
nomas (ESSPAs) are benign neoplasms, necrosis is 

encountered in 25% of them [17]. They are either 
characterized by well-defined radiological mar-
gins [17,19] or described as bone invading expan-
sile lesions [4,15]. They originate from embryologic 
remnants of Rathke’s pouch, which prematurely 
terminated their migration to the pituitary fossa 
[2,4,10,15,17,19]. 
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Material and methods

In order to reveal clinical, radiological and histo-
pathological features of ESSPA, we analysed three 
cases: two females and one male, aged 61-70.

Results

Patient 1, a  64-year-old-female, presented with 
a  unilateral left-sided insidious hearing loss of one 
year’s duration. Her medical history was notable for 
mild hypertension (HT) and type 2 diabetes mellitus 
(DM II). Additionally she had a past medical history 
of hypothyroidism, glaucoma, and menopause at the 
age of 25. The radiological imaging showed a space- 
occupying soft-tissue lesion within the sphenoid 
sinus protruding into the left choana (Fig. 1). It had 
irregular enhancement after gadolinium administra-

tion. Empty sella and bone erosion were observed 
(Fig. 2). The sella turcica was slightly deepened, lined 
with a 2 mm thick strand of the pituitary gland and 
the narrowed pituitary stalk. We performed a  sub-
total resection of the tumour via the transnasal 
approach. It presented as a necrotic mass, tender in 
consistency and with blurred margins. Despite the 
erosion of adjacent bone structures including sellar 
floor, it was possible to recognise the intact sellar 
dura. She was discharged home in good condition 
with no neurological deficits.

Patient 2, a  70-year-old woman, was referred 
for evaluation of a  2-cm heterogeneous sphenoid 
sinus mass discovered when a  magnetic resonance 
scan was obtained to evaluate H/A and vertigo. She 
offered no other complaints. She had a past medical 
history of DM II and HT treated medically. On mag-

Fig. 1. Post-gadolinium T1-weighted (coronal and midline sagittal) and T2-weighted (axial) MR images of three 
cases of ectopic sphenoid sinus pituitary adenoma before surgery – column 1-3; CT scans showing bone ero-
sion in patients 1 and 3, and post-gadolinium T1-weighted axial MR image of case 2 (column 4).

Case 1

Case 2

Case 3
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netic resonance (MR) images after administration of 
gadolinium enhancement, we observed an irregular 
soft-tissue lesion within the sphenoid sinus, with 
a  liquid cyst located interiorly (Fig. 1). It had well- 
defined margins and there was a  normal pituitary 
gland located inside the sella turcica. She was 
operated on via the transnasal approach and the 
lesion was totally removed. The bone borders of  
the sphenoid sinus were confirmed intact. She was 
discharged home in good condition with no neuro-
logical deficits.

Patient 3, a 61-year-old man, was referred to the 
neurology clinic for evaluation of chronic H/A  and 
episodes of vertigo. He had modest comorbidities 
such as mild HT and DM II, well-controlled with medi
cations. Radiological studies revealed a space-occu-
pying soft-tissue lesion within the sphenoid sinus 
with increased bone turnover, and suspected empty 
sella (Fig. 1). After gadolinium administration it had 
regular enhancement. The patient was operated on 
via the transnasal approach; we performed a  sub
total resection of the lesion. The intact sellar dura 
was confirmed. He was discharged home in good 
condition with no neurological deficits.

The initial histopathological examination show
ed small fragments of tissue with alternating mucoid 
and fibrous, hyalinized stroma in all cases (Fig. 3).  
The tumours consisted of small, monomorphic cells 
with hyperchromatic nuclei and scant cytoplasm. 

In the first case, necrosis was found in the central 
zone. The neoplastic cells were arranged in nests and 
separated by thin-walled vessels and poorly vascu-
larized connective tissue. Haemorrhage was focally 
observed. All tumours showed no cytologic features 
of malignancy, with the Ki-67 labelling index of less 
than 2% and no mitotic figures. Immunohistochem-
ical staining for the transcription termination factor 
and CD68 were negative in all cases, while cytokera-
tin was positive in the second and third case. Immu-
noreactivity for neuroendocrine markers including 
synaptophysin, neuron-specific enolase, chromogr-
anin A and CD56 was observed. In the first case, the 
tumour demonstrated some S100-positive cells. The 
above immunophenotypes indicated a  neuroendo-
crine tumour without cytologic features of malignan-
cy and suggested a  differential diagnosis between 
pituitary adenoma and paraganglioma. We per-
formed immunohistochemical staining for pituitary 
hormones, which demonstrated growth hormone 
(GH) cells in all cases whereas prolactin (PRL) and 
adrenocorticotropic hormone (ACTH) in two. Hence, 
the final diagnoses of pituitary adenoma were estab-
lished.

In the first case, hormone tests revealed a slightly 
increased prolactin level. The patients remain under 
surveillance for further growth symptoms by MRI 
and were referred to an endocrinologist for medical 
treatment.

Fig. 2. Computed tomography midline sagittal scan showing bone erosion in patient 1 (A); 3D reconstruction (B).

A B
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Discussion

The pathogenesis of ectopic pituitary adenoma 
(EPA) is not fully understood. It is hypothesized that 
neoplastic transformation occurs within the ectopic 
pituitary tissue located along the path of migration 
of Rathke’s pouch, that is in the craniopharyngeal 
canal, or in the adjacent area [2,4,10,15,17,19]. Most 
frequently this tissue may be found in the sphe-
noid sinus, and then is called ‘ectopic intrasphenoid 
hypophysis’ [7,18]. Consequently, the coexistence 
with the primary empty sella in such cases results 
from premature termination of migration of Rathke’s 
pouch, before reaching the pituitary fossa [4,10,15,19]. 
As it was shown in a recent review by Liang et al. [10] 
(Table I), to date only 15 cases of ESSPA associated 
with an empty sella have been reported in the litera-
ture [2,4-6,9-12,19]. 

The largest series of ESSPA in the literature by 
Thompson et al. included 32 cases [17] (Table I).  
The authors revealed that the mean age of diagno-
sis was greater than in typical pituitary adenoma by 
approximately 10 years. They indicated most sensi-
tive neuroendocrine markers that are synaptophysin 
and CD56, which were also positive in our study.

Ectopic sphenoid sinus pituitary adenomas en- 
compasses a  wide range of symptomatology: acro-
megaly, Cushing’s syndrome, sexual dysfunction, 
amenorrhea, MEN-1 syndrome (multiple endocrine 
neoplasia type 1), nasal obstruction, rhinorrhoea and 
epistaxis, H/A, vertigo, and ear symptoms such as 
hearing loss. All those although mentioned in the lit-
erature, can hardly be related to a lesion limited to the 
sphenoid sinus. We are of the opinion that also in our 
series the tumours were incidental findings.
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Fig. 3. The initial histopathological examination with haematoxylin and eosin (line 1); immunoreactivity 
for synaptophysin (line 2); immunohistochemical staining for pituitary hormones demonstrating growth 
hormone cells in all cases (line 3). 
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Regarding the differential diagnosis, invasive 
pituitary adenoma is an important consideration. 
Initial intrasellar localization of a pituitary adenoma 
with a  following localized or diffuse destruction of 
sellar floor and extension into the sphenoid sinus 
– grade 3 and 4 in modified Hardy’s system – is 
expected in 35% and 10% of cases, respectively [13]. 
Although MRI may help to confirm the integrity of 
sellar dura and sellar floor [4,10,12,19], the gold stan-
dard is an intraoperative verification [2,5,6,9-11,15]. 
In case of bone erosion of sphenoid, the evidence of 
ESSPA seems less justifiable. In our series, computed 
tomography (CT) scans demonstrated erosion of the 
sellar floor in two patients, with preserved integrity 

of dural lining on MRI which was later confirmed on 
surgery. In one case (patient 2), the sphenoid bone 
was intact. 

In the first case, a  slightly increased prolactin 
concentration was observed, possibly related to the 
empty sella, rather than to the secreting nature of 
the tumour. Hyperprolactinaemia is seen in 21% of 
ESSPA [17] and in 15% of the empty sella syndromes 
[1]. Some authors suggest it is due to the stalk effect 
observed in the intrasellar hypertension and consists 
of impaired dopamine delivery [1,3]. Continuity of the 
pituitary stalk is essential for adequate development 
and well-functioning of the pituitary gland [8]. We 
inferred that the process of developing adenoma in 

Table I. Results of the study and review of the literature

Factor Case 1 Case 2 Case 3 Thompson et al. 2012 [16] Liang et al. 2014 [10]

Sex Female Female Male 16 males, 16 females 4 males, 6 females,  
5 unknown

Age 64 70 61 Mean age 57.1 Unknown

Clinical summary Unilateral 
hearing loss, 

DM II, HT

H/A and 
vertigo, DM 

II, HT

H/A and 
vertigo, DM 

II, HT

Asymptomatic H/A
Chronic sinusitis

Obstructive symptoms
Visual disturbances

Mass
Nerve changes

Balance or hirsutism

Acromegaly
Cushing’s syndrome
Sexual dysfunction

Amenorrhea
MEN-1 syndrome
Nasal obstruction

Rhinorrhoea & epistaxis
Unilateral hearing loss

Imaging studies

Empty sella + – + – 100% (15/15)

Bone involvement + – + 66% (21/32) Unknown

Intact sellar dura + + + Unknown 87% (13/15)

Intact sellar floor – + – Unknown Unknown

Size 32 mm 20 mm 28 mm Mean size 34 mm Unknown

Resection Subtotal Total Subtotal Unknown Unknown

Pathology

Necrosis + – – 25% (8/32) Unknown

PRL + + – 59% (13/22) 4/9

ACTH + – + 33% (6/18) 1/9

GH + + + 26% (5/19) 3/9

TSH – – – 29% (5/17) Unknown

FSH – – – 47% (9/19) Unknown

Synaptophysin + + + 97% (29/30) Unknown

Neuron-specific enolase + + + 76% (13/17) Unknown

Chromogranin A + + + 71% (17/24) Unknown

CD56 + + + 91% (10/11) Unknown

S100 + – – 7% (1/15) Unknown

Pan-cytokeratin – + + 79% (22/28) Unknown

Ki-67 < 1% < 1% < 2% All < 3% Unknown

Hormone tests Slightly ↑PRL Normal Normal
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the ectopic pituitary gland may be a direct corollary 
of lack of the hypothalamic regulation of pituitary 
development during embryogenesis and subsequent 
impaired dopamine delivery.

A  significant proportion of PA is plurihormonal. 
Plurimorphous PA, however, defined as showing more 
than one cell type, is a very rare entity [14]. In our study, 
we observed 2 cases (patient 1 and 3) of non-function-
ing PA, which were simultaneously locally positive for 
both ACTH and GH (Fig. 4).

Currently, there is no established treatment for 
ESSPA [2]. Thompson et al. postulated that surgical 
removal is a  treatment of choice independently of 
hormone test results [17]. Preoperative medical ther-
apy may be considered in prolactin-secreting pituitary 
adenomas as it can effectively reduce the size of the 
tumour. Additional characteristics that might support 
the conservative treatment are lack of symptoms 
(incidental finding) and elderly age of a patient. 

Ectopic sphenoid sinus pituitary adenoma is a rare 
tumour that should always be considered in differen-
tial diagnosis of a sphenoid sinus lesion in the elderly, 
especially in coexistence with empty sella, DM II and 
HT. It can be commonly characterised by radiological 
and histopathological features of invasiveness – bone 
erosion and necrosis – despite its clinically benign 
nature. Surgical confirmation of the intact sellar floor 
or sellar dura is required to differentiate ESSPA from 
invasive PA. Surgical removal is an effective treatment.

Disclosure

Authors report no conflict of interest. 

References 

1.	 Agarwal JK, Sahay RK, Bhadada SK, Reddy V, Agarwal NK. Empty 

Sella syndrome. J Indian Acad Clin Med 2001; 2: 198-201.

2.	 Ajler P, Bendersky D, Hem S, Campero A. Ectopic prolactinoma 

within the sphenoidal sinus associated with empty sella. Surg 

Neurol Int 2012; 3: 260-263.

3.	 Bergsneider M, Mirsadraei L, Yong WH, Salamon N, Linetsky M, 

Wang MB, McArthur DL, Heaney AP. The pituitary stalk effect: 

is it a passing phenomenon? J Neurooncol 2014; 117: 477-484.

4.	 Das CJ, Seith A, Gamanagatti S, Goswami R. On the AJR view-

box. Ectopic pituitary adenoma with an empty sella. AJR Am 

J Roentgenol 2006; 186: 1468-1469.

5.	 Gondim JA, Schops M, Ferreira E, Bulcão T, Mota JI, Silveira C. 

Acromegaly due to an ectopic pituitary adenoma in the sphe-

noid sinus. Acta Radiol 2004; 45: 689-691.

6.	 Hong J, Ding X, Wang S. Coexistence of ectopic pituitary adeno-

ma and empty sella in a patient with acromegaly: a case report 

and review of literature. Neurol India 2012; 60: 304-306.

7.	 Jinkins JR. Atlas of Neuroradiologic Embryology, Anatomy, and 

Variants. LWW, Philadelphia 2000.

8.	 Kelberman D, Rizzoti K, Lovell-Badge R, Robinson IC, Dattani MT. 

Genetic Regulation of Pituitary Gland Development in Human 

and Mouse. Endocr Rev 2009; 30: 790-829.

9.	 Kusano Y, Horiuchi T, Oya F, Miyaoka Y, Oguchi K, Takemae T, 

Hongo K. Ectopic pituitary adenoma associated with an empty 

sella: a case report and review of the literature. J Neuroimaging 

2013; 23: 135-136. 

10.	 Liang J, Libien J, Kunam V, Shao C, Rao C. Ectopic pituitary ade-

noma associated with an empty sella presenting with hearing 

loss: case report with literature review. Clin Neuropathol 2014; 

33: 197-202.

11.	 Matsuno A, Katayama H, Okazaki R, Toriumi M, Tanaka H, 

Akashi M, Tanaka K, Murakami M, Tanaka H, Nagashima T. 

Ectopic pituitary adenoma in the sphenoid sinus causing acro-

megaly associated with empty sella. ANZ J Surg 2001; 71: 495-

498.

Fig. 4. Plurimorphous pituitary adenoma observed in patient 3: immunohistochemical staining revealed 
positive reaction for adrenocorticotropic hormone (A) and growth hormone (B) cells. 

A B



66 Folia Neuropathologica 2017; 55/1

Ernest Jan Bobeff , Karol Wiśniewski, Wielisław Papierz, Ludomir Stefańczyk , Dariusz Jan Jaskólski

12.	 Naswa N, Das CJ, Sharma P, Karunanithi S, Bal C, Kumar R. Ecto-
pic pituitary adenoma with empty sella in the setting of MEN-1 
syndrome: detection with 68Ga-DOTANOC PET/CT. Jpn J Radiol 
2012; 30: 783-786. 

13.	 Oruçkaptan HH, Senmevsim O, Ozcan OE, Ozgen T. Pituitary 
adenomas: results of 684 surgically treated patients and 
review of the literature. Surg Neurol 2000; 53: 211-219.

14.	 Rasul FT, Jaunmuktane Z, Khan AA, Phadke R, Powell M. Pluri-
hormonal pituitary adenoma with concomitant adrenocortico-
tropic hormone (ACTH) and growth hormone (GH) secretion: 
a report of two cases and review of the literature. Acta Neuro-
chir 2014; 156: 141-146.

15.	 Slonim SM, Haykal HA, Cushing GW, Freidberg SR, Lee AK. MRI 
appearances of an ectopic pituitary adenoma: case report and 
review of the literature. Neuroradiology 1993; 35: 546-548.

16.	 Thapar K, Kovacs K, Scheithauer BW, Lloyd RV. Diagnosis and 
Management of Pituitary Tumors. Humana Press, Totowa 2001.

17.	 Thompson LD, Seethala RR, Müller S. Ectopic Sphenoid Sinus 
Pituitary Adenoma (ESSPA) with Normal Anterior Pituitary 
Gland: A Clinicopathologic and Immunophenotypic Study of 32 
Cases with a Comprehensive Review of the English Literature. 
Head Neck Pathol 2012; 6: 75-100.

18.	 Tortori-Donati P, Rossi A. Pediatric Neuroradiology – Brain. Head, 
Neck and Spine. Springer, New York 2005.

19.	 Yang BT, Chong VF, Wang ZC, Xian JF, Chen QH. Sphenoid sinus 
ectopic pituitary adenomas: CT and MRI findings. Br J Radiol 
2010; 83: 218-224.



67Folia Neuropathologica 2017; 55/1

Case report

GRN mutation in a patient with a behavioral variant  
of frontotemporal lobar degeneration (bvFTD)

Sylwia Walczysková1, Pavel Ressner2, Šárka Hilscherová1, Jaroslav Kotlas3, Jiří Konrád4, Věnceslava Svobodová5

1Department of Medical Genetics, University Hospital Ostrava, Ostrava, 2Neurology Clinic, University Hospital Ostrava, Ostrava, 
3Institute of Biology and Medical Genetics, General University Hospital, Prague, 4Psychiatric Hospital Havlíčkův Brod, 
Gerontopsychiatry, Havlíčkův Brod, 5KlinNeuro Prague Ltd, Neurology, Physiotherapy, Neurosurgery, Prague, Czech Republic

Folia Neuropathol 2017; 55 (1): 67-72� DOI: https://doi.org/10.5114/fn.2017.66715   

A b s t r a c t

The clinical spectrum of frontotemporal lobar degeneration (FTLD) is characterized by personality changes, language 
impairment, and executive function deficits. About 40% of FTLD cases have a family history of the disease, and the 
GRN gene is currently the most frequent genetic determinant. In cases of inherited FTLD with GRN mutations, par-
kinsonism is often an early sign due to greater grey matter atrophy in the caudate nucleus and bilateral atrophy in 
the thalamus. We investigated a female patient with signs of frontotemporal lobe atrophy and unilateral caudate 
nucleus atrophy on MRI. DNA was isolated from peripheral blood leukocytes and tested for GRN gene mutations. 
A pathogenic splice donor site mutation, c.708+1G>A, was found in the GRN gene. MRI showed unilateral caudate 
nucleus atrophy. This report extends the evidence for phenotypic and neuropathological heterogeneity in FTLD spec-
trum disorders due to splicing mutations in the GRN gene.

Key words: caudate nucleus atrophy, frontotemporal dementia, GRN gene, splicing mutation.
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Introduction

Patients < 65 years old with presenile dementia 
make up 5-15% of all patients with dementia. Fron-
totemporal lobar degeneration (FTLD) is the second 
most common cause of early onset dementia after 
Alzheimer’s disease. Frontotemporal lobar degenera-
tion is a highly heritable disorder, with about 25-50% 
of patients having a positive family history and about 
10% showing clear autosomal-dominant inheritance, 
even though a genetic cause can be demonstrated in 
less than 20% of patients [2]. This neurodegenerative 
disorder shows genetic and pathological heterogene-
ity, is characterized by behavior and language distur-

bances, and is associated with variable frontal, tem-
poral, and basal ganglia atrophy with neuronal loss 
and gliosis [2,16]. The redefined clinical criteria recog-
nize different phenotypes based on the clinical symp-
toms at presentation, including a possible behavior-
al variant of FTLD (bvFTD), two language variants, 
primary progressive nonfluent aphasia (PNFA), and 
a semantic variant. Notably, all variants can overlap 
with atypical Parkinsonian disorders such as progres-
sive supranuclear palsy and corticobasal degenera-
tion [5,12,14].

Frontotemporal lobar degeneration has been link
ed to mutations in seven genes (TARDBP, FUS, MAPT, 
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GRN, VCP, CHMP2B, and C9ORF72), three of which 
account for the vast majority of familial FTLD cas-
es and for a proportion of sporadic FTLD cases: the 
MAPT gene (microtubule-associated protein Tau), 
the GRN gene (also known as  PGRN, progranulin), 
and the C9ORF72 gene (expanded hexanucleotide 
repeat in a non-coding region of chromosome 9 open 
reading frame 72). About 95% of individuals who are 
diagnosed with FTLD with a pathogenic mutation in  
the GRN gene (FTLD-GRN) have an affected par-
ent. The age of clinical onset varies widely in GRN 
mutation carriers, even within the same family, and 
it is currently not possible to predict the exact age 
of disease onset in an asymptomatic individual.  
The proportion of cases caused by de novo mutation 
is unknown but is estimated to be 5% or less [11].  
The GRN gene encodes a  secreted multifunctional 
growth factor that is involved in a wide range of bio-
logical processes, such as development, wound repair, 
and the immune response, among others [7,16]. In the 
FTD patient population, the GRN mutation frequency 
ranges from 5% to 26%, and FTLD-GRN is inherited 
in an autosomal dominant manner. Pathogenic muta-
tions in the GRN gene are typically loss-of-function, 
nonsense, frame shift, or splice-site mutations that 
lead to GRN haploinsufficiency (null mutations). Stud-
ies have shown that the GRN levels in cerebrospinal 
fluid (CSF) do not differ in patients with a variety of 
types of primary neurodegenerative dementias. How-
ever, the plasma PGRN level (up to 35-75% reduction 
in mutation carriers with respect to controls), which 
can be used to detect GRN mutation carriers, is one 
of the best examples of a  reliable plasma biomark-
er in neurodegenerative diseases [6,17]. Subcortical 
and deep cortical involvement is a key feature of FTLD 
and especially of GRN-related disease, which shows 
a significantly higher degree of atrophy bilaterally in 
the caudate nucleus and thalamus compared to FTLD 
patients without a GRN mutation. This may explain 
the parkinsonism that is frequently associated with 
the disease even in its early stages. There are some 
case reports describing the loss of pigmented neurons 
from the substantia nigra [9,15,19]. Here we describe 
a case of a patient with a rare splicing mutation in the 
GRN gene and unilateral caudate nucleus atrophy.

Case report

The patient was a right-handed Caucasian wom-
an (III-2) with 18 years of formal education who 

began to exhibit memory and cognitive impairment, 
behavioral changes, and slight language disturbanc-
es (word finding difficulties) in 2005 when she was 
59 years old. There was a  strong family history of 
dementia in the proband’s family (Fig. 1A); specifical-
ly, her father (II-1) (deceased at the age of 72 years) 
and grandmother (I-2) had histories of dementia, as 
reported by relatives. The woman had 3 sons (IV-1 – 
IV-3), the oldest born in 1974; to date, all are healthy. 
The proband was otherwise healthy (i.e. no somatic 
disorders), with a normal full blood count and meta-
bolic, renal, and hepatic function. She had no history 
of alcohol or drug abuse, not even nicotinism.

In 2005, the proband’s family began to notice 
behavioral changes, such as wandering, instead of 
going to the work (finally that was the reason for her 
dismissal), she began to be dissocial (unsociable and 
indecent in her behavior) and insensitive to the oth-
ers, and she began telling lies profusely. She exhibited 
mild executive function disturbances, began to have 
problems with cooking (she was cooking from rotten 
or unsuitable ingredients). She reduced food intake 
due to lack of appetite. At that time she had found 
herself healthy and refused to visit any physician. She 
also became forgetful, language problems appeared, 
she had difficulties finding words and repeated sen-
tences and phrases (perseverations). She repeatedly 
got lost in her hometown. She was unaware that she 
was having these issues (anosognosia). 

The patient worked as a  teacher until 2008. In 
2010, her behavior worsened (unreasonable conduct), 
and she began running away from home with getting 
lost in the city. At home and lately in the hospital she 
was walking back and forth permanently in the cor-
ridor and opening/closing doors and drawers repeti-
tively. She was not able to do activities of daily living 
(dressing, self-care, cooking, gadget use), began to 
lose social inhibition (changing clothes at a parking 
place abroad), she lost insight. On the basis of clinical 
symptoms she met criteria for bvFTD diagnosis.

Psychological testing performed in 2010 showed 
the following scores: MMSE, 26/30; Raven’s Progres-
sive Matrices IQ, 117; Wechsler Memory Test MIQ, 77; 
in Clock Drawing Test the numbers were written cor-
rectly, only handed in a slightly incorrect position and, 
she was unable to distinguish accurately the hour and 
minute hand. In 2011, her speech became very poor 
and telegraphic, and she was unable to recall words 
and phrases, she used agrammatisms, words in wrong 
and senseless combinations (phonemic paraphasia), 
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without dysarthria, with accented perseverations, los-
ing ability to write and read, then she lost capability 
of forming sentences, in a  logopedic exam she was 
diagnosed as expressive non-fluent aphasia (Broca 
aphasia). An MRI of her brain revealed left fronto-
temporal atrophy with ventricular dilatation that was 
more prominent in the temporal region with atrophy 
of hippocampus and insula and left caudate nucleus 
atrophy (Fig. 2). 

Over the next year, the speech problems were 
profusely pronounced and there was a  clinical over-
lap with progressive non-fluent aphasia (nfvPAA). She 
could understand only very simple instructions, and, 
for example, she stood up and walked away under 
the directions. She also had urinary and fecal incon-
tinence. 

In 2012, she lost the ability of spontaneous speech; 
she could only say simple phrases like “You go”, and 
she gradually became mute. In 2013, she needed com-
plete personal care and a  nasogastric tube feeding 
towards the end of the disease, in 2015. She passed 
away at the age of 69 years from pneumonia relat-
ed to her disorder. The disease duration was about 
8 years.

Two of the woman’s three sons were interest-
ed in presymptomatic DNA testing and underwent 
extensive genetic counseling. 

Material and methods

Genomic DNA was extracted from the patient’s 
whole blood using standard procedures. Informed 
consent to genetic analysis for diagnostic and research 
purposes was obtained from the patient’s legal guard-
ian. Due to the clinical course and strong family his-
tory of the disease, we performed mutation analysis 
of the PSEN1, PSEN2, APP (exons 16, 17 only) and GRN 
genes. All coding exons and flanking sequences of 
these genes were amplified using primers, which are 
available upon request. The amplified fragments were 
sequenced in both directions using standard proto-
cols and the BigDye Terminator v3.1 Cycle Sequenc-
ing Kit and an ABI PRISM3130 genetic analyzer.  
The sequences were analyzed using SeqScape® soft-
ware v2.5 (Applied Biosystems, Life Technologies, 
Carlsbad, CA, USA); NCBI Ref. sequence NM_002087.3. 
The available brain MRI exams (Magnetom Avanto  
1,5 T; Siemens) were analyzed visually. There were  
2 independent DNA samples from two sons of the 
proband available for testing (with informed consent) 
and for potential confirmation of the mutation.

Results 

Sequence analysis of the patient’s GRN gene 
identified a pathogenic splice donor site mutation, 

Fig. 1. A) The pedigree of the Czech family showing the inheritance of frontotemporal dementia. Affected 
individuals are shown as filled symbols and the arrow points to the proband. B) Reverse DNA sequence 
fragment of the GRN gene. The upper panel shows the pathogenic mutation c.708+1G>A in intron 7, and 
the lower panel shows the normal sequence.
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c.708+1G>A, in intron 7 (Fig. 1B). The mutation was 
heterozygous and was predicted to have dramatic 
consequences on the maturation of GRN mRNA, 
leading to the removal of exon 7 and thus creating 
a  frame shift that would result in a  truncated pro-
tein half of its normal length (protein level, p.Val-
200GlyfsX18) [16]. 

Discussion

Here we report a patient with a pathogenic splice 
site mutation c.708+1G>A in the GRN gene. This intro

nic mutation was described previously by Masellis et 
al. (2006) in 2 of 12 siblings that were been affect-
ed by corticobasal syndrome (CBS). That report des
cribed the evolution of the patients’ dementia, motor 
decline (including rigidity, dystonia, and apraxia), 
cortical sensory loss, visuospatial dysfunction, behav-
ioral changes, and extrapyramidal features. The cau
date nucleus and putamen were atrophic, while the 
hippocampus was normal in size. Although both fam-
ily members were diagnosed with CBS, their clinical 
courses showed important differences. Notably, there 

Fig. 2. Magnetic resonance imaging of the patient at 64 years of age. A) FLAIR parietal and frontal atrophy. 
B) Temporal atrophy that is more marked on the left side. C) T1 coronal image. D) T2 caput caudate nucleus 
atrophy on the left side.
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was no history of dementia or parkinsonism in either 
parent. Another report described another French 
family of Caucasian origin with 2 affected members 
but no family history of the disease [17]. The signs 
of disease onset included tachyphemia and behav-
ioral disorders such as apathy. In addition, the two 
had attention disorders, impulsivity, joviality, memory 
deficits, tachyphemia, and reduction of spontaneous 
language. These cases were considered a  behavior-
al type of FTLD. The mean age at disease onset in 
both of these families was at 53-72 years old, and the 
mean disease duration was about 2-8 years according 
to the Alzheimer Disease & Frontotemporal Dementia 
Mutation database.

Researchers and healthcare providers often con-
sider patterns such as repetitive locomotion fol-
lowing circuitous path or back and forth, as well as 
random ambulation to be aimless and dementia- 
related behavioral disturbances [4]. Some of these 
patterns are associated with running away, wander-
ing or getting lost [4]. Our proband had a family histo-
ry of dementia and showed personality and language 
deterioration along with attempts of running away 
from home and stereotypic behavior (repetitive walk-
ing back and forth, opening the doors and drawers 
in the corridor). Otherwise she had no specific health 
problems. 

Volumetric studies that compared the rate of 
brain atrophy in FTD-GRN versus FTD caused by 
mutations in the  MAPT gene (FTD-MAPT) showed 
that individuals with pathogenic GRN variants have 
a higher rate (3.5% vs. 2.4% per year) of whole-brain 
atrophy that is more asymmetrically pronounced 
than those with MAPT-related FTLD [20]. The 2010 
brain MRI examination of our proband revealed 
not only asymmetric involvement with pronounced 
brain atrophy of the left temporal and frontal lobes 
and asymmetric caudate nucleus atrophy, which 
is in agreement with the literature [3,14], but also 
revealed greatly pronounced caudate nucleus and 
gyrus rectus atrophy on the left side, with virtually 
normal findings for the right caudate nucleus, and 
it would have been very interesting to follow the 
changes in asymmetry over time. Such a  finding 
appears to be, according to some authors, a typical 
finding in bvFTD [8]. However, the asymmetric atro-
phy of the left hemisphere with predominance in 
temporal and frontal lobes, hippocampi and insula 
including subcortical atrophy with basal ganglia and 
the large atrophy of the left caudate nucleus indi-

cate the diagnosis of bvFTD in our case. The shape 
deflation of the left caudate nucleus, which corre-
sponded to afferent connections from the dorsolat-
eral prefrontal mediofrontal/anterior cingulate and 
orbitofrontal cortex, correlated with worsening dis-
ease severity [14]. Our proband with dementia and 
pathogenic mutation in the GRN gene and a clinical 
manifestation of the disease fulfilled the diagnostic 
criteria for bvFTD. 

Five years after the disease onset, according to 
psychological and logopedic examinations, there 
was a  clear progress in speech impairment with 
agrammatisms, anomia and phonemic paraphasia, 
later on with speech fluency impairment – almost no 
spontaneous speech, she was only repeating words 
sporadically. This was in agreement with progressive 
non-fluent aphasia (non-fluent PPA) (nfvPPA). Such 
a course may suggest that types of FTD can overlap 
in certain stages of disease. 

In a report by Harris et al. (2016) it was found that 
over 90% of patients with FTLD pathology exhibited 
a  combination of at least one behavioral and one 
language feature [10]. It would have been interesting 
to repeat the MRI, but it was not possible due to the 
death of the patient in 2015. In the above reports by 
Masellis et al. (2006) and Le Ber et al. (2008), the 
tested patients were diagnosed with behavioral vari-
ants of FTLD. Our patient showed the typical signs of 
this variant in the early stages of the disease, though 
the later speech problems suggested the progressive 
nonfluent aphasia variant. In relation to these ini-
tial symptoms, we consider our patient as probable 
bvFTD. There might be some modifier genes and/or 
environmental influences, epigenetic factors, eth-
nicity that prevail over a particular manifestation of 
one variant of FTLD over another.

In conclusion, this case report highlights the 
variety of MRI characteristics that are found in 
patients with frontotemporal dementia and the 
c.708+1G>A mutation in the GRN gene. The age of 
clinical onset and survival can vary widely in GRN 
mutation carriers, even within the same family [1]. 
A precise diagnosis must be made through genetic 
testing.
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A b s t r a c t

Multiple fusiform aneurysms occurring in a single patient are very uncommon. Fusiform aneurysms affecting  
the anterior circulation are extremely rare and reported cases involve the middle cerebral artery and internal carotid 
artery. We report here a case of a 55-year-old African American male who had a history of multiple strokes and who 
was found unresponsive prior to his latest hospital admission. Neuroimaging was remarkable for multiple fusiform 
aneurysms involving segments of the anterior, middle and posterior cerebral arteries as well as subarachnoid and 
intraparenchymal hemorrhage. Unfortunately even after aggressive medical management, the patient did not show 
any signs of recovery and further management entailed comfort care measures only. The patient passed away short-
ly thereafter. Post-mortem examination confirmed the presence of multiple fusiform aneurysms with involvement  
of both the posterior and anterior circulation including the anterior cerebral artery as well as subarachnoid and 
intraparenchymal hemorrhage. Interestingly, there was no apparent site of aneurysm rupture identified to explain  
the hemorrhage. Our case is unusual in that the multiple fusiform aneurysms were found to extensively involve 
both the anterior and posterior circulation. Furthermore, our case demonstrates involvement of the anterior cerebral 
artery by fusiform aneurysms, which is also a very rare event. 

Key words: aneurysm, multiple, hemorrhage, risk factors, pathogenesis.

Communicating author: 

Sumit Das, MD, Department of Pathology, University of Illinois at Chicago, 640 South Wood Street, 60612 Chicago, United States, 

e-mail: sumitk.das9276@gmail.com

Introduction

An aneurysm is a focal dilation of the arterial wall. 
The majority of aneurysms are of a saccular type.  
Fusiform aneurysms are nonsaccular dilations involv-
ing the entire arterial wall for a short distance [12]. 
They have different pathological features, anatomic 
distribution and natural histories [3]. They are formed 
from ectatic and tortuous basal arteries and typical-
ly arise in the middle part of the basilar artery [12]. 

Potential causes of fusiform aneurysms include athe
rosclerosis, dissection, disorders of collagen, and infec-
tion. Fusiform aneurysms affecting the anterior circu-
lation are extremely rare and reported cases involve 
the middle cerebral artery and internal carotid artery 
[12]. Multiple fusiform aneurysms occurring in a single 
patient are also very uncommon [6,7]. We present here 
an unusual case of a patient with multiple fusiform 
aneurysms involving both the posterior and anterior 
circulation including the anterior cerebral artery with 
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pathology confirmed on post-mortem examination. 
Our case is aimed to raise awareness of the possibil-
ity of diffuse involvement of the circle of Willis blood 
vessels by fusiform aneurysms and also describes the 
rare involvement of the anterior cerebral artery by this 
type of aneurysm.

Case report

A 55-year-old African American male with a past 
medical history of hypertension and multiple epi-
sodes of stroke first presented at an outside hospital 
with acute onset of right-sided extremity weakness, 
right facial droop, and slurred speech. Neurological 
examination was notable for mild dysarthria, expres-
sive aphasia, mild facial droop, and clonus in the 
right ankle. Neuroimaging performed at the outside 
hospital revealed an infarction in the vascular terri-
tory of the left anterior cerebral artery. CT angiogram 
revealed multiple fusiform aneurysms along with 
severe stenosis of the right M2 and left M2 segments, 
occlusion of the right A2 and A1 segments, and intra-
cranial portion of the left vertebral artery. The patient 
underwent pipeline stenting of the right P2 segment. 

Six months later, the patient was found unrespon-
sive at his home with surrounding evidence of emesis. 
He was subsequently transported to the outside hos-
pital where he was intubated. CT angiogram revealed 
subarachnoid hemorrhage within the basilar cisterns 
and intraparenchymal hemorrhage involving the pons, 

midbrain and right basal ganglia. At this point the 
patient was transferred to our hospital for neurosur-
gical evaluation and management. Treatment for his 
aneurysms was held off pending improvement of his 
neurologic status. Unfortunately no such recovery 
was noted. One week later, the patient’s family opt-
ed to switch the mode of care to comfort measures.  
The next morning he was noted to be in asystole. 
Pupils were fixed and dilated with no heart or lung 
sounds. No spontaneous movements were appreciat-
ed either. He was subsequently pronounced deceased. 

Post-mortem examination

General autopsy was notable for moderate cal-
cific atherosclerotic deposits in the abdominal aorta 
and bilateral common iliac arteries, cardiomegaly 
with globular shaped heart and bilateral ventricular 
hypertrophy along with moderate occlusion of the 
left anterior descending coronary artery. 

Neuropathologic examination

The whole brain was examined both during the 
general autopsy and after formalin fixation. Extensive 
subarachnoid hemorrhage was identified predomi-
nantly over the ventral aspect of the brain but also 
involving parts of the cerebral convexity and cerebellar 
hemisphere. Dissection of the circle of Willis vessels 
confirmed the presence of multiple unruptured fusi-
form aneurysms involving segments of the anterior, 

Fig. 1. A) Unfixed brain showing diffuse subarachnoid haemorrhage involving the ventral aspect of the brain 
including the brainstem and cerebellum. B) Vessels of the circle of Willis dissected out of the unfixed brain 
demonstrating multiple fusiform aneurysms, including involvement of the anterior cerebral artery.
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middle and posterior cerebral arteries as well as the 
basilar artery (Fig. 1). Severe atherosclerosis was also 
noted throughout the circle of Willis blood vessels. 

Coronal sectioning of the cerebrum revealed 
bilateral intraparenchymal hemorrhage extending to 
the lateral ventricles. Hemorrhagic infarcts were not-
ed in the anterior-medial aspect of the frontal lobe 
extending to the posterior parietal lobe and inferiorly 
to the basal ganglia. Portions of the thalamus and 
brainstem were also involved by hemorrhage. Intra-
parenchymal hemorrhage was also seen in the right 
cerebellum.

Microscopic sections confirmed the presence 
of aneurysms with the aid of elastic staining, which 
showed focal loss of the internal elastic lamina. The 
walls of the blood vessels involved by the aneurysms 
showed prominent atherosclerotic changes in the 
form of cholesterol clefts, scattered calcification and 
intimal hyperplasia. Prominent arteriolosclerosis was 
noted throughout sections of the cerebral hemisphere. 

Subacute to chronic infarcts were observed in the 
sampled sections of the frontal cortex and mesio-
temporal region. Sections of the midbrain and pons 
revealed extensive hemorrhagic infarcts. 

Discussion

Fusiform aneurysm is a localized or diffuse dila-
tion of an artery involving intima, media and adven-
titia. 

It is formed from ectatic, often tortuous, basal arter-
ies. Most aneurysms occur in the basilar artery but are 
rare in the anterior circulation. When they do occur  
in the later, they are most commonly found in the 
middle cerebral artery and internal carotid artery [12]. 
Fusiform aneurysms that involve the anterior cerebral 
artery as in our patient are also extremely rare [1,2,4]. 
Typical presentations of fusiform aneurysms include 
brain stem and/or cranial nerve compression (basilar 
artery aneurysm), ischemia secondary to thrombosis, 
brain stem/cerebellar infarcts with a basilar artery 
aneurysm or hemorrhage.

Although definite risk factors for multiple aneu-
rysms have not been clearly identified, reported asso-
ciations include older age, female sex, hypertension, 
and cigarette smoking [8]. As previously mentioned, 
our patient had a long history of hypertension. Pro-
posed etiologic factors of fusiform aneurysms include 
atherosclerosis, vessel dissection, collagen vascular 
disease, and fibromuscular dysplasia [13].

It has been suggested that the initial event in 
formation of a fusiform aneurysm is lipid deposition 
in and below the intima leading to disruption of the 
internal elastic membrane and infiltration of the mus-
cular wall [5,13].

 
The resultant atrophy of the elastic 

substance and musculature then leads to tortuosity 
of the vessel due to intravascular pressure causing 
the ectatic vessel to expand in diameter and length. 
The increasing luminal diameter results in turbulent 
blood flow, which in turn can lead to thrombus for-

Fig. 2. A) Hematoxylin and eosin stained section from one of the major vessels demonstrating circumferen-
tial bulging and atheroma. B) Elastic stain demonstrating focal loss of internal elastic lamina.
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mation resulting in further intimal disruption and 
vessel distortion [5,13,14]. In our patient, multiple 
cerebral vessels were involved by significant athero-
sclerosis, which may have been the main pathogenic 
factor in the development of the observed fusiform 
aneurysms by causing significant weakening of the 
vessel walls. Histologic examination of the vessels 
involved by fusiform aneurysms also revealed sig-
nificant atherosclerotic changes in the form of cho-
lesterol clefts, calcification and intimal hyperplasia. 
We did not find any pathologic evidence of arterial 
dissection or any apparent collagen deposition within 
the walls of the blood vessels. The absence of obvi-
ous collagen deposition within the arterial wall made 
fibromuscular dysplasia or collagen vascular disease 
less likely factors in the formation of fusiform aneu-
rysms in our patient. 

Day (2003) conducted a review of 102 cases of 
spontaneous fusiform aneurysms based on which he 
proposed that spontaneous fusiform MCA aneurysms 
usually develop as a result of arterial dissection.  
He also suggested that spontaneous fusiform aneu-
rysms in the anterior circulation, especially those 
involving the MCA, are more often found in young-
er patients. His review did not include aneurysms 
associated with trauma, infection, inflammation, and 
neoplasia. The study also did not touch on fusiform 
aneurysms occurring in the anterior cerebral artery 
territory. This raises the question of whether the clin-
ical course of fusiform aneurysms differs depending 
on where in the anterior circulation they occur and if 
the mode of management differs in any way. 

There are also very few reports of multiple fusiform 
aneurysms diffusely involving the cerebral vessels as 
they did in our patient [9]. The clinical course of such 
extensive involvement is therefore not fully under-
stood and may warrant further study, which in turn 
can help guide future management and follow-up. 

Hemorrhage resulting from rupture of fusiform 
aneurysms is rare although it has been suggested that 
fusiform aneurysms of the vertebral artery and inter-
nal carotid artery frequently present with hemorrhage 
[3]. In our case, a site of aneurysmal rupture was not 
found, leading us to presume that our patient’s sub-
arachnoid and intraparenchymal hemorrhages were 
likely secondary to uncontrolled hypertension.

In summary, we report here a very unusual case of 
multiple fusiform aneurysms affecting both the pos-
terior and anterior circulation in a single patient with 
involvement of the anterior cerebral artery, which can 

pose a treatment challenge. Follow-up studies are 
needed to better understand the clinical course and 
determine appropriate management for such patients. 
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Dear Editor, with interest we read the article by 
Zhiping et al. about 5 patients from a Chinese family 
with MELAS due to the m.3243A>G mutation of whom 
2 also had pancreatitis in the absence of a  PRSS1 
mutation [1]. We have the following comments and 
concerns.

We do not agree with the statement that only six 
patients carrying an mtDNA mutation have been so far 
reported with pancreatitis (Table I) [1]. Pancreatitis was 
reported in at least 16 other MID patients (Table I) [2]. 
Interestingly, pancreatitis has not been reported in 
association with mutations in nDNA located genes. 
Among MID patients carrying the mtDNA mutation 
m.3243A>G pancreatitis has been reported in at least 
8 patients (Table I). 

In the abstract it is stated that 7 members of the 
family carried the m.3243A>G mutation. However, in 
the clinical data section, only 5 patients are present-
ed. We should be informed about the reason why  
2 patients were excluded from the study. A  fur-
ther discrepancy derives from Figure 1 which shows  
9 affected patients. What was the reason why 4 pa
tients were excluded? Another inconsistency concerns 
the PRSS1 mutation. In the abstract it is mentioned 
that it was found in all tissue samples of all 5 includ-
ed patients. However, in the results section it is men-

tioned that no mutations were found in the PRSS1, 
SPINK1, and CFTR genes [1]. 

Proband I/2 is indicated as deceased in Figure 1 [1]. 
How can this subject have been investigated if he is 
dead?

The authors mention that they also recorded EEGs 
of all included patients [1]. How many of the 5 includ-
ed patients and the 9 clinically affected had epilepsy? 
What types of seizures were reported, which antie-
pileptic drugs were administered, and what was the 
quality of the seizure control? Particularly patient III/1 
had epilepsy. Was she put on a ketogenic diet, which 
has been shown beneficial at least in some patients 
with mitochondrial epilepsy [3]?

The authors mention that a structured question-
naire was applied but no results are reported [1]. What 
was the purpose of applying such a  questionnaire 
and what were the results and their interpretation?

It is quite unusual to find the same abnormality 
in all 5 included patients in the light of the variable 
heteroplasmy rates [1]. Did truly all 5 patients show 
up with cytotoxic edema in the internal capsule bilat-
erally as presented in the results? 

Since MELAS is characterised by the occurrence 
of stroke-like episodes (SLEs) it would be interesting 
to know if the index case or any of the family mem-
bers carrying the m.3243A>G mutation had a posi-
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tive history for a SLE. In this respect we should be 
also informed about the results of the DWI and the 
ADC sequences, particularly if there was a vasogenic 
or cytotoxic edema in the region of the bilaterally 
symmetric T2-lesions in the internal capsule. 

The authors mention hyperlipidemia as a mani-
festation of the m.3243A>G mutation [1]. Did they 
regard hyperlipidemia as a  result of the mtDNA 
mutation and if so, how to explain that serum lipids 
are elevated due to this mutation? Is it conceivable 
that hyperlipidemia was attributable to their life-
style or diet?

Overall, this interesting study could profit from 
clarification of the inconsistencies mentioned above. 
Also information about the results of all investiga-
tions carried out should be provided. Readers should 
be also informed about the applied treatment of any 
phenotypic feature and its effect. 
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Table I. Mitochondrial disorders in which pancreatitis has been reported

Reference NOP Age (y) Sex Mutation

Ishiyama 2013 2 10 Female m.8344A>G

28 Female m.3243A>G

Duran 2012 1 3 Male mtDNA deletion

Liu 2012 1 10 Male mtDNA deletion

Finsterer 2011 1 80 Female nm

Velinov 2009 1 4 Female m.9098T>C

Fragaki 2009 1 Newborn Male m.15635T>C

Verny 2008 5 nm nm m.3243A>G

Debray 2006 1 17 Male mtDNA deletion

Finsterer 2006 1 58 Male nm

Finsterer 2004 1 38 Male m.8381A>G

Toyono 2001 1 10 Female m.8344A>G

Tsao 2000 1 3 weeks Male mtDNA depletion

Schleiffer 2000 1 37 Female m.3243A>G

Kishnani 1996 1 1.3 Male m.3243A>G

Oexle 1996 1 nm Male m.3254A>G

Montine 1995 1 17 Male nm (AHD)

Kato 1990 1 10 Male CIV deficiency

NOP – number of patients, nm – not mentioned, AHD – Alpers-Huttenlocher disease

Editor’s Note

Up to December 2016 the authors of the article entitled: “Application of molecular imaging combined with 
genetic screening in diagnosing MELAS, diabetes and recurrent pancreatitis” did not reply to the comments 
including in this letter.
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