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Original article

Poly(ADP-ribose) polymerase-1 (PARP1) and p53 labelling index 
correlates with tumour grade in meningiomas

Tamás Csonka1, Balázs Murnyák1, Rita Szepesi2, Andrea Kurucz1, Álmos Klekner3, Tibor Hortobágyi1

1Division of Neuropathology, Institute of Pathology, 2Department of Neurology, 3Department of Neurosurgery, Faculty of Medicine, 
University of Debrecen, Debrecen, Hungary

Folia Neuropathol 2014; 52 (2): 111-120 DOI: 10.5114/fn.2014.43782 

A b s t r a c t

Meningiomas are one of the most frequent intracranial tumours, with 13 histological types and three grades accord-
ing to the 2007 WHO Classification of Tumours of the Central Nervous System. p53, as one of the most potent 
tumour suppressor proteins, plays a role in nearly 50% of human tumours. Poly(ADP-ribose) polymerase (PARP) is 
a DNA repair enzyme with high ATP demand. It plays a role in apoptosis by activating an apoptosis inducing factor, 
and in necrosis by consuming NAD+ and ATP. Only PARP1 has been investigated in detail in tumours out of the  
17 members of the PARP superfamily; however, its role has not been studied in meningiomas yet. The aim of this 
study was to determine the role of p53 and PARP1 in meningiomas of different grade and to establish whether there 
is any correlation between the p53 and PARP1 expression. Both PARP1 and p53 have been expressed in all examined 
meningiomas. PARP1 labelled grade II tumours with a higher intensity as compared to grade I and III neoplasms, 
respectively. An increased p53 expression was noted in grade III meningiomas. There was no statistical correlation 
between p53 and PARP1 expression. Our data indicate that both PARP1 and p53 activation is a feature in menin-
giomas of higher grade, PARP1 overexpression being an early, whereas p53 overexpression, a late event in tumour 
progression.

Key words: meningioma, poly(ADP-ribose) polymerase (PARP), p53.

Introduction

Communicating author: 

Tibor Hortobágyi, MD, PhD, FRCPath, Division of Neuropathology, Institute of Pathology, University of Debrecen,  

98. Nagyerdei krt. Debrecen, H-4032, Hungary, fax: +3652255248, e-mail: hortobagyi@med.unideb.hu

Meningiomas are frequent primary brain tu mours 
representing approximately 30% of all primary intra-
cranial tumours. The incidence is increasing with 
age and has a  slight female predominance [32,59]. 
The aetiology is not entirely understood, but the 
increased risk after whole brain radiation therapy 
is well known [38]. There are several subtypes, like 
meningothelial, fibrous, transitional, psammoma-
tous, angiomatous, microcystic, secretory, lympho-

plasmacyte-rich, sometimes with crystalline inclu-
sions [5], metaplastic, choroid, clear cell, rhabdoid, 
papillary and other rare or miscellaneous types [34]. 
According to the ultrastructural findings, some of 
the intranuclear vacuoles are produced during auto-
phagy [18]. The heterogeneous glycosylation pattern 
has also been demonstrated in different subtypes of 
meningiomas, and it indicates the usefulness of lec-
tins in the evaluation of pluripotential differentiation 
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of meningioma cells [56]. The current prediction of 
clinical behaviour is based on the morphological find-
ings, brain invasion, mitosis index and Mib1 immu-
nostaining [1,47,48]. Meningiomas show positive 
immunoreactivity for epithelial membrane antigen, 
oestrogen and progesterone receptors [45]; howev-
er these immunohistochemical markers do not help 
with the determination of the grade. CD31 immuno-
staining is good for revealing the blood vessel num-
ber that is higher in atypical meningiomas than WHO 
grade I tumours [31], but this marker is not used in 
routine diagnostic work-up. Despite these findings, 
there is a  need for more “malignant” markers for 
meningiomas that can be used in routine diagnostic 
work and a group of them could be the DNA repair 
genes like p53 or poly(ADP-ribose) polymerase (PARP) 
in the future.

PARP protein superfamily has 17 members. All 
of them have four domains: catalytic, auto-modifi-
cation, caspase-cleaved and DNA-binding domain. 
Some of them have PARP activity, as PARP1 or PARP2 
and some of them do not, as PARP3 or PARP6.

PARP1 is a 113 kDa protein, located in the nucle-
us. The gene of PARP1 is located on the long arm 
of chromosome 1 (1q42.12). The cDNA was isolated 
and sequenced first by Kurosaki et al. [26]. One of 
the main functions of PARP1 is its role in the repair 
of single-stranded DNA breaks (SSB). After detecting 
the SSB damage by chemical, radiation or metabolic 
induction, the enzyme is activated and binds to the 
DNA, undergoes a structural transformation before 
it produces poly(ADP-ribose) (PAR) chain by a nico-
tinamide adenine dinucleotide (NAD+), consuming 
the process. PAR is a  signal for other repair genes 
during base excision repair (BER) [9,29,35]. Activat-
ed PARP1 can poly(ADP-ribosyl)ate (PARylate) nucle-
ar enzymes thereby increasing the negative charge 
and preventing the interaction with other anionic 
molecules including the DNA. Among the DNA repair 
functions, activated PARP1 has a vital role in apopto-
sis by translocation of the apoptosis inducing factor 
(AIF) from the mitochondria to the nucleus [60,61]. 
However, if there is a  high level of DNA damage, 
necrotic cell death is triggered by activating a large 
number of PARP1, consuming NAD+ and the ensuing 
ATP depletion [3]. The role of PARP1 activation cas-
cade has also been demonstrated in neuronal stem 
cell transplantation after brain injury in rats [27], as 
well as PARP1 is also activated in the ischemia-reper-
fusion injury [55], and the early activation of PARP1 

after cold lesion that is – at least in part – related 
to neuronal NO synthetase (nNOS) induction [16].  
The role of PARP1 has been revealed in the regulation 
of glycogen synthase kinase-3 (GSK3) that is respon-
sible for the hyperphosphorylation of tau [54], and 
the amyloid peptide affected signal transduction to 
PARP1 in Alzheimer’s disease [2].

It has been demonstrated that PARP1 has a role 
in the BRCA1/BRCA2 mutated breast carcinomas 
because PARP1 inhibitors can trigger the effective-
ness of the chemotherapeutic agents by inhibiting 
the SSB-repair, when the double-stranded DNA repair 
is also diminished by the BRCA mutation [11]. The role 
of PARP1 has been described in other tumours such 
as breast [51], ovarian [6], pancreatic carcinomas [24], 
gastric carcinomas [62], prostate carcinomas [53], 
melanomas [13,40] and glioblastomas [12,21] but has 
not been investigated in meningiomas yet.

p53 is one of the most significant tumour sup-
pressor proteins, encoded by the TP53 gene on 
the short arm of chromosome 17 (17p13.1) [17,33].  
The physiological functions of p53 are cell cycle regu-
lation and conservation of the stability of the genome 
by preventing mutations. The 393 amino acid long, 
43.7 kDa weight protein has 7 domains, such as two 
activation domains (AD1 and AD2), a  proline-rich 
domain, a DNA-binding core domain (DBD), a signal-
ling domain, a  homo-oligomerisation domain (OD) 
and a C-terminal downregulation domain. p53 can be 
activated by DNA damage, oxidative stress, osmotic 
shock, ribonucleotide depletion or oncogene expres-
sion. The activation is marked by an increase in the 
half-life of p53 and a change of its conformation [22]. 
Mdm2 is responsible for the low level of p53 in an 
unstressed cell, by binding to p53 and preventing its 
action, and it also transports p53 to the cytosol, and 
attaches ubiquitin to it covalently.

The anticancer activity of p53 works through sev-
eral mechanisms: it activates DNA repair proteins, 
induces growth arrest at the G1/S regulation point 
through p21 [10] or initiates apoptosis if the DNA 
damage is irreversible. Mutagens can damage TP53 
causing unregulated cell proliferation; more than 
50 percent of human tumours contain a deletion or 
mutation of the TP53 gene [15]. p53 was voted the 
molecule of the year in 1993 by the Science maga-
zine [25], due to its key roles.

The role of p53 has already been examined in the 
meningiomas: some of the examinations ended with 
negative or equivocal findings [43,48-50], but some 
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of them showed a  significant correlation between 
the p53 status and the grade or recurrence of the 
tumour [4,7,8,19,20,28,37,41,44,46,57]. It is also de- 
scribed that p53 immunopositive cells are more fre-
quent in the perinecrotic areas of post-embolised 
cases than in preserved parts of the tumour [39].

Several theses have been written about the inter-
action between the PARP1 and the p53. Wieler et al. 
showed that the inhibition of endogenous PARP1 
functions suppresses the transactivation function of 
p53 in response to ionizing radiation; hence PARP1 
is a key regulator of the p53 response to DNA dam-
age [58]. Malanga et al. showed that ADP-ribose 
polymers play a role in regulating the DNA binding 
properties of p53 by preventing and reversing p53 
binding to the palindromic p53 consensus sequence 
[36]. Lee et al. has recently discovered a novel role 
for PARylation of p53 in the gene-specific regulation 
of the transcriptional mode of p53 on the promoter 
of MTA1 [30]. Godoy et al. revealed overexpression 
of PARP1 and p53 in high-grade and advanced stage 
tumours in epithelial ovarian cancer, and it indicat-
ed that these 2 markers might serve as a  marker 
of aggressive disease behaviour [14]. Sabisz et al. 
showed the crucial part of PARP1 activity in the 
maintenance of the G2 arrest induced by DNA dam-
aging drugs; thus, inhibitors of PARP1 may be used 
as non-genotoxic agents to activate p53 in cancer 
cells with non-functional p53 pathways [52]. PARyla-
tion of transcription factors such as p53, NFkB, and 
Sp1 prevents their binding to DNA and formation of 
transcription complexes [42].

The aim of this study is to find any correlation 
between the PARP1 and p53 immunostaining and the 
WHO grade of the tumours, and between the PARP1 
and p53 immunopositivity. 

Material and methods

The histological slides of 31 meningioma patients 
have been studied. Patients have been divided into 
three groups according to the WHO Classification of 
Tumours of the Central Nervous System [34]. After 
the surgical removal, sections were created and 
stained for haematoxylin-eosin (H&E) from forma-
lin-fixed and paraffin-embedded (FFPE) blocks for 
a routine diagnostic procedure in the Institute of Pa-
thology. All of the cases have been revised by a con-
sultant neuropathologist (TH).

Immunohistochemistry (IHC) has been performed 
according to standardized methods as described in 
detail, in earlier publications [16,17]. In brief, 4 µm 
thick sections from FFPE blocks have been stained for 
PARP1 rabbit polyclonal antibody (ab6079) (Abcam 
Plc., Cambridge, England) and p53 DO-7 mouse mono-
clonal antibody (M7001) (DAKO, Denmark) according 
to the manufacturer’s protocol. Using a 1 : 500 and 
1 : 700 dilution for PARP1 and p53, respectively, with 
Novocastra Bond™ Polymer Refine Detection kit on 
Leica Bond Max™ fully automated IHC stainer, with 
negative controls (Fig. 1).

100 cells in 10 fields of vision on 40x magnifica-
tion have been examined; the staining intensity has 
been evaluated as none (0), weak (1+), moderate (2+) 
and strong (3+) from all of the slides for both PARP1 
and p53 (Fig. 2). We have created two parameters in 
all cases regarding to the staining intensity (Si) ratio 
of the 1+, 2+ and 3+ cells Si1-3, and ratio of the 2+ 
and 3+ cells Si2-3, similarly as HER2 immunohisto-
chemistry evaluation in breast carcinomas (Table I). 

The results have been analysed by SPSS 19.0 for 
Windows statistical software. After comparing with 
Kruskal-Wallis H test the Si1-3 and Si2-3, perform-
ing Mann-Whitney U  test on all of the grade pairs 
for both PARP1 and p53. Next, we have created two 
groups – low grade (WHO grade I) and high grade 
(WHO grade II and WHO grade III) [23] and have 
compared them by Mann-Whitney U  test. We also 
have performed Spearman’s rank order correlation 
analysis to determine whether there is any correla-
tion between the PARP1 and p53 immunopositivity.

Ethical approval has been sought from the Insti-
tutional Research Ethics Committee. 

Results

Both PARP1 and p53 have been expressed in all 
of the 41 cases. 

There was a  significant correlation between 
tu mour grade and presence of PARP1 expression 
(stain ing intensity (Si)1-3) (p = 0.001) and presence 
of explicit positivity (Si2-3) for p53 (p = 0.012), respec-
tively, with Kruskal-Wallis H test. In contrast, there 
was no statistically significant association between 
grade and Si2-3 for PARP1, Si1-3 for p53, p = 0.523 and 
p = 0.141, respectively.

As next, we have compared different grades and 
performed Mann-Whitney U test. The Si1-3 for PARP1 
between grade I and grade II, as well as grade II and 
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grade III (Fig. 3A); and the Si2-3 for p53 between 
grade I  and grade III (Fig. 3B) significantly correlat-
ed with the WHO grades (p = 0.001 and p = 0.005,  
p = 0.002, respectively). Grade II tumours showed the 
highest mean index of the PARP1 staining (Fig. 3A), 
while grade III tumours had the highest staining 
index for p53 (Fig. 3B).

The Mann-Whitney U test, performed on the low-
grade and high-grade groups, showed a significant 
correlation between Si1-3 for PARP1 (Fig. 3C) and 
Si2-3 for p53 (Fig. 3D), p = 0.028 and p = 0.018, res-
pectively.

Among grade I  tumours there were 11 menin-
gothelial, 8 transitional, 1 secretory, 1 fibrous and 
1 microcystic; among grade II tumours – 8 atypical 
and 3 clear cell; all the grade III tumours were ana-
plastic (i.e. not papillary and rhabdoid). There was no 
significant difference between the staining intensity 
of PARP and p53 between subtypes of any grades; 
however, the case numbers were rather low to make 
statistically valid comparisons.

There was no significant correlation between 
PARP1 and p53 with Spearman’s rank order correla-
tion analysis (Fig. 4). 

Discussion

Meningiomas are one of the most frequent intra-
cranial tumours with diverse morphological variants. 
The current WHO classification [34] distinguishes  
13 histological types. Nine of them belong to grade I;  
2 and 2 belong to grade II and grade III, respectively. 
There are morphological criteria that define atypi-
cal (WHO grade II) and anaplastic (WHO grade III) 
meningiomas; however, the distinction is often dif-
ficult. Until now there has been no highly trusted 
immunohistochemical marker that can separate the 
different WHO grades reliably.

PARP1 protein role has been demonstrated in the 
repair of the damaged DNA, however this protein 
also has an important role in the caspase indepen-
dent apoptotic pathway and in necrotic cell death. 
p53 is one of the most important tumour suppressor 
proteins, it has a  role in almost half of the human 
tumours. Several studies have been performed 
about the p53 marker, but those ended with equiv-
ocal results. PARP1 protein expression in meningio-
mas has not been examined yet.

In this study, all of the 41 cases showed immu-
nopositivity for both PARP1 and p53. The proportion  
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Patient 
No.

Slide 
No.

WHO 
Grade

Subtype
PARP1 p53

0 1+ 2+ 3+ Si1-3 Si2-3 0 1+ 2+ 3+ Si1-3 Si2-3

1 1 I Meningothelial 5 85 9 1 0.95 0.1 49 34 14 3 0.51 0.17

2 2 I Meningothelial 16 39 37 8 0.84 0.45 49 43 8 0 0.51 0.08

3 3 I Meningothelial 22 74 4 0 0.78 0.04 70 27 3 0 0.3 0.03

4 4 I Transitional 10 65 25 0 0.9 0.25 46 50 4 0 0.54 0.04

5 5 I Meningothelial 26 50 13 11 0.74 0.24 57 39 4 0 0.43 0.04

6 6 I Meningothelial 8 83 9 0 0.92 0.09 76 24 0 0 0.24 0

7 7 I Transitional 32 66 2 0 0.68 0.02 75 24 1 0 0.25 0.01

8 8 I Meningothelial 15 83 2 0 0.85 0.02 52 34 14 0 0.48 0.14

9 9 I Secretory 22 75 3 0 0.78 0.03 75 17 7 1 0.25 0.08

10 10 I Meningothelial 23 37 38 2 0.77 0.4 71 23 6 0 0.29 0.06

11 11 I Fibrous 21 30 24 25 0.79 0.49 47 50 3 0 0.53 0.03

12 12 I Transitional 15 66 19 0 0.85 0.19 53 38 9 0 0.47 0.09

13 13 I Meningothelial 7 93 0 0 0.93 0 86 12 2 0 0.14 0.02

14 14 I Meningothelial 11 68 20 1 0.89 0.21 76 23 1 0 0.24 0.01

15 15 I Microcystic 5 36 59 0 0.95 0.59 83 17 0 0 0.17 0

16 16 I Transitional 10 85 4 1 0.9 0.05 52 43 5 0 0.48 0.05

17 17 I Transitional 6 89 5 0 0.94 0.05 73 21 6 0 0.27 0.06

18 18 I Transitional 16 33 48 3 0.84 0.51 79 18 3 0 0.21 0.03

19 19 II Atypical 10 77 11 2 0.9 0.13 60 30 10 0 0.4 0.1

20 20 II Atypical 8 64 26 2 0.92 0.28 76 24 0 0 0.24 0

21 21 II Atypical 1 67 32 0 0.99 0.32 85 13 2 0 0.15 0.02

22 22 II Clear cell 2 80 18 0 0.98 0.18 68 29 3 0 0.32 0.03

23 23 II Atypical 14 71 10 5 0.86 0.15 78 18 4 0 0.22 0.04

23 24 I Transitional 9 72 16 3 0.91 0.19 69 31 0 0 0.31 0

24 25 II Atypical 6 71 21 2 0.94 0.23 80 18 2 0 0.2 0.02

25 26 II Atypical 1 84 15 0 0.99 0.15 72 23 5 0 0.28 0.05

25 27 II Clear cell 1 44 53 2 0.99 0.55 44 39 15 2 0.56 0.17

25 28 II Clear cell 0 27 49 24 1 0.73 38 32 27 3 0.62 0.3

25 29 I Meningothelial 10 81 9 0 0.9 0.09 67 29 4 0 0.33 0.04

25 30 I Meningothelial 4 77 16 3 0.96 0.19 71 21 6 2 0.29 0.08

25 31 I Transitional 9 82 9 0 0.91 0.09 67 27 6 0 0.33 0.06

26 32 II Atypical 0 33 63 4 1 0.67 35 39 26 0 0.65 0.26

27 35 III Anaplastic 10 81 9 0 0.9 0.09 59 29 10 2 0.41 0.12

27 34 III Anaplastic 8 42 40 10 0.92 0.5 30 47 22 1 0.7 0.23

27 33 II Atypical 4 83 10 3 0.96 0.13 71 21 7 1 0.29 0.08

28 36 III Anaplastic 10 74 15 1 0.9 0.16 42 28 17 13 0.58 0.3

28 37 III Anaplastic 20 66 14 0 0.8 0.14 49 20 17 14 0.51 0.31

28 38 III Anaplastic 4 47 48 1 0.96 0.49 79 19 2 0 0.21 0.02

29 39 III Anaplastic 14 71 14 1 0.86 0.15 68 22 7 3 0.32 0.1

30 40 III Anaplastic 25 73 2 0 0.75 0.02 54 26 13 7 0.46 0.2

31 41 III Anaplastic 28 62 10 0 0.72 0.1 76 15 9 0 0.24 0.09

Table I. Data sheet on cell counts showing staining intensities and their respective proportion to all counted cells.
Staining index (Si)1-3 is the ratio of the immunopositive (1+, 2+, 3+) cells; and the Si2-3 is the ratio of the 
intense positive (2+, 3+) cells. (PARP1 – poly(ADP-ribose) polymerase 1) 
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Fig. 3. p53 and PARP staining intensity varies according to the tumour grade. Mean values of the staining 
index (Si)1-3 for PARP1 (A, C) and Si2-3 for p53 (B, D) regarding to the WHO grades (A, B), and low grade – 
WHO grade I and high grade – WHO grade II and WHO grade III (C, D). Error bars ± standard error of mean 
(SEM). p values are calculated by Mann-Whitney U test. (PARP1 – poly(ADP-ribose) polymerase 1; staining 
index (Si)1-3 is the ratio of the immunopositive (1+, 2+, 3+) cells; and the Si2-3 is the ratio of the intense 
positive (2+, 3+) cells).
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of positive cells (Si1-3) was higher in grade II tumours 
for PARP1, as compared to grade I  and grade III 
meningiomas, respectively. Increased immunoposi-
tivity (Si2-3) was noted in grade III tumours for p53. 
Comparing the immunopositive cells in the low-
grade meningiomas (grade I) and in the high-grade 
meningiomas (grade II and grade III) we found more 
immunopositive cells (Si1-3) for PARP1 and a higher 
staining intensity (Si2-3) for p53 in the high-grade 
tumours.

Performing a  Spearman’s rank order correlation 
and linear regression, there was no statistical cor-
relation between either the presence of positivity or  
the intense immunoreactions for p53 and PARP1,  

thus the expression of these two proteins does 
not appear to be related to each other. We suggest 
that PARP1 activation increases in grade II tumours 
to cope with the DNA damage, whereas in grade 
III tumours PARP1 activity is decreased as a conse-
quence of apoptotic-necrotic cell death and preced-
ing overactivation and consecutive consumption of 
the protein and substrates.

Our data confirm that p53 protein plays a role in 
meningiomas, and indicate that the p53 activation 
might be a late event in the progression of meningo-
thelial neoplasms.

Although further studies are necessary to elu-
cidate the role of PARP1 and p53 in meningiomas, 
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our data indicate that PARP1 and p53 immunohis-
tochemistry represents useful and simple methods 
aiding the accurate diagnosis and grading of menin-
giomas.
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A b s t r a c t

Ciliary neurotrophic factor (CNTF) is a neurocytokine, which could promote survival and/or differentiation in many 
cell types. In this study, the biological effects of CNTF on retinoic acid (RA)-predifferentiated SH-SY5Y neuroblastoma 
cells and the underlying molecular mechanism of this effect were investigated for the first time. The results showed 
that RA was able to increase cells susceptibility to CNTF via regulating the expression levels of CNTF receptors. 
A further study revealed that CNTF could induce phosphorylation of STAT3, Akt and ERK1/2 in RA-predifferentiated 
SH-SY5Y neuroblastoma cells, while the promoting activity of CNTF on survival and neurite growth of cells was 
attenuated by co-treatment with JAK2 inhibitor AG490 (25 μM), STAT3 inhibitor Curcumin (50 μM), PI3K inhibitor 
LY-294002 (50 μM), but not by co-treatment with MEK inhibitor PD98059 (50 μM). These findings suggested that 
JAK2/STAT3, as well as PI3K/Akt, play important roles in mediating the survival and neurite growth response of 
RA-predifferentiated cells to CNTF. Our study may be useful to further understand the functional role of CNTF and 
offer a convenient model to explore the therapeutic potential of CNTF in neurodegenerative diseases. 
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Introduction

Neurotrophic factors such as the ciliary neuro-
trophic factor (CNTF) are essential proteins for the 
maintenance and survival of neurons in both devel-
oping and mature nervous systems [14,16,21]. In 
particular, CNTF is responsible for neurotransmitter 
synthesis and neurite outgrowth in certain neuronal 
populations [22,26]. CNTF is a  25-kDa polypeptide 
that was originally isolated as a target-derived sur-
vival factor of parasympathetic ciliary ganglion neu-

rons [19]. It is believed that CNTF’s physiological role 
only becomes apparent after tissue injury due to its 
lack of hydrophobic sequence. Known cell-surface 
receptors for CNTF include CNTF receptor α (CNTFRα), 
gp130, and LIF receptor (LIFR) [3,4]. Binding of CNTF 
to CNTFRα triggers heterodimerization of gp130 
and LIFR, forming an active trimeric receptor com-
plex and activates the downstream signalling path-
way [25]. It has been established that JAK2/STAT3 
pathway is mainly involved in survival of neurons in 
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response to CNTF [11,12,26]. Phosphorylated STAT3 
dimerizes and translocates to the nucleus to regu-
late target gene transcription [27]. In addition, CNTF 
can also trigger and activate PI3K/Akt or MEK/ERK 
pathways, either concomitantly or independently of 
JAK2/STAT3 signalling pathway [1,5,6,24].

In cell-culture experiments, CNTF has also been 
established to be an important neurocytokine for 
the survival of a variety of neuronal subpopulations, 
including dorsal root ganglia, sympathetic neurons, 
GABAergic septohippocampal neurons, and motor 
neurons [8,9]. A previous study conducted by Kazu-
nori et al. has found that CNTF may promote the sur-
vival and neurite outgrowth of DRG neuron from an 
adult rat after it had been cultured for 7 days [24]. 
However, currently, there is little information avail-
able on the effects of CNTF on human neuroblastoma 
cells. Human neuroblastoma cells are currently used 
as an in vitro model of neuronal function and differ-
entiation [20]. In particular, a human neuroblastoma 
dopaminergic neuronal cell line – SH-SY5Y is used 
as a model for neurodegenerative disorders as the 
cells can be converted to various types of functional 
neurons through the addition of specific compounds 
such as retinoic acid (RA), phorbol ester or stauros-
porine [2,17]. In many studies, SH-SY5Y neuroblas-
toma cells are often induced to differentiate by RA 
to obtain more neuron-like properties, including 
neurite outgrowth and morphological changes, this 
in turn allows the mimicking of responses of neu-
rons [7]. A previous study has reported that SH-SY5Y 
neuroblastoma cells expressed functional CNTF re- 
ceptors and the expression levels were found to 
increase several folds through continuous exposure 
to RA [10,18]. However, limited studies have been 
reported about the CNTF response of SH-SY5Y neu-
roblastoma cells following RA treatment.

In this study, we tried to elucidate the biologi-
cal effects of CNTF on RA-predifferentiated SH-SY5Y 
neuroblastoma cells for the first time. Moreover, the 
underlying molecular mechanisms of such effects 
were also explored in regards to change of related 
signalling pathways in SH-SY5Y neuroblastoma cells.

Material and methods

Materials and chemicals

Recombinant human CNTF was produced in Esch-
erichia coli by our laboratory. The purity of CNTF is 
higher than 95% by high-performance liquid chroma-

tography (HPLC) and the molecular weight of which 
is 24 kDa by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis SDS-PAGE (data not shown). All 
cell culture reagents were purchased from Gibco 
(Grand Island, NY, USA). Retinoic acid, AG490, Cur-
cumin, LY-294002 and PD98059 were purchased from 
Sigma-Aldrich (St Louis, Mo, USA). Trypan blue, Ribo-
nuclease A (Rnase A), Polyvinylidene Fluoride (PVDF) 
membranes and enhanced chemiluminescence (ECL) 
detection kit were purchased from Beyotime (Nan-
tong, China). Antibodies against CNTFRα, gp130, LIFR 
and β-actin were obtained from Santa Cruz Biotech-
nology (CA, USA). Antibodies against P-STAT3, STAT3, 
P-Akt, Akt, P-ERK1/2, ERK1/2 were obtained from Cell 
Signalling Technology (MA, USA). All other chemicals 
and reagents were of analytical grade.

Cell culture

The SH-SY5Y neuroblastoma cell line was obtain-
ed from the Shanghai Institute of Cell Biology, Chi-
nese Academy of Sciences (Shanghai, China). Cells 
were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% foetal bovine serum 
and 1% penicillin-streptomycin. Cells were maintain-
ed at 37°C in a  saturated humidity atmosphere 
containing 95% of air and 5% of CO2. The medium 
was changed every 3 days. For cell survival and neu-
rite outgrowth, cells were plated in 35-mm-diameter 
(Corning, NY, USA) at an initial density of 5 × 104 cells 
per well.

Assay for cell survival and neurite 
outgrowth

The number of living cells was established by 
staining with trypan blue and counting in the hemo-
cytometer (Bürker). Cells were treated with RA at  
10 μM for 5 days, washed three times with DMEM 
and switched to serum-free DMEM medium contain-
ing various concentrations of CNTF (0, 5, 50, 500 ng/
mL) for 48 h. Before switching to CNTF-containing 
medium, the living cells were counted and the result-
ing value was defined as 100% survival. Results were 
therefore expressed as a  mean ± SEM percentage 
of this value. For evaluation of neurite outgrowth, 
cells treated with the indicated drugs were observed  
in a phase-contrast microscope (Olympus X51, Japan) 
and the cell bodies and neurites were counted.  
The ratio between neurites and cell bodies was cal-
culated yielding the average of neurites per neuron.
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Measurement of neuropoietic activities 
of CNTF in the presence of signalling 
pathway inhibitors

The effects of related signalling pathway inhibi-
tors on the CNTF-induced survival and neurite out-
growth of RA-differentiated SH-SY5Y neuroblastoma 
cells were investigated. Cells were treated for 5 days 
with RA at 10 μM and then cultured with CNTF (50 ng/ 
mL) in the absence or presence of JAK2 inhibitor 
AG490 (25 μM), STAT3 inhibitor Curcumin (50 μM), 
PI3K inhibitor LY-294002 (50 μM) and MEK inhibitor 
PD98059 (50 μM) for 48 h, respectively. The survival 
and neurite outgrowth of cells were evaluated.

Immunocytochemistry

Cells were collected and fixed with 4% parafor-
maldehyde for 10 min at 4°C, and then treated with 
0.1% Triton-X-100 in phosphate buffer saline (PBS) 
for 5 min at room temperature or with 100% metha-
nol for 10 min at -20°C. The fixed cells were incubat-
ed overnight at 4°C with CNTFR antibody, gp130 poly-
clonal antibody and LIFR antibody, respectively. All of 
which were diluted with 20 mM of PBS containing 
0.4% Block Ace. After rinsing with PBS, the cells were 
incubated for 1 h at 37°C with peroxidase-conjugat-
ed secondary antibodies. The immunoreaction was 
visualized as described above.

Western blot analysis

Cell extracts were prepared from cultured cells 
using lysis buffer (10 mM of Tris [pH 7.4], 150 mM 
of NaCl, 5 mM of ethylenediaminetetraacetic acid 

[EDTA], 1% Triton-X-100, 1% Tergitol-type NP40, and 
the following protease inhibitors: aprotinin, benz-
amidine, leupeptin, pepstatin A, and phenylmethane-
sulfonyl fluoride [PMSF]). The protein concentration 
of samples was determined with Bradford method 
[25]. The samples (50 μg) were then applied to 10% 
SDS-PAGE and transblotted onto PVDF membranes. 
After blocking with 5% bovine serum albumin (BSA) 
in Tris-buffer saline (TBST) for 1 hour, membranes 
were incubated with the primary antibodies (all in 
1 : 500 dilutions) overnight and followed by a sec-
ondary antibody (all in 1 : 200 dilutions) incubation 
for 1 hour at room temperature. Protein bands were 
visualized by ECL detection kit. The density of each 
band was normalized by β-actin.

Statistical analysis

All data are expressed as mean ± SEM. Point-to-
point comparisons were made by Student’s t-test. 
Groups were compared by two-way ANOVA using 
the unpaired Tukey-Kramer method as post-test. All 
experiments were done in triplicates and the results 
were indicative of three independent studies. Results 
were considered significantly different if P < 0.05.

Results

Effects of RA treatment  
on the expressions of CNTF receptors

The immunocytochemical analysis confirmed that 
SH-SY5Y neuroblastoma cells expressed the CNTF 
receptor complex (CNTFRα, gp130 and LIFR) at the 
cell surface, which is consistent with previous studies 

Fig. 1. Immunocytochemical localization of CNTFRα, gp130 and LIFR at the surface of cultured SH-SY5Y neu-
roblastoma cells. Cells were cultured for 24 h and the peroxidase reactions with antibodies to CNTFRα (A), 
gp130 (B) and LIFR (C) were performed by immunocytochemical analysis.

A B C

http://rcin.org.pl



124 Folia Neuropathologica 2014; 52/2

Ke Wang, Fanfan Zhou, Xue Zhu, Kai Zhang, Biao Huang, Lan Zhu, Ling Zhu

(Fig. 1) [12,18]. Effects of exposure of RA on the up-reg-
ulation of the expression level of CNTF receptors were 
also examined. As shown in Fig. 2, a 2.2-fold increase 
for CNTFRα, 2.7-fold increase for gp130 and 3.2-fold 
increase for LIFR in band intensity after 5 days of RA 
treatment (10 μM) as compared to those of non-stim-
ulated controls were observed. The results suggested 
that RA might increase the responsiveness of CNTF 
via regulating the levels of CNTF receptors.

Effects of CNTF on survival and neurite 
growth of RA-pretreated cells

SH-SY5Y neuroblastoma cells were cultured for  
5 days in the presence of 10 μM RA and then switched 
to serum-free medium supplemented with CNTF at 
various concentrations. After an additional 48 hours 
in culture, cell survival was evaluated by means of the 
trypan blue staining. The results showed that CNTF had 
a significant effect on the cell survival of RA-pretreated 
cells (Fig. 3A). In addition, effects of CNTF on neurite 
growth were further investigated. After cultured with 
CNTF for 48 hours, RA-pretreated cells acquired round-
ed, phase-bright bodies and displayed long neurites 
and the ratio between neurites and cell bodies was 
increased in a dose-dependent relationship (Fig. 3B).

Effects of CNTF on signalling pathways 
of RA-pretreated cells

The activation status of CNTF receptors-relat-
ed signalling pathways was assessed to elucidate 
the molecular mechanism of the biological effects 
of CNTF. Western blot analysis showed that cells 
treated by RA for 5 days were acutely stimulated 
by CNTF where the expressions of phosphorylated 
signalling molecules including P-STAT3, P-Akt and 
P-ERK1/2 were undetectable initially but were rap-
idly induced by co-treatment with CNTF for 15 min 
and still detectable after 4 h of exposure to CNTF 
(Fig. 4). These findings suggested that CNTF could 
induce phosphorylation of STAT3, Akt and ERK1/2 in 
RA-pretreated SH-SY5Y cells. 

Effects of signalling pathway inhibitors 
on CNTF-induced survival and neurite 
growth of RA-pretreated cells

Based on previous results, we further investigated 
which pathways are involved in CNTF-induced sur-
vival and neurite outgrowth, using the inhibitors of 
individual pathways: JAK2 inhibitor – AG490, STAT3 
inhibitor – Curcumin, PI3K inhibitor – LY-294002 and 
MEK inhibitor – PD98059. The promoting activity of 
CNTF on survival and neurite growth of RA-pretreat-
ed cells was attenuated by co-treatment with AG490  
(25 μM), Curcumin (50 μM), LY294002 (50 μM), but 
not by co-treatment with PD98059 (50 μM). These 
findings suggested that the JAK2/STAT3 pathway, as 
well as PI3K/Akt pathway, were the principal path-
ways in CNTF-induced survival and neurite growth of 
RA-pretreated cells.

Fig. 2. Effects of RA treatment on the expressions 
of CNTF receptors (CNTFRα, gp130 and LIFR) on 
cultured SH-SY5Y neuroblastoma cells. Cells were 
treated for 5 days with 10 μM RA and the reac-
tions with antibodies to CNTFRα, gp130 and LIFR 
(all in 1 : 500 dilutions) were performed by west-
ern blot analysis. NS: non-stimulated cells.
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Discussion 

Until now, few studies have focused on the ef-
fects of CNTF on human neuroblastoma cells such 
as SH-SY5Y, which could be differentiated to neuro-
nal-like cells using retinoic acid and used as a model 
for neurodegenerative disorders [15,22,23]. In this 
study, we examined the biological effects of CNTF  
on RA-predifferentiated SH-SY5Y neuroblastoma 
cells for the first time and further explored the 
molecular mechanisms of such effects.

Our data confirmed that SH-SY5Y cells express 
a  functional CNTF receptor complex including CNT-
FRα, gp130 and LIFR at the cell surface and showed 
a  stable increase in protein levels after treatment 
with RA for 5 days, which are consistent with those 
in previous studies [23]. We further investigated if 
RA pretreatment was able to enhance the cells sen-
sitivity to CNTF via regulating the CNTF receptor lev-
els. The results showed that CNTF exerted the most 
striking effects on cell survival and neurite growth 
of RA-pretreated cells compared with those lack-
ing neurotrophic support, which indicated that high 
expressions of CNTF receptors induced by RA are 
biologically active.

The JAK2/STAT3 pathway is the main signalling 
cascade used by CNTF in many cell types, however, 
CNTF can also signal through PI3K/Akt and/or MEK/
ERK pathways [13]. To clarify this, the signalling path-
way of CNTF in RA-predifferentiated SH-SY5Y neuro-
blastoma cells was also investigated in this study. The 
results from our western blot analysis indicated that 

Fig. 3. Effects of CNTF on survival and neurite growth of RA-pretreated SH-SY5Y neuroblastoma cells. Cells 
were treated for 5 days with 10 μM RA and then cultured in a serum-free medium containing the indicated 
concentrations of CNTF (0, 5, 50, 500 ng/mL) for an additional period of 48 h. A) Cell survival was assessed 
by trypan blue staining. B) Neurite outgrowth of cells was scored as described in Materials and methods. 
Data are mean ± SEM values. *P < 0.05 vs. control, **P < 0.01 vs. control.

Fig. 4. Effects of CNTF on the expressions of signal-
ling pathway molecules on RA-pretreated SH-SY5Y 
neuroblastoma cells. Cells were treated for 5 days 
with 10 μM RA and cultured in serum-free me di-
um containing the 50 ng/mL CNTF for an addi-
tional time. Then, the reactions with antibodies to 
P-STAT3, STAT3, P-Akt, Akt, P-ERK1/2, ERK1/2 (all in 
1 : 500 dilution) were performed by western blot 
analysis. The density of each band was normalized 
by β-actin. NS: non-stimulated cells.
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CNTF could induce the expressions of phosphorylat-
ed signalling molecules including P-STAT3, P-Akt and 
P-ERK1/2 in cells pretreated by RA. Further survival 
and neurite outgrowth assays showed that promot-
ing activity of CNTF was attenuated by co-treatment 
with JAK2 inhibitor AG490, STAT3 inhibitor Curcum-
in, PI3K inhibitor LY294002, but not by co-treatment 
with MEK inhibitor PD98059. These findings suggest-
ed that the MEK/ERK pathway is unlikely to be a cru-
cial pathway for CNTF-induced survival and neurite 
outgrowth activity of RA-predifferentiated SH-SY5Y 
neuroblastoma cells, while the JAK2/STAT3 pathway, 
as well as PI3K/Akt pathway, played important roles 
in mediating the neuroprotective function of CNTF. 
Further research is required to elucidate how these 
signalling pathways exert their effect during CNTF-in-
duced survival and neu rite outgrowth in RA-predif-
ferentiated SH-SY5Y neuroblastoma cells.

In conclusion, our study has enhanced our under-
standing towards the functional role of CNTF on 
RA-predifferentiated SH-SY5Y neuroblastoma cells in 
promoting cell survival and neurite growth. We also 
found that the JAK2/STAT3 and PI3K/Akt signalling 
pathways are mainly involved in the CNTF-induced sur-
vival and neurite outgrowth activity of RA-predifferen-
tiated SH-SY5Y neuroblastoma cells. These results may 
supplement the current understanding of how CNTF 
functions in diverse tissues and organisms, which 
offers a convenient model to explore the therapeutic 
potential of CNTF in neurodegenerative diseases. 
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A b s t r a c t

Introduction: Malignant transformation among gliomas WHO II ranges between 35% and 89%. However, according 
to some reports, all gliomas WHO II undergo such transformation over time. The aim of the study was to analyse MRI 
parameters indicating anaplastic transformation of gliomas WHO II. 
Material and methods: Forty-six consecutive patients were enrolled in the study (20 females and 26 males; range 
of age 36 ± 9 years) with supratentorial glioma WHO II. Multiparametric MR examination included morphological 
imaging, perfusion-weighted imaging, diffusion-weighted imaging and proton magnetic resonance spectroscopy. 
Group division depended on the course of disease (ST – stable group, AT – anaplastic transformation group).
Results: Subtotal tumour resection was achieved in the whole AT group, whereas in the ST group, total tumour 
resection was achieved in 10/29 (34%) patients. The size of the residual tumour after surgery was statistically sig-
nificantly higher in the AT group compared to the ST group (AT: 51.5 cm3 ± 37.7 vs. ST: 29.0 cm3 ± 37.9; p = 0.011). 
Contrast enhancement in the AT group occurred in 5/11 (45%) of tumours and in none of the patients’ areas of 
contrast enhancement were resected during surgery/biopsy. However, the initial MR showed contrast enhancement 
in 10/29 (34%) of patients in the ST group. The areas of contrast enhancement were totally resected in all patients. 
Compared to the ST group tumours that underwent anaplastic transformation had statistically significantly higher 
values of mean nrCBV and max nrCBV on the initial MR, the follow-up and final MR examinations. However, statisti-
cally significant differences between the groups in ADC values were observed on the follow-up and final MR whereas 
mean Cho/Cr and mean Cho/NAA were observed as late as on the final MR examination.
Conclusions: Multiparametric MR examination allows the detection of LGGs with high probability of rapid anaplas-
tic transformation and the detection of transformation prior to the occurrence of contrast enhancement. The value  
of nrCBV is the most useful in the diagnosis of anaplastic transformation. The resection of contrast enhancement area 
of the tumour significantly increases time to anaplastic transformation of LGGs.

Key words: anaplastic transformation, low-grade glioma, MR imaging.

Communicating author: 

Gabriela Stasik-Pres, Radiodiagnostic Department, Maria Sklodowska-Curie Memorial Cancer Centre  

and Institute of Oncology, Gliwice Branch, Wybrzeze Armii Krajowej 15, 44-101 Gliwice, e-mail: gabastasik@poczta.onet.pl

http://rcin.org.pl



129Folia Neuropathologica 2014; 52/2

Anaplastic transformation of low-grade gliomas (WHO II) on magnetic resonance imaging

Introduction

According to the National Cancer Registry, malig-
nant tumours comprised about 156 000 new cases 
and 93 000 deaths in Poland in 2009. Primary brain 
tumours were the 11th most common cause of ma - 
lignant tumour in males (2.1%; 1444 new cases in 
2009) and the 15th most common in females (2.0%; 
1362 new cases in 2009). Brain tumour mortality rate 
has remained stable since 1965 and according to  
the latest report, it was 2.8% (7.98/100 000) in males 
and 3.6% (7.48/100 000) in females [16]. Similar 
percentages of cases and deaths are reported in 
Europe and in the USA [11,26,35]. 

Gliomas comprising more than 40% of intracra-
nial tumours constitute high-grade gliomas (HGGs) 
in 70-80% of cases [30]. Surgical excision with sub-
sequent radio- and chemo-radiotherapy is the gold 
standard in treatment of HGGs. However, low-grade 
gliomas (LGGs) are mainly treated surgically and in 
some cases complimentary radiotherapy is adminis-
tered. According to the 2011 diagnostic-therapeutic 
recommendations by the Polish Society of Clinical 
Oncology (PTOK), postoperative radiotherapy may be 
abandoned in the case of total surgical resection of 
oligodendroglioma, gemistocytic astrocytoma, if the 
tumour did not show contrast enhancement on pre-
operative (CT and MR) examination and if the patient 
was < 40 years of age. Postoperative chemotherapy 
may be considered in oligodendroglioma with 1p/19q 
loss of heterozygosity [3,21,36]. Gliomas WHO II which 
predominantly affect patients at the age of 30-40 are 
mostly characterised by diffuse infiltration of multi-
ple cerebral structures [30]. Malignant transforma-
tion to a higher grade (WHO III and IV) in this group 
of tumours ranges between 35% and 89%. However, 
according to some reports, all gliomas WHO II under-
go such transformation over time [37,48]. The median 
survival in patients with glioma WHO IV is < 2 years, 
whereas WHO II is 5-10 years. It is believed that the 
early detection of factors/parameters indicating ana-
plastic transformation may improve the prognosis 
[21,30,40]. 

Imaging studies are currently the standard meth-
od for early detection of changes in biology and 
malignancy of the tumour and precede the surgi-
cal procedure or stereotactic biopsy which is asso-
ciated with an increased complication risk [21,27]. 
Malignancy is characterised by significant vascular 
proliferation within the tumour (neoangiogenesis) 

[6,22,30,39,47]. According to the “angiogenic switch” 
theory, LGG progression to HGG must be accompa-
nied by vascular proliferation within the tumour 
[22,47]. Neoangiogenesis results in increased rela-
tive cerebral blood flow (rCBF) and relative cerebral 
blood volume (rCBV) and at a  later stage contrast 
tumour enhancement on MR examination. Contrast 
enhancement as a marker of anaplastic transforma-
tion presents some disadvantages and poses some 
limitations. It appears late and its appearance proves 
that anaplastic transformation has already occurred. 
Additionally, it is a  non-specific feature, resulting 
from the blood-brain barrier (BBB) breakdown due to 
e.g. inflammatory and ischaemic changes, radiother-
apy as well as lack of the normal BBB in vasculature 
formed by neoangiogenesis. The extent of contrast 
enhancement also depends on the dose of gluco-
corticoids and even on the examination technique 
[5,17,35]. Although contrast enhancement is consid-
ered to be typical of HGGs, it should be remembered 
that about 40% of high-grade tumours do not show 
contrast enhancement whereas 10-39% of LGGs 
show contrast enhancement [21,28,30,35,37,45].

The aim of the study was to analyse MRI parame-
ters indicating anaplastic transformation of gliomas 
WHO II. 

Material and methods

Material

Forty-six consecutive patients were enrolled in  
the study (20 females and 26 males; range of age 36 
± 9 years) with supratentorial glioma WHO II. Patients 
were diagnosed in 2005-2011 at the Radiodiagnostic 
Department, Cancer Centre and Institute of Oncol-
ogy in Gliwice, Poland. Surgical procedure/biopsy 
was performed at the Department of Neurosurgery, 
Medical University of Silesia, Sosnowiec, Poland. 
Multiparametric MR examination included morpho-
logical imaging, perfusion-weighted imaging (PWI), 
diffusion-weighted imaging (DWI) and proton mag-
netic resonance spectroscopy (1H-MRS). Pathologic 
diagnosis was confirmed either by a surgical proce-
dure or biopsy. In the majority of patients, i.e. (36/46) 
78.3%, surgery was followed by excised area radio-
therapy and/or radiotherapy for residual tumour 2 to 
9 months after the diagnosis. The follow-up between 
the pathological diagnosis and the final follow-up 
MR examination was at least 18 months except for 
patients with earlier anaplastic transformation.
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Methods

Magnetic resonance examinations were perform-
ed on a 1.5T (Magnetom Avanto, Siemens) or a 3.0T 
scanner (Achieva, Philips) with the standard head coil. 

Conventional MR imaging

Conventional MR imaging consisted of morpho-
logical sequences of T1-weighted images before 
and after intravenous contrast agent application, 
T2-weighted images and fluid attenuated inversion 
recovery (FLAIR) images. Tumour volume was calcu-
lated based on T2-weighted images and FLAIR imag-
es, approximating to an ellipsoid. 

Perfusion-weighted imaging

Perfusion-weighted imaging (PWI) was perform-
ed using dynamic susceptibility contrast perfusion 
magnetic resonance imaging (DSC MRI). 

Scanner 1.5T: EPI SE (Echo Planar Imaging Spin 
Echo), TR/TE 1560/30 ms, Thk/gap 5.0/1.5 mm, ma- 
trix 128 × 128, FOV 250 × 250 mm, 50 data sets were 
acquired with a  time resolution 1 per data set. TA 
was 1 min 26 s.

Scanner 3.0T: EPI GE (Echo Planar Imaging Gradi-
ent Echo), TR/TE 16(7º)/24(7º), Thk/gap 4.0/0.0 mm, 
matrix 64 × 128, FOV 230 × 230 mm. 50 data sets 
were acquired with a time resolution 1 per data set. 
TA was 1 min 29 s. 

A gadolinium-based contrast agent was adminis-
tered at the dose of 0.1 mmol/kg with the injection 
rate of 6 mL/s, followed by administration of 20 mL 
bolus of saline. Parametric maps of rCBV were calcu-
lated automatically by the software provided by the 
scanner producer. The region of interest (ROI) which 
was the basis for calculating rCBV drawn manually 
on each layer of the parametric map on which in the 
correlation with morphological images the tumour 
was detected. ROI was drawn in the solid tumour 
area ignoring cortical vessels, necrotic areas and 
treatment-induced changes. The value of rCBV in the 
tumour was normalised to normal appearing white 
matter in the contralateral hemisphere (normalised 
rCBV – nrCBV). The mean nrCBV was calculated and 
the max nrCBV was determined in the tumour. 

Diffusion-weighted imaging 

Diffusion-weighted imaging (DWI) was performed 
using Echo Planar Imaging Spin Echo (EPI SE). 

Scanner 1.5T: TR/TE 3100/99 ms, b = 0, 500,  
1000 mm2/s, FOV 230 × 230 mm; matrix 192 × 192, 
Thk/gap 5.0/1.0 mm.

Scanner 3.0T: TR/TE 3080/70 ms, b = 0, 500, 
1000 mm2/s, FOV 230 × 230, matrix 112 × 256, Thk/
gap 4.0/1.0 mm.

Apparent Diffusion Coefficient (ADC) maps were 
calculated automatically using the software provid-
ed by the scanner producer. ROI was drawn manual-
ly on each layer of the parametric map in the solid 
tumour area in the correlation with morphological 
images. The mean ADC was calculated and the min 
ADC was determined in the tumour. 

Proton MR spectroscopy

Point resolved localised spectroscopy (PRESS) was 
used for single-voxel spectroscopy (SVS) and chemi-
cal shift imaging multi voxel (CSI). 

Scanner 1.5T: 3D CSI – TR/TE 2000/135 ms, SVS 
– TR/TE 1500/135 ms. 

Scanner 3.0T: 3D CSI – TR/TE 2000-1500/144-
288 ms, SVS – 2000-1500/144-288 ms.

Spectroscopy data were evaluated using Linear 
Combination of Model Spectra software (LCModel, 
version 6.1-4.F). Cho/Cr, Cho/NAA and NAA/Cr ratios 
(Choline, Cr – creatine, NAA – N-Acetylaspartic acid) 
were calculated. The voxel in SVS was placed in the 
solid tumour area. Spectroscopy data from every 
voxel placed in the solid tumour area were analysed 
in 3D CSI and in the subsequent analysis, the mean 
Cho/Cr, Cho/NAA, NAA/Cr were used.

Statistical analysis

Continuous parameters with normal distribu-
tion were presented as mean ± standard deviation 
(SD). Median and interquartile ranges were used to 
describe quantitative variables whose distribution 
differed from the standard. Significance of mean 
differences was tested with a t-Student test and an 
ANOVA proceeded by evaluation of normality and 
Levine’s test. When significant effects were found, 
post hoc testing (NIR Fisher tests) of all possible 
comparisons was applied. Friedman’s repeated mea-
sures ANOVA was used to test changes in not contin-
uous values. Wilcoxon’s test was used for post hoc 
analysis. To assess the differences between the vari-
ables, the Mann-Whitney U  test was used to com-
pare two independent groups. Statistically signifi-
cant p-levels were assumed as < 0.05 (two-sided). 
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Statistical calculations and analyses were performed 
with STATISTICA (StatSoft) software version 9.0.

Results

Patients were divided into three groups depend-
ing on the course of disease (Fig. 1).

ST – stable group – total/subtotal tumour resec-
tion with no relapse/progression in clinical observa-
tion and follow-up MR examinations.

AT – anaplastic transformation group – patho-
logically verified tumour transformation to a higher 
grade of malignancy (WHO grade III or IV). Time to 
anaplastic transformation varied between 2 and 38 
months. Transformation occurred within 12 months of 
the follow-up in 6/11 patients, between the 12th and  
the 24th month in 3/11 patients and after 24 months 
in 2 patients. 

RP – radiological progression group – radiological 
progression without pathologically confirmed trans-
formation.

Radiological progression was detected based 
on the increase in tumour volume by over 40%  
(1 patient in the RP group) or the occurrence of con-
trast enhancement with the normalised max nrCBV 
> 1.75 (11 patients in the AT group and 5 patients in 
the RP group) [17,23-26].

Initial pathologic diagnosis is presented in Table I.
The comparative analysis included 40 patients 

(29 from the ST group and 11 from the AT group). 
The selected parameters of PWI, DWI and 1H-MRS 
were analysed prior to surgery/biopsy (initial MR), 
after surgery/biopsy (follow-up MR) and in the AT 
group in the final MR examination (final MR) where 
anaplastic transformation was detected prior to the 
surgical procedure and in the ST group in the final 
MR follow-up in which the tumour was stable at 
least 18 months after pathological diagnosis (final 
MR). Mean time of the follow-up MR in the AT group 
was 3 (1-8) months and in the ST group was 3 (1-8) 

months. Mean time of the final MR in the AT group 
was 16 (3-38) months and in the ST group was 32 
(18-66) months. 

Subtotal tumour resection was achieved in the 
whole AT group, whereas in the ST group total tumour 
resection was achieved in 10/29 (34%) patients.  
The size of the residual tumour after surgery was 
statistically significantly higher in the AT group com-
pared to the ST group (AT: 51.5 cm3 ± 37.7 vs. ST:  
29.0 cm3 ± 37.9; p = 0.011). 

Contrast enhancement on the initial MR was 
found in 15/40 (38%) tumours. Contrast enhance-
ment in the AT group occurred in 5/11 (45%) tumours 
and in none of the patients, areas of contrast 
enhancement were resected during surgery/biopsy. 
However, the initial MR showed contrast enhance-
ment in 10/29 (34%) patients in the ST group. The 
areas of contrast enhancement were totally resected 
in all patients, in 5/10 (50%) patients, total tumour 
resection was achieved and in 5/10 (50%), subtotal 
tumour resection was achieved in the area of con-
trast enhancement. 

In the AT group on the initial MR in the area of 
contrast enhancement, mean nrCBV, mean Cho/Cr 
and mean Cho/NAA were significantly higher and 
the values of min ADC, mean ADC and NAA/Cr were 

Table I. Initial pathologic diagnosis

Pathologic diagnosis ST* AT# RP Whole

Fibrillary astrocytoma WHO II 10/29 (34%) 6/11 (55%) 3/6 (50%) 19/46 (42%)

Gemistocytic astrocytoma WHO II 6/29 (21%) 4/11 (36%) 2/6 (33%) 12/46 (26%)

Oligodendroglioma WHO II 2/29 (7%) 0/11 (0%) 0/6 (0%) 2/46 (4%)

Oligoastrocytoma WHO II 11/29 (38%) 1/11 (9%) 1/6 (17%) 13/46 (28%)

ST – stable group, AT – anaplastic transformation group, RP – radiological progression group
* – 10/29 total surgical resection, # – 1/11 glioma transformed into glioblastoma and 10/11 gliomas transformed into anaplastic astrocytoma

Whole group
46

Stable group (ST) 
29/46 (63%)

Anaplastic transformation 
group (AT)

11/46 (24%)

Radiological progression 
group (RP)
6/46 (13%)

Fig. 1. Group division depending on the course of 
disease. 
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significantly lower compared to the non-enhancing 
area of the tumour (Table II).

Also in the ST group on the initial MR examina-
tion in the area of contrast enhancement, max nrCBV, 
mean nrCBV, mean Cho/Cr and mean Cho/NAA were 
significantly higher compared to the non-enhancing 
area of the tumour (Table II).

Compared to the ST group, tumours that under-
went anaplastic transformation had statistically 
significantly higher values of mean nrCBV and max 
nrCBV on the initial MR examination, the follow-up 
and final MR examinations (Figs. 2 and 3, Table III). 
However, statistically significant differences between 
the groups in ADC values were observed on the fol-

Table II. Parameters of PWI, DWI, 1H-MRS obtained in the contrast enhancement area and non-contrast 
enhancement area of the tumour, on the initial MR, in the stable group and the anaplastic transformation 
group 

Parameters 
ST* (n = 10/29) AT** (n = 5/11)

CE Non-CE p CE Non-CE p

Max nrCBV 2.67 (1.60-4.24) 1.44 (0.71-3.16) 0.005 3.15 (2.29-4.64) 1.47 (1.03-2.85) 0.079

Mean nrCBV 1.92 (1.39-3.67) 1.14 (0.63-2.69) 0.050 2.00 (1.68-3.19) 1.10 (0.77-1.78) 0.043

Mean Cho/Cr 1.60 (1.34-2.60) 1.44 (1.16-1.80) 0.007 1.85 (1.45-2.60) 1.59 (1.19-2.20) 0.043

Mean Cho/NAA 1.09 (0.55-3.81) 0.87 (0.49-1.80) 0.007 1.73 (1.42-2.26) 1.01 (0.80-1.79) 0.043

Mean NAA/Cr 1.36 (0.69-2.84) 1.65 (1.00-2.73) NS 1.10 (0.82-1.51) 1.41 (0.89-2.79) 0.043

Min ADC# 1.24 (1.04-1.78) 1.32 (0.99-1.71) NS 0.98 (0.70-1.14) 1.29 (0.81-1.43) 0.043

Mean ADC# 1.31 (1.13-1.86) 1.46 (1.13-1.79) NS 1.20 (0.88-1.27) 1.38 (1.04-1.48) 0.043
ST – stable group, AT – anaplastic transformation group, CE – contrast enhancement area of the tumour, Non-CE – non-contrast enhancement area of  
the tumour
#ADC values *10-3 mm2/s, *On the initial MR in the ST group 10/29 (34%) tumours had CE area, **On the initial MR in the AT group, 5/11 (45%) tumours had  
CE area. The increase in max nrCBV > 1.75 preceded contrast enhancement up to 5-8 months in those tumours which did not enhance on the initial MR 

Table III. Statistically significant differences between the stable group and the anaplastic transformation 
group on the initial MR, follow-up MR and final MR

                                 Initial MR 

max nrCBV mean nrCBV

AT 4.21 ± 0.67 2.48 ± 0.69

ST 2.37 ± 0.69 1.47 ± 0.49

p 0.001 0.001

                                 Follow-up MR 

max nrCBV mean nrCBV min ADC mean ADC

AT 4.39 ± 1.09 2.56 ± 0.62 0.71 (0.59-1.02) 1.00 (0.70-1.21)

ST 1.75 ± 0.81 1.13 ± 0.40 1.05 (0.79-1.59) 1.22 (1.1-1.71)

p 0.001 0.001 0.001 0.006

                                 Final MR

max nrCBV mean nrCBV min ADC mean ADC mean Cho/Cr mean Cho/NAA

AT 4.42 ± 1.83 2.93 ± 1.31 0.88 (0.75-1.31) 1.08 (0.87-1.44) 1.78 (1.34-3.17) 1.49 (0.78-2.09)

ST 1.68 ± 0.81 1.01 ± 0.44 1.09 (0.93-1.35) 1.22 (1.09-1.73) 1.30 (1.00-2.15) 0.84 (0.60-1.94)

p 0.001 0.001 0.020 0.049 0.030 0.030

AT – anaplastic transformation group, ST – stable group. In the ST group, max nrCBV and mean nrCBV values on the follow-up MR and final MR were signifi-
cantly statistically lower compared to the results of the initial MR. Max nrCBV (2.37 ± 0.69 vs. 1.75 ± 0.81 vs. 1.68 ± 0.81; p = 0.042, p = 0.023). Mean nrCBV  
(1.47 ± 0.49 vs. 1.13 ± 0.4 vs. 1.01 ± 0.44; p = 0.030, p = 0.004). 
In the AT group, on the follow-up MR, a statistically significant decrease in min ADC and mean ADC values in the remaining tumour area was observed compared 
to the initial MR examination. Min ADC (1.05 [0.71-1.36] vs. 0.71 [0.59-1.02]; p = 0.030). Mean ADC (1.29 [0.98-1.50] vs. 1.00 [0.70-1.21]; p = 0.030). Additionally, in 
the AT group an increase was observed in the value of Cho on the final MR compared to the initial MR examination. Cho/Cr (1.68 [1.10-2.19] vs. 1.78 [1.34-3.17]), 
Cho/NAA (1.32 [0.59-3.17] vs. 1.49 [0.78-2.09])
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low-up and final MR whereas mean Cho/Cr and 
mean Cho/NAA were observed as late as on the final 
MR examination (Figs. 4A-H and 5A-J, Table III). 

Discussion

Magnetic resonance imaging is a  non-invasive 
me thod of evaluating certain features of the tumour 
assessed by pathological examination, for instan- 
ce tissue microvascular density (MVD), cellularity,  
the presence of necrosis [4,5,12,15,32,34,38,50]. Ma - 
lignancy is characterised by vascular proliferation  
within the tumour (neoangiogenesis) [6,22,30,39,47]. 
Ac cording to the “angiogenic switch” theory, the 
es sence of LGG anaplastic transformation is vascular 
proliferation in a previously avascular tumour [22,47]. 
Vessels formed by neoangiogenesis differ in their 
structure from normal vasculature (tortuosity, lack of 
maturity and increased permeability). On standard 
MR imaging, neoangiogenesis manifests as the area 
of contrast enhancement. Contrast enhancement as 
a marker of anaplastic transformation appears late 
and its appearance proves that anaplastic transfor-
mation has already occurred. However, PWI gives 
access to information on the capillary microcircula-
tion of tissues and reflects tissue MVD by measuring 
rCBV, prior to the occurrence of contrast enhance-
ment [5,35]. Danchaivijitr et al. confirmed that in 
the group of gliomas which underwent anaplastic 
transformation, continuous rCBV growth (within 12- 
18 months) preceded the occurrence of an abnormal 

area of contrast enhancement in the tumour [13].  
Law et al. suggested the cut-off value for the nor-
malised to the normal appearing white matter rCBV 
> 1.75 on MR examination prior to surgery as the fea-
ture differentiating rapidly progressive LGGs (medi-
an 8 vs. 154 months) [24,26]. The similar correlation 
was confirmed by Caseiras et al. using the same cut-
off value for rCBV – “the median time to progression 
among subjects with rCBV > 1.75 was 365 days, while 
there was 95% confidence that the median time to 
progression was at least 889 days among subjects 
with rCBV < 1.75” [7]. Referring to the findings of 
Law et al., Al-Okaili et al. used the same cut-off  
value for rCBV characterising the area of the 
increased perfusion in the study on differential diag-
nosis of intra-axial brain masses. Gliomas with rCBV 
> 1.75 corresponded to HGGs with sensitivity of 88%, 
specificity of 100%, PPV of 100%, NPV of 67%, com-
pared to LGGs [1]. Although the normalised rCBV = 
1.75 is the most frequently accepted cut-off value 
differentiating LGGs from HGGs as well as LGGs with 
short and long transformation time, other clearly dis-
tinct values are also reported. In the study by Arvin-
da et al., the cut-off point for nrCBV mostly differen-
tiating LGGs from HGGs was 2.93, whereas Morita 
et al. obtained nrCBV = 0.94 [2,33]. In our material in 
the AT group, the increase in max nrCBV > 1.75 pre-
ceded contrast enhancement in the same tumour 
area within 5-8 months in 6/11 (45%) patients. In 
the remaining 5/11 (55%) patients, max nrCBV > 1.75 
was found in the area of contrast enhancement from 

Fig. 2. Values of max nrCBV on the initial MR, 
follow-up MR and the final MR examinations in 
the stable group and the anaplastic transforma-
tion group.

Fig. 3. Values of mean nrCBV on the initial MR, 
follow-up MR and the final MR examinations in 
the stable group and the anaplastic transforma-
tion group.
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Fig. 4. A–F) Fibrillary astrocytoma WHO II out of the stable group, the initial MR: FLAIR (A) and T1-weighted 
image after intravenous contrast agent application (B), the final MR: FLAIR (C) and T1-weighted image after 
intravenous contrast agent application (D), PWI – rCBV map (E), DWI – ADC map (F).
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the very beginning. Moreover, max nrCBV and mean  
nrCBV in AT group were significantly higher on the 
initial MR, follow-up MR and the final MR examina-
tions compared to the ST group. In the ST group max 
nrCBV and mean nrCBV were significantly lower on 
the follow-up MR and the final MR examinations 
compared to the initial MR examination, which may 
have been due to resection of contrast enhancement 
area characterised by significantly increased nrCBV 
in relation to the remaining tumour area.

In our material, the extent of tumour resection in 
the ST group was significantly higher compared to 
the AT group. The extent of tumour resection signifi-
cantly influenced progression-free survival (PFS) and 
overall survival (OS) in LGG patients, which is consis-
tent with the reports of other researchers [19,31,43]. 
Our observations confirm that next to the extent of 
resection, excision of contrast enhancement area is 
essential for further course of disease. In our mate-
rial, none of the patients from the AT group had con-
trast enhancement area resected whereas in the ST 
group contrast enhancement area was resected in 
all patients. In both groups in the area of contrast 
enhancement nrCBV and Cho/Cr and Cho/NAA ratios 
were significantly higher compared to the non-en-
hanced tumour area, which indicates higher poten-
tial malignancy of this part of tumour. Additionally, 
in the AT group in the area of contrast enhancement 

ADC was significantly lower compared to the out-
side of this area. Chaichan et al. confirmed that in 
patients with LGGs enhanced after contrast agent 
administration, the 5-year OS, PFS and malignant 
transformation-free survival were shorter compared 
to patients with non-enhancing LGGs (70 vs. 85%  
[p = 0.002], 32 vs. 49% [p = 0.008] and 74 vs. 90% 
[p = 0.002], respectively). Moreover, the only factors 
that were consistently shown to be associated with 
tumour recurrence or malignant degeneration are 
preoperative contrast enhancement, tumour size, and 
subtotal resection. Additionally, in the multifactorial 
analysis, Chaichan et al. confirmed that LGG contrast 
enhancement is an independent factor determining 
decreased survival (p = 0.006), increased recurrence 
(p = 0.04) and the trend towards a  higher inci-
dence of malignant degeneration (p = 0.15). How-
ever, Chaichan et al. did not analyse parameters of 
PWI, DWI, proton MR spectroscopy (1H-MRS) [9,10].  
The criteria for Response Assessment in Neuro-On-
cology (RANO) regarding the assessment of response 
to treatment of non-enhancing LGGs indicate that 
the area of contrast enhancement in the tumour cor-
responds to malignant transformation although it is 
a non-specific feature [45], and parameters of PWI, 
DWI, 1H-MRS, PET though mentioned in the model 
protocol are not included in the treatment-response 
assessment. According to the authors of the RANO 

Fig. 4. G–H) Fibrillary astrocytoma WHO II out of the stable group, the initial MR: 1H-MRS.
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Fig. 5. A–F) Fibrillary astrocytoma WHO II out of the anaplastic transformation group, the initial MR: FLAIR 
(A) and T1-weighted image after intravenous contrast agent application (B), the final MR: FLAIR (C) and 
T1-weighted image after intravenous contrast agent application (D, E), PWI – rCBV map (F, G).
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criteria, the percentage of gliomas WHO II enhanc-
ing after contrast agent administration is reported 
to be at the level of 10% and mainly in the oligoden-
droglioma subgroup. The post-treatment occurrence 
of a new area of contrast enhancement in gliomas 
WHO II is first interpreted as malignant transforma-
tion [45]. According to RANO, “for progression, two 
types of MRI progression have to be distinguished 
and reported separately: the development of or an 
increase in enhancement suggestive of malignant 
transformation, and linear progression of a  still 
non-enhancing lesion”. 

In our study, astrocytomas and oligoastrocytomas 
occurred in both groups (ST and AT) whereas oligo-

dendrogliomas exclusively in the ST group. A gem-
istocytic component was found more frequently in 
the AT group (36% of tumours) compared to the ST 
group (21% of tumours). 

In the multifactorial analysis regarding early pro-
gnostic factors related to progression and malig-
nant transformation of LGGs, Joung et al. confirmed 
that apart from total tumour resection, a gemisto-
cytic component in LGGs was related to shorter 
PFS and independently influenced the occurrence 
of malignant transformation [19]. Additionally, in 
trials regarding LGG treatment with radiotherapy, 
the median survival of > 5 years was reported for 
patients with oligodendroglioma compared to other 

G H

I J

Fig. 5. G–J) Fibrillary astrocytoma WHO II out of the anaplastic transformation group, the initial MR: PWI – 
rCBV map (F, G), DWI – ADC map (H), 1H-MRS (I, J).  
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gliomas WHO II for which the median survival was  
< 5 years [20,42,44].

There are no explicit reports on the ADC cut-
off value differentiating gliomas depending on the 
tumour grade [2,8,41,46]. However, it is generally 
accepted that the higher the tumour grade, the low-
er ADC values [46]. Server et al. and Arvinda et al. 
suggested the minimum ADC = 1.07 × 10–3 mm2/s 
and the mean ADC = 0.985 × 10–3 mm2/s as the ADC 
cut-off values differentiating HGGs from LGGs [2,41]. 
However, Catalaa et al. noted that HGGs and LGGs  
did not differ in ADC values [8]. In our material, 
min ADC and mean ADC did not differ significantly 
between AT and ST groups on the initial MR exam-
ination. However, min ADC and mean ADC were sig-
nificantly lower in the AT group on the follow-up MR 
and the final MR examinations compared to the ST 
group. In the AT group the follow-up MR revealed 
a  statistically significant decrease in min ADC and 
mean ADC values in the remaining tumour area 
compared to the initial MR examination. It may be 
related to the increased component of post-treat-
ment ischaemic changes or gliosis. It cannot be 
clearly determined which process or component 
mainly contributed to the decrease in the ADC value. 

The cut-off value for Cho/Cr and Cho/NAA report-
ed by various researchers differentiating LGGs from 
HGGs is wide (1.35 to 2.04 for Cho/Cr and 1.60 to 2.49 
for Cho/NAA) [14,23,29,41,49]. Hlaihel et al. confirm-
ed that in the group of oligodendrogliomas WHO II 
which underwent anaplastic transformation, mean 
Cho/Cr ratio above 2.4 was the earliest marker of the 
transformation with a  mean delay of 15.4 months. 
Whereas normalised rCBV elevation > 2 occurred an 
average of 8 months before the malignant transfor-
mation. Authors suggested that “the increase in cell 
membrane production and cell density, as attested by 
the elevation of the choline/creatine ratio, may gen-
erate an ischaemic process that initiates vascular pro-
liferation in the infiltrative tissue” [18]. In our study, 
in the AT group mean Cho/Cr and mean Cho/NAA 
were significantly higher as late as on the final MR 
examination compared to the ST group. The increase 
in Cho over time was observed in the AT group, i.e. 
mean Cho/Cr and mean Cho/NAA were higher on 
the final MR examination compared to the initial MR 
examination. Our analysis comprised of 1H-MRS with 
a long TE: 135-288 ms, whereas Hlaihel et al. analysed 
mainly single-voxel short TE: 32 ms 1H-MRS. Moreover, 
in our material there were different gliomas WHO II 

(fibrillary astrocytoma, gemistocytic astrocytoma, 
oligodendroglioma, oligoastrocytoma), whereas Hlai-
hel et al. analysed only oligodendrogliomas. We had 
longer follow-up and more gliomas which underwent 
anaplastic transformation. 

Conclusions

Multiparametric MR examination allows the 
detection of LGGs with high probability of rapid ana-
plastic transformation and the detection of transfor-
mation prior to the occurrence of contrast enhance-
ment. The value of nrCBV is the most useful in the 
diagnosis of anaplastic transformation. The resec-
tion of contrast enhancement area of the tumour 
significantly increases time to anaplastic transfor-
mation of LGGs. 
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A b s t r a c t

Secretory meningioma is an infrequent histological subtype of benign, WHO grade I meningioma, that is character-
ized by focal epithelial and secretory transformation of meningothelial cells. The leading histopathological feature 
of neoplastic tissue is the presence of eosinophilic hyaline inclusions, defined as “pseudopsammoma bodies”. These 
inclusions are mostly intracytoplasmic, different in size and often multiple. They are stained with periodic acid-Schiff 
(PAS) and are immunopositive for epithelial and secretory markers. 
The aim of this study was to determine the pattern of lectin bindings and ultrastructural features of secretory menin-
giomas. The examination was performed on 8 cases of secretory meningiomas that occurred in women and were 
mostly associated with prominent peritumoural oedema. Histologically, the tumours exhibited numerous eosino-
philic, PAS positive pseudopsammoma bodies. Immunohistochemical studies revealed a strong, ring-like cytokeratin 
expression around the pseudopsammoma bodies. The inclusions were CEA and EMA positive but negative for vimen-
tin. The immunolabeling with four lectins (PNA, SBA, Con A and DBA) was studied. The majority of pseudopsammoma 
bodies and surrounding tumour cells were strongly labelled with PNA and SBA. Immunolabelling with Con A showed 
irregular staining with high intensity in small inclusions. Immunostaining with DBA was seldom positive in inclusions 
and negative in the tumour cell cytoplasm. Ultrastructure of pseudopsammoma bodies exhibited advanced hetero-
geneity. The size of inclusions and the content of intracytoplasmic lumina varied greatly. Some pseudopsammoma 
bodies seemed to be located extracellularly and lacked the obvious lumina. 
Our ultrastructural study and lectin binding pattern support the unique epithelial and secretory transformation of 
neoplastic cells connected with their altered glycosylation. 

Key words: secretory meningioma, pseudopsammoma bodies, lectins, ultrastructure, immunohistochemistry.

Introduction

Secretory meningioma is an unusual histological 
subtype of meningiomas, characterized by focal epi
thelial and secretory transformation of meningothe
lial cells. It is a benign, slowly growing lesion, referred 

to as grade I  tumour, according to the 2007 World 
Health Organization (WHO) classification of tumours 
of the central nervous system [24]. The incidence 
of this specific variant, reported in various studies, 
ranged from 1.1% to 4.4% of all meningiomas [7,12, 
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22,25,34,38]. Only one study documented a high inci
dence, accounting for 9.3% [1]. 

Secretory meningiomas are characterized by the 
presence of eosinophilic inclusions [20], which were 
originally described as hyaline bodies by Cushing 
and Eisenhart in 1938 (2nd edition 1962) [8] and later 
defined as “pseudopsammoma bodies” by Kepes in 
1961 [14]. These inclusions are strongly stained with 
periodic acidSchiff (PAS) and were immunopositive 
for some epithelial antigens, including cytokerat
ins (CKs), epithelial membrane antigens (EMA) and 
carcinoembryonic antigen (CEA) [2,5,7,25]. Moreo
ver, pseudopsammoma bodies exhibit positivity for 
various secretory components, as immunoglobulins  
[4], α1antitripsin (AT) and α1antichymotrypsin 
(ACT) [7]. Ultrastructural features of secretory prop
erties of the neoplastic cells were primarily demon
strated by Kepes [13] and confirmed by other electron 
microscopic findings [3,9,1517,22]. Subsequently, 
the tumour was defined as “secretory meningioma” 
in 1986 by AlguacilGarcia et al. [1]. From a clinical 
point of view, secretory meningiomas appear pre
dominantly in women, with the most frequent loca
tion at the sphenoid ridge and frontal region. In 
comparison with other ordinary meningiomas, they 
are often associated with significant peritumoral 
oedema [5,12,25,26,36,38,40]. It has been speculat
ed that some products of pseudopsammoma bodies 
might be involved in the development of cerebral 
oedema [23,26,36].

The aim of this report was to evaluate the clin
icopathological and ultrastructural features in the 
series of secretory meningiomas, including the im
munohistochemical pattern of the lectin binding 
sites in tumour cells and pseudopsammoma bodies. 

Material and methods 

The study was performed on the surgical archi
val material from eight patients with postoperative 
diagnosis of secretory meningioma. Clinicopatho
logical characteristics of the patients are summa
rized in Table I. 

All tumour specimens were fixed in 10% buffered 
formalin and routinely embedded in paraffin blocks. 
Sections were stained with haematoxylin and eosin 
(H&E) and periodic acidSchiff (PAS). 

Immunohistochemistry was performed on paraf
finembedded specimens; labelling was carried out 
by the avidinbiotin complex (ABC) method, with 
3,3’diaminobenzidine (DAB) as a  chromogen. The 
following primary antibodies were used: antiepithe
lial membrane antigen (EMA), anticytokeratin AE1/
AE3 (CK), antiCD34, antivimentin (vim) and anti 
carcinoembryonic antigen (CEA); all reagents were 
ob tained from Dako. Immunohistochemical staining 
of the lectin glycoconjugates was performed with  
4 biotinylated lectins, as summarized in Table II: 
Peanut agglutinin (PNA), Soybean agglutinin (SBA), 
Dolichos biflorus agglutinin (DBA), Concanavalin A   
(Con A) (obtained from Vector Laboratories, Burlin
game, CA, USA). Briefly, the deparaffinized sections 
were incubated with lectins in concentration of 10 μg/ 
ml for 1 h, and then with the avidinbiotin peroxidase 
complex (ABC Kit) and 3’3’diaminobenzidine (DAB, 
Dako) reagents and counterstained with haematox
ylin; details of the used method are presented in our 
previous report [33]. 

For electron microscopy, the small fragments of 
paraffin embedded specimens were selected, then 
deparaffinized, rinsed in 0.1 phosphate buffer, post

Table I. Clinicopathologic data

No. Gender/Age Tumour localization Diameter of 
tumour (cm)

Peritumoural 
oedema

Basic histopathological pattern 
of meningioma 

1 Female/51 Frontal convexity 5.0 No data Meningothelial

2 Female/58 No data 2.5 Yes Transitional

3 Female/73 Sphenoid ridge No data No data Meningothelial

4 Female/50 Petrous apex 2.0 Yes Angiomatous

5 Female/67 Sphenoid ridge 3.5 Yes Fibroblastic

6 Female/55 Sphenoid ridge 2.5 Yes Angiomatous

7 Female/58 Temporal basis 3.3 Yes Meningothelial

8 Female/55 Temporal basis 4.0 No data Meningothelial 
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fixed in solutions of 2% glutaraldehyde and 1% osmi
um tetroxide in the same buffer, dehydrated in grad
ed alcohols and embedded in Epon 812. Ultrathin 
sections stained with uranyl acetate and lead citrate 
were examined with a JEM1010 electron microscope 
(JEOL, Japan). 

Results
Histopathological findings

All meningiomas were characterized by the pres
ence of eosinophilic and PASpositive pseudopsam
moma bodies (Fig. 1A, B) that occurred on the back
ground of various basic histopathological growth 
patterns, assessed as meningothelial, transitional, 
fibroblastic or angiomatous type (Table I). Pseu
dopsammoma bodies exhibited a  wide spectrum 
of morphology, regarding their size and shape. The 
number and distribution of inclusions greatly varied 
within the same tumour. The bodies were loose
ly scattered or collected in groups and exhibited 
diverse forms, ranging from minute homogenous and 
brightly eosinophilic spheres to huge heterogeneous, 
weakly eosinophilic deposits, surrounded by clear 
“halo” (Fig. 1A). 

Immunohistochemistry

Immunohistochemical studies revealed a strong 
immunoreactivity for CK, limited to the part of the 
cytoplasm of tumour cell that bordered the pseu
dopsammoma bodies. This CK expression usual
ly displayed the form of a  strong ringlike pattern 
around pseudopsammoma bodies (Fig. 2A). Immu
noreactivity for CEA, of varying intensity, was evi
denced both in the pseudopsammoma bodies and 
in the surrounding cytoplasm of neoplastic cells  
(Fig. 2B). Pseudopsammoma bodies were also immu
nopositive for EMA (Fig. 2C) but they were negative 
for vimentin, what was in contrast to overall positiv
ity of tumour cells (Fig. 2D). 

Immunohistochemical staining with the lectins 
showed that the majority of pseudopsammoma 
bodies and surrounding neoplastic cell cytoplasm 
were strongly labelled with PNA (Fig. 3A) and SBA 
(Fig. 3B), although the individual bodies remained 
unstained or were only weakly stained with the both 
lectins. Immunolabelling with Con A  showed irreg
ular staining of pseudopsammoma bodies. It was 
intense mainly in small bodies and weak in larger 
ones, whereas several bodies and the cytoplasm of 

Table II. Characteristics of lectins used for the study

Lectin names Abbreviations Sugar specificities

Peanut agglutinin PNA b-D-galactose (1-3)N-acetylgalactosamine/Gal(b1-3)GalNAc/

Soybean agglutinin SBA N-acetylgalactosamine (α1-3)galactose/GalNAc (α1-3)Gal/

Dolichos biflorus agglutinin DBA α-N-acetylgalactosamine/α-GalNAc/

Concanavalin A Con A α-D-mannose and b-D-glucose

A B

Fig. 1. A) Secretory meningioma with multiple, hyaline, eosinophilic cytoplasmic inclusion. B) PAS positive 
pseudopsammoma bodies. Original magnification (A, B) ×200. 
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neoplastic cells were unlabelled (Fig. 3C). Immunos
taining with DBA was rarely positive in pseudopsam
moma bodies and was negative in the tumour cells 
cytoplasm, however, the slight reactivity for DBA was 
seen in the nuclei of neoplastic cells (Fig. 3D). 

Electron microscopy 

Electron microscopic examination revealed the 
presence of numerous neoplastic cells, exhibiting 
intracytoplasmic lumina filled with microvilli and 
ag gregations of homogenous or heterogeneous ma
terial, corresponding to pseudopsammoma bodies 
(Fig. 4A, B). The cytoplasm of these cells was charac
terized by increased electrondensity, rich endoplas
mic reticulum and Golgi complex vesicles and con

spicuous bundles of tonofilaments, often in the close 
connection with intracytoplasmic lumina and micro
villi (Fig. 4A, B). Furthermore, distinct interdigitations 
of cell processes with desmosomes and numerous 
microvilli, projecting from the plasmalemma to the 
extracellular space, were seen (Fig. 4C, D). The size 
of the pseudopsammoma bodies and content of 
intracytoplasmic lumina greatly varied. Small lumi
na usually contained moderately electron dense, 
fine filamentous and rather homogenous substance, 
similar to those covering the surface of microvilli  
(Fig. 4B). Enlarged lumina were filled with polymor
phic, filamentous or granular electron dense materi
al, either homogenous or exhibiting a mixture of het
erogeneous vesicles, membranaceous structures and 
dense bodies (Fig. 5A, B). Numerous lumina of dif

A

C

B

D

Fig. 2. Immunohistochemistry of secretory meningioma. A) CK expression with a distinct ringlike pattern 
around pseudopsammoma bodies. B) Immunoreactivity for CEA in the pseudopsammoma bodies and in 
the cytoplasm of surrounding tumour cells. C) Diffuse EMA immunoexpression in the pseudopsammoma 
bodies and in the tumour cells. D) Negative immunostaining for vimentin in the psammoma bodies and 
positive in the tumour cells. Original magnification (A-D) ×200.
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ferent size, filled with polymorphic pseudopsammo
ma bodies, were often seen in the cytoplasm of the 
same cell. Some pseudopsammoma bodies seemed 
to be located extracellularly and lacked the obvious 
lumina. They were associated with numerous micro
villi, extending into intercellular space (Fig. 5C). Pseu
dopsammoma bodies were frequently surrounded by 
numerous fascicles of tonofilaments (Fig. 5D). 

Discussion

All secretory meningiomas in our series showed 
focal epithelial and secretory transformation with 
accumulation of pseudopsammoma bodies. The 
same features have been previously demonstrated 
in other reports [13,22,29,35,38]. Pseudopsammo

ma bodies are most frequently associated with the 
meningothelial pattern of the tumour, however they 
might occur also in other histological subtypes of 
benign meningiomas, including lipomatous or vacu
olated component [18,20,21,39]. The secretory men
ingiomas of the present study, comprised tumours 
with the basic growth pattern of the meningothelial 
type (4 cases), angiomatous type (2 cases), transi
tional type (1 case) and fibroblastic type (1 case). The 
mechanism, by which the individual neoplastic cells 
of any subtype of meningioma might be transformed 
into the secretory cells, is unknown. The most char
acteristic cellular abnormalities, corresponding to 
the epithelial and secretory features, consist of the 
presence of intracytoplasmic lumina with accumula
tion of secretory products [6,7,11,19]. Epithelial and 

A

C

B

D

Fig. 3. Immunohistochemical staining with lectins. A) Strong PNA immunolabelling in the majority of pseu
dopsammoma bodies and the cytoplasm of surrounding tumour cells. B) Strong labelling with SBA of pseu
dopsammoma bodies and the cytoplasm of surrounding cells. C) Irregular staining of pseudopsammoma 
bodies with Con A with high intensity in small inclusions. D) Labelling with DBA in some pseudopsammoma 
bodies. Slight reactivity in the nuclei of tumour cells. Original magnification (A-B) ×200.
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A B

C D

Fig. 4. Ultrastructural features. A) Tumour cell exhibiting numerous small intracytoplasmic cavities filled 
with microvilli (arrows). The cytoplasm of tumour displays increased electrondensity, abundant vesicles 
and conspicuous bundles of tonofilaments (asterisk). B) Intracytoplasmic lumina containing microvilli 
(arrows) and homogenous or fine filamentous material. C) Distinct interdigitation of cell processes with 
desmosomes (asterisk) and numerous microvilli (arrows), projecting from the plasmalemma to the extra
cellular space. D) Multiple intercytoplasmic lumina of different size filled by microvilli and microvesicles and 
surrounded by tonofibrils (arrows). Original magnification: A ×7500; B ×15 000; C–D ×12 000. 
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A B

C D

Fig. 5. Ultrastructural features. A) Enlarged lumina filled with homogenous, electron dense material and 
mixture of microvesicles. B) Multiple, enlarged pseudopsammoma bodies exhibiting high heterogeneity of 
their structure. C) Extracellularly located pseudopsammoma bodies associated with numerous microvilli 
and lacking the obvious lumen. D) Pseudopsammoma body surrounded by numerous fascicles of tonofila
ments (asterisk). Original magnification: A ×6000; B ×2500; C–D ×75 000.
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glandularlike differentiation of the cells has been 
also indicated with CK, EMA and CEA immunoreac
tivity in many studies [1,2,25,32,35]. Moreover, our 
present study demonstrated the abnormal glycosyl
ation pattern of secretory meningioma cells. 

Considering the morphology of pseudopsam
moma bodies, it ought to be noted that histochem
ical and ultrastructural patterns of pseudopsammo
ma bodies exhibit the striking resemblance to the 
inclusions, observed within intracellular lumina in 
some epithelial neoplasms, especially in mammary 
and gastrointestinal carcinoma or mesothelioma 
[4,13,16]. In epithelial cancer cells, the intracytoplas
mic lumina appears as spherical cavities with micro
villi and accumulation of secretion products, and 
they are usually surrounded by a filamentous net
work [27,28]. Various types of intracytoplasmic lumi
na have been demonstrated in electron microscopic 
study of breast carcinoma: type A with many micro
villi on the luminal surface and abundant secretion 
within the lumen; type B with fewer microvilli and 
little or abundant secretion, and a third type of large 
intracytoplasmic lumina with abundant secretion 
and compression of the nucleus [30,31].

The present ultrastructural investigations of sec
retory meningiomas documented that the pseudo
psammoma bodies were predominately located with
in large intracytoplasmic lumina, lined by microvilli. 
The same ultrastructural features of pseudopsammo
ma bodies were also demonstrated in other studies 
[3,9,13,16,37]. Less frequently the pseudopsammo
ma bodies were observed within extracellular space, 
filling by numerous projecting microvilli [13,15]. Both 
intracellular and extracellular secretory material 
might exhibit various forms of homogenous deposits 
of moderately electrondense fine filamentous and 
granular substances or polymorphic large inclusions 
with a  mixture of microvesicles, lamellar structures 
and electron dense clumps. These findings indicated 
that ultrastructural features of the secretory type of 
meningioma differ from the fine structure of other 
types of meningothelial tumours [10].

We found also some cells with predominance 
of small intracytoplasmic cavities, accompanied by 
intraluminal protrusions of microvilli and scanty 
secretory material. These features probably repre
sent an initial stage of secretory activity. Sometimes, 
the small lumina coexisted with larger and polymor
phic pseudopsammoma bodies. These observations 
indicate the dynamic secretory process and support 

the suggestion that formation of the large polymor
phic bodies represent the final stage of accumula
tion and degradation of secretory products [3,15
17,22]. 

The previous histochemical reports showed that 
the products of secretion are composed mainly of con
jugated glycoproteins [9,13,17] and are remini scent  
to the glycoproteinaceous coating seen on the surface 
of intestinal and respiratory epithelia [16]. Immuno
histochemical characteristics of pseudopsammoma 
bodies with one lectin were given by Kuratsu et al. 
[17]. The authors used only Concanavalin A staining 
and postulated that secretory bodies in meningiomas 
belong to mucosubstances of class II and III. 

In the present study we demonstrated the re ac
tion of the pseudopsammoma bodies and the tu mour 
cells with four lectins, including glucose and man
nose binding Con A  and three lectins specific to 
galactose/Nacetylgalactosamine (GalNAc) glyco
conjugates with differential binding sites, i.e. PNA, 
SBA and DBA. Our results showed that pseudopsam
moma bodies and surrounding cells presented 
a large range of glycan structures. Pseudopsammo
ma bodies were stained more intensely with PNA and 
SBA, moderately with Con A and weakly with DBA, 
whereas the cytoplasm of the surrounding neoplas
tic cells was labelled mostly with PNA and SBA. Very 
small secretory granules, probably corresponding to 
small intracytoplasmic lumina, were also labelled 
with the lectins and visualized especially with Con 
A. These findings and our previous study of the lec
tin binding in various subtypes of meningioma indi
cated that the pattern of lectin glycoconjugates in 
secretory meningioma differs from other variants of 
meningothelial tumours [33]. Moreover, the varia
tions in lectin bindings were demonstrated between 
the secretory cells and other neoplastic cells within 
the same tumour. Enhanced expression of the lectin 
glycoconjugates in the meningioma secretory cells 
probably reflects the selective changes in tumour 
cell glycosylation, that may be important for their 
phenotypic heterogeneity. Expression of CEA, which 
is a  highly Nglycosylated glycoprotein, is also the 
characteristic finding in secretory meningiomas 
[1,5,22,36,37]. We demonstrated a similar pattern of 
the immunoreactivity for CEA and the binding sites 
for PNA in the pseudopsammoma bodies and the 
cells surrounding them. 

Concluding, the present study documented the 
heterogenous ultrastructural and lectin binding pat
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tern of pseudopsammoma bodies and illustrated the 
status of altered glycosylation in the neoplastic cells 
of secretory meningiomas. 
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A b s t r a c t

Introduction: Activated microglia produce neurotoxic factors, including pro-inflammatory cytokines and nitric oxide 
(NO), in response to neuronal destruction. Therapeutic suppression of microglial release of these factors by various 
approaches including hypothermia is considered to be neuroprotective after severe brain damage. We examined the 
effects of hypothermic culture on the production of pro- and anti-inflammatory cytokines and NO in ex vivo microglia 
that were derived from mice with hypoxic-ischemic (HI) brain injury, through the stimulation of toll-like receptors 
(TLRs) that play significant roles in the pathological processes underlying a sterile central nervous system injury.
Material and methods: Two-day-old mice underwent the right common carotid artery ligation followed by 6% oxygen 
for 30 min, and thereafter were placed at 37°C for 24 h, after which microglia were isolated and then cultured with 
TLR2 and TLR4 agonists at 33°C and 37°C. Cytokine and NO levels in culture supernatants were measured. 
Results: Compared with 37°C, hypothermia (33°C) reduced the production of tumour necrosis factor-alpha (TNF-α: 
a pro-inflammatory cytokine) at 6 h and interleukin-10 (IL-10: an anti-inflammatory cytokine) and NO at 48 h. 
Conclusions: In TLR-activated microglia that were derived from mice with HI brain injury, hypothermia reduced the 
production of TNF-α, IL-10, and NO temporally, a clinically relevant finding suggesting that neuroprotection conferred 
by therapeutic hypothermia is related to attenuation of early-phase and late-phase inflammatory factors as well as 
that of late-phase anti-inflammatory factor(s) released from microglia.

Key words: hypothermia, hypoxic-ischemic brain injury, microglia, pro-inflammatory cytokine, anti-inflammatory cyto-
kine, toll-like receptor, nitric oxide, ex vivo setting, temporal change.

Introduction

Increased levels of several pro-inflammatory cyto-
kines, such as interleukin-1 (IL-1) and interleukin-6 
(IL-6), and nitric oxide (NO) in the cerebrospinal fluid 

(CSF) have been reported after severe head injuries in 
humans [6,13,32]. These potentially neurotoxic fac tors 
are produced by activated microglia when neurons 
are destroyed following ischaemia or trauma [38,48], 
and they are associated with secondary brain dam-
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age [3,21,40]. Therapeutic suppression of microglial 
release of the above-mentioned factors by various 
approaches including hypothermia is considered to 
be neuroprotective after severe brain damage such 
as that occurring after traumatic brain injury (TBI) 
and cardiac arrest [1,7,23,32]. Previously, we and  
other groups have demonstrated a reduced produc-
tion of tumour necrosis factor-alpha (TNF-α: anoth-
er pro-inflammatory cytokine that is associated with 
neuronal injury [3,40]), IL-6, interferon-beta (IFN-β, 
which is known to be associated with neuronal cell 
death [15]), interleukin-10 (IL-10: an anti-inflamma-
tory cytokine), and NO in hypothermic culture con-
ditions [20,31,33-36,42]. In particular, we proposed 
that these effects were temporally related to the 
reduction of early-phase and late-phase inflamma-
tory factors as well as that of late-phase anti-inflam-
matory factor(s) [33-36].

In the present study, to further explore the rela-
tionship between hypothermia and microglial res-
ponses in a  more clinically relevant manner, we 
examined the effects of hypothermic culture on the 
temporal production of TNF-α, IL-10, and NO as rep-
resentative pro- and anti-inflammatory factors in  
ex vivo microglia derived from mice with hypoxic- 
ischemic (HI) brain injury, through the stimulation 
of the toll-like receptor 2 (TLR2) and toll-like recep-
tor 4 (TLR4). An ex vivo setting was chosen as it 
more closely reflects in vivo conditions compared 
with cell-culture systems in vitro [18,44], and the 
cultures of ex vivo microglia obtained directly from 
the central nervous system (CNS) show functional 
and temporal similarities in the responsiveness of 
these cells in vivo to a  stimulus [12,51]. Moreover, 
while TLRs are major sensors of pathogen-associat-
ed molecular patterns that mediate innate immunity 
and are involved in the adaptive immune response 
[2], they can also be stimulated by the non-physio-
logical appearance or unusual concentrations of 
certain endogenous molecules [24], which may be 
produced and released by damaged cells in CNS. 
Thus, TLRs play a significant role in the pathological 
processes underlying sterile CNS injury. For example, 
both TLR2- and TLR4-deficient mice exhibit reduced 
cerebral ischaemia-induced CNS injuries [10,27]. 
Both microglial TLR2 and TLR4 establish mecha-
nisms by which innate immunity perpetuates CNS 
inflammation and neuronal damage by responding 
to endogenous compounds [5,22,28]. Therefore, an 
understanding of TLR-driven neuroinflammation in 

microglia derived from a brain injury model, along 
with their responses to hypothermia, was of particu-
lar significance in this study. 

Material and methods

All protocols in this study were reviewed and 
ap proved by the Animal Care Committee of Yamagu-
chi University School of Medicine.

Animal model

HI brain injury was induced in the Institute of 
Cancer Research (ICR) mice on postnatal day 2 (P2). 
Pups of either sex were anesthetized with halothane 
(4% for induction, 2% for maintenance) in a 75 : 25 
mixture of N2O and O2, after which the right common 
carotid artery was isolated and ligated. The procedure 
was completed within 5 min. After the procedure,  
the pups recovered for 1 h in a  temperature-con-
trolled incubator. They were then placed in a chamber 
perfused with a humidified gas mixture (6% oxygen 
in nitrogen) for 30 min. The temperature in the incu-
bator and that of the water used to humidify the gas 
mixture were kept at 37°C. The operated pups were 
placed without the dam in a  chamber submerged  
in a water bath at a stable temperature of 37°C for  
24 h, where they entered the P3 stage. Control ani-
mals were anesthetized, but not subjected to HI.

To identify the extent of the brain injury induced 
by HI followed by 24 h at 37°C, hematoxylin stain-
ing was performed. In brief, at the end of the 24-h 
period after the HI, the animals were deeply anes-
thetized with an overdose (40 mg/kg) of pentobar-
bital and perfused transcardially with phosphate-
buffer ed saline followed by 4% paraformaldehyde in 
phosphate buffer (PB). The brain was removed for 
post-fixation in 4% paraformaldehyde in PB for 4-12 h. 
It was then embedded in paraffin, cut into 4-μm 
coronal sections with a microtome, and attached to 
silane-coated glass slides. After slides were depa-
raffinized in xylene and hydrated to distilled water, 
hematoxylin staining was conducted. In the injured 
animals, mild laminar disruption was observed in 
the ipsilateral hemisphere to the injury, while corti-
cal organization in the contralateral hemisphere was 
normal (Fig. 1). We used the brains from the injured 
animals in this study.

We are aware that P7 rats have become a widely 
used model for the study of HI brain injury [17,19,29, 
46,49]. However, the overall increases in the severity 
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of cerebral lesions on the side of the common carotid 
artery ligation are similar between P2-P3 and P7 rats, 
while HI brain injury produces age-dependent and 
region-specific injuries [45]. In addition, we chose to 
examine mice and not rats in this study because the 
only commercially available kit separates mouse, but 
not rat, microglia (see below for the details of the 
method used to separate microglia).

In preliminary experiments, we first examined 
the possibility that microglia taken from injured 
brains may have become primed and accordingly 
responded more robustly to subsequent TLR2 and 
TLR4 challenges for 6 h at 37°C (see below for the 
culture method details). To do this, we compared 
microglial TNF-α production in mice with P3 HI brain 
injury with that from day-matched (P3) control ani-
mals; however, the TNF-α levels were very similar 
in injured and control animals. Next, we compared 
microglial TNF-α production from the ipsilateral 
hemisphere to the injury with that from the con-
tralateral hemisphere in P3 HI brain-injured mice in 
the same culture system and, again, found a  very 
little difference between the two groups. Based on 
these preliminary experiments, we decided to use 
both hemispheres of P3 HI brain-injured mice for 
the extraction of microglia. This was consistent not 
only with the same model used for determining the 
markers of apoptosis and necrosis [39] but also with 
another model of focal ischemic brain injury that 
has been used for determining the expression of 
several inflammatory factors [41]. In contrast, we are 
aware that in vivo pro-inflammatory cytokine levels 
and histological microglial activation in the ipsilat-
eral hemisphere of HI brain-injured rats were higher 
than those in the contralateral hemisphere, albeit in 
a time-dependent manner [17,43].

Magnetic cell sorting of microglia using 
CD11b MicroBeads

Both cerebral hemispheres from P3 HI brain- 
injured pups (4-7 pups for each experiment) were 
removed and converted to a  single-cell suspension 
by enzymatic degradation using a neural tissue dis-
sociation kit and a gentleMACS dissociator (Miltenyi 
Biotec, Bergisch Gladbach, Germany), according to 
the manufacturer’s protocol. In brief, brain tissues 
were weighed before mincing, enzyme mixes were 
added to the tissue pieces, and the mixture was dis-
sociated both by mechanical trituration and by agi-
tation at 37°C. The single-cell suspension was then 

poured into a  70-μm cell strainer. The resulting cells 
were processed immediately using MACS MicroBead 
separation as follows. To separate the microglia, 
the CD11b-positive cells were magnetically labelled 
with CD11b (microglia) MicroBeads (Miltenyi Bio-
tec). The cell suspension was loaded onto a  MACS 
column (Miltenyi Biotec), which was placed in the 
magnetic field of a  MACS separator (Miltenyi Bio-
tec). The magnetically labelled CD11b-positive cells 
were retained within the column. After removing the 
column from the magnetic field, the magnetically 
retained CD11b-positive cells were eluted as the pos-
itively selected cell fraction. These procedures were 
completed within 3.5 h. The purity of the separated 
microglia was confirmed at > 91% by double stain-
ing with CD11b and CD45 antibodies (Miltenyi Bio-
tec) using FACSCalibur (Becton Dickinson, Franklin 
Lakes, NJ, USA). The microglia in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Gibco, Grand Island, NY, 
USA) containing 10% foetal bovine serum (FBS) were 
allowed to stabilize for 1 day in a 5% CO2 incubator at 
37°C before the cells were stimulated in subsequent 
experiments.

Microglial cell culture

Microglia (4 × 104 cells/well in untreated 96-well  
plates (Becton Dickinson)) were cultured with or 
without 10 ng/ml Pam3CSK4 (N-palmitoyl-S-(2,3-bis 
(pal mitoyloxy)-(2R,S)-propyl)-(R)-cysteinyl-seryl-(lysyl) 
3-lysine: a TLR2 agonist) (Imgenex, San Diego, CA, 

Fig. 1. Representative photomicrograph of hema-
toxylin staining of the brain after hypoxic-ische-
mic injury followed by 24 h at 37°C, demonstrat-
ing mild laminar disruption in the ipsilateral 
(right) hemisphere to the injury and normal cor-
tical organization in the contralateral (left) hemi-
sphere. White scale bar = 1 mm.
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USA) or 1 μg/ml lipopolysaccharide (LPS: a TLR4 ago-
nist) (Sigma-Aldrich, St Louis, OH, USA) to measure 
TNF-α, IL-10, and NO production. Culture was per-
formed in DMEM containing 10% FBS in a 5% CO2 
incubator at temperatures of 33°C (hypothermia) 
and 37°C (normothermia) for 6 h for TNF-α assays 
and 48 h for IL-10 and NO assays. In our preliminary 
investigations, the doses of the TLR agonists (for 
Pam3CSK4; 10 and 100 ng/ml and for LPS; 0.001, 0.01, 
0.1, and 1 μg/ml) for TNF-α production for 6 h were 
tested. Accordingly, the Pam3CSK4 dose of 10 ng/ml 
and LPS dose of 1 μg/ml were determined because 
there were very little differences in TNF-α produc-
tion (pg/ml) between the two doses of Pam3CSK4 
(10 ng/ml; 94 ± 6 and 100 ng/ml; 101 ± 8, n = 3) 
and dose-dependent increases in LPS (0.001 μg/ml;  
87 ± 6, 0.01 μg/ml; 156 ± 19, 0.1 μg/ml; 190 ± 27, 
and 1 μg/ml; 258 ± 37, n = 3). These doses were in 
accordance with our previous in vitro studies includ-
ing those of IL-10 and NO [33,36]. Because the pres-
ent study was designed to exploit our previous in 
vitro findings in terms of the temporal change of 
TNF-α, IL-10, and NO production [33,35,36], we 
selected each culture period above for the cyto-
kines/NO as representative time points. 

Cytokine assay

Concentrations of TNF-α and IL-10 in microglial  
culture supernatants were measured in duplicate 
using an enzyme-linked immunosorbent assay (ELISA) 
kit (Invitrogen, Camarillo, CA, USA), according to the 
manufacturer’s instructions.

NO assay

NO production was quantified as nitrite (NO2¯), 
a  relatively stable metabolite of NO, accumulating 
in the culture medium. A  colorimetric assay with 
Griess reagent (Sigma-Aldrich) was performed, as 
described in our previous reports [33-36].

Statistical analysis

Data are expressed as mean ± standard error of 
the mean (SEM). Although the number of samples 
(n) in this study is modest, each experiment requir-
ed microglia pooled from 4-7 brains as mentioned 
above. Differences in values between two groups 
were analyzed using the paired t-test (StatFlex ver. 
5.0, Arteck, Osaka, Japan). P < 0.05 was considered 
to indicate a significant difference.

Results
Effects of hypothermic culture  
on TNF-α production

TNF-α was virtually undetectable in microglia 
without TLR agonists after 6 h of culture (basal con-
ditions). Application of TLR agonists to microglia elic-
ited significant TNF-α production, and this effect was 
greater for TLR4 stimulation than for TLR2 stimulation 
(Fig. 2). For both types of TLR stimulation, microglial 
TNF-α production was significantly reduced at 33°C 
compared with 37°C (Fig. 2).

Effects of hypothermic culture  
on IL-10 production 

IL-10 was virtually undetectable in microglia 
without TLR agonists after 48 h of culture (basal 
conditions). Application of TLR agonists to micro-
glia increased IL-10 production, and this effect was 
greater for TLR4 stimulation than for TLR2 stimu-
lation (Fig. 3). For both types of TLR stimulation, 
microglial IL-10 production was significantly reduced 
at 33°C compared with 37°C (Fig. 3).
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Fig. 2. Effects of hypothermic culture on TNF-α 
production by TLR2- and TLR4-stimulated ex 
vivo microglia derived from mice with hypoxic- 
ischemic brain injury. Microglia (4 × 104 cells/
well) were cultured with 10 ng/ml Pam3CSK4 
(a  TLR2 agonist) or 1 μg/ml LPS (a  TLR4 ago-
nist) in hypothermic (33°C) and normothermic 
(37°C) conditions for 6 h. TNF-α levels in culture 
supernatants were measured by ELISA. Data are 
expressed as mean ± SEM (n = 5 for Pam3CSK4 
stimulation and n = 6 for LPS stimulation).  
**p < 0.01 compared with 37°C.
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Effects of hypothermic culture  
on NO production

NO2¯ was virtually undetectable in microglia with-
out TLR agonists after 48 h of culture (basal condi-
tions). Application of the TLR4 agonist to microglia 
increased NO2¯ production (Fig. 4), while application 
of the TLR2 agonist did not (i.e., NO2¯ remained virtu-
ally undetectable). Compared with 37°C, this increase 
was significantly reduced at 33°C (Fig. 4).

Discussion

With the aim of elucidating the possible mecha-
nisms underlying the neuroprotective effects of the-
rapeutic hypothermia, we have previously shown 
that hypothermia reduces the production of early- 
phase and late-phase inflammatory factors as well 
as that of late-phase anti-inflammatory factor in 
primary microglia in vitro [33-36]. We considered 
that an approach using microglia removed directly 
from injured brains may yield more clinically rele-
vant information. Hence, in this study, we utilized 
ex vivo microglia with high purity that were derived 
from mice with HI brain injury. With this approach, 
we demonstrated that hypothermia (33°C) reduced 

the production by these cells of TNF-α in the ear-
ly phase (6 h) and that of IL-10 and NO in the late 
phase (48 h) after the stimulation of TLR2 and/or 
TLR4. To the best of our knowledge, this is the first 
report to describe the direct responses of microglia 
derived from injured animals to hypothermia.

The finding that hypothermia reduced the TLR2- 
and TLR4-activated microglial release of pro- and 
anti-inflammatory cytokines and NO in ex vivo con-
ditions was consistent with the findings of reports 
of the same stimuli in vitro [33,36]. In in vivo stud-
ies, therapeutic hypothermia has also been shown 
to attenuate the increases in the CNS levels of pro- 
inflammatory cytokines and NO after brain injury 
[1,32,50], and this has been associated with a favour-
able outcome compared with normothermia [1,32]. 
Furthermore, hypothermia during severe perinatal 
asphyxia prevents increases in 3’,5’-cyclic mono-
phosphate, which is a marker of NO, in the rat brain. 
In this study, 100% of the hypothermic rats survived, 
whereas 70% mortality was observed in the normo-
thermic group [30]. Therefore, the present findings 
strongly supported the idea that a reduction in the 
microglial production of pro-inflammatory cytokines 
and NO is an important neuroprotective effect of 
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Fig. 3. Effects of hypothermic culture on IL-10 
production by TLR2- and TLR4-stimulated ex 
vivo microglia derived from mice with hypoxic- 
ischemic brain injury. Microglia (4 × 104 cells/
well) were cultured with 10 ng/ml Pam3CSK4 
(a  TLR2 agonist) or 1 μg/ml LPS (a  TLR4 ago-
nist) in hypothermic (33°C) and normothermic 
(37°C) conditions for 48 h. IL-10 levels in culture 
supernatants were measured by ELISA. Data are 
expressed as mean ± SEM (n = 4 for Pam3CSK4 
stimulation and n = 5 for LPS stimulation).  
*p < 0.05 compared with 37°C.
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Fig. 4. Effects of hypothermic culture on NO 
production by TLR4-stimulated ex vivo microglia 
derived from mice with hypoxic-ischemic brain 
injury. Microglia (4 × 104 cells/well) were cul-
tured with 1 μg/ml LPS (a TLR4 agonist) in hypo-
thermic (33°C) and normothermic (37°C) condi-
tions for 48 h. Nitrite (NO2¯, a  relatively stable 
metabolite of NO) levels in culture superna-
tants were measured by colorimetric assay with 
Griess reagent. Data are expressed as mean ± 
SEM (n = 5). *p < 0.05 compared with 37°C.
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therapeutic hypothermia [33-36]. IL-10 has been 
considered to be neuroprotective because it reduces  
the production of pro-inflammatory cytokines [8,26]. 
In contrast, the CSF levels of IL-10 have been shown 
to increase after severe TBI and to be independently 
associated with increased mortality [6], indicating 
a  detrimental in vivo effect of increased levels of 
IL-10 in CNS. Microglial activation by TLR2 and TLR4 
has been found to lead initially to the synthesis of 
pro-inflammatory cytokines and later to the synthe-
sis of IL-10 [33,36]. As noted, microglial IL-10 produc-
tion was reduced by hypothermia in the late phase. 
Taken together, our findings further suggested that 
the neuroprotective effects of therapeutic hypother-
mia are related to the attenuation of the production 
of early-phase and late-phase inflammatory fac-
tors as well as that of late-phase anti-inflammatory  
factor(s) by microglia. This mechanism may also be 
applicable to treatment for HI brain injury because 
in the CSF of patients with neonatal HI encepha-
lopathy (HIE), pro-inflammatory cytokines and NO 
levels have been shown to be increased, and their 
concentrations correlate with the degree of inju-
ry [4,16], although the involvement of IL-10 in this 
mechanism is unknown. Interestingly, the concept 
that we proposed here and in our previous study [36] 
of the temporal modulation of cytokine production 
and/or inflammation (neuroinflammatory response) 
by hypothermia is associated with its neuroprotec-
tive effect is supported by the findings of two recent 
studies: one in animals and one in humans. In an 
animal model of CNS injury that was induced by 
cerebral ischaemia, reducing the brain temperature 
attenuated the early-phase (8 h) production of inter-
leukin-1 beta (IL-1β) in the brain, and this coincided 
with a reduced infarct size and improved functional 
outcome [11]. In patients with ischemic and hemor-
rhagic stroke, the beneficial effects of low tempera-
ture on functional outcomes occurred within the 
first 24 h after the stroke onset, whereas the harm-
ful effects of high temperatures that are associated 
with inflammation occurred later (in the first 48 h) [9]. 
Such time- and inflammation-targeted therapeutic 
interventions may be worth considering in the future.

With the aim of determining a  possible patho-
physiological significance of the reduced production 
of TNF-α, IL-10, and NO by microglia for hypother-
mic neuronal protection, we have recently demon-
strated that they individually induced the death of 
neuronal PC12 cells in a  concentration-dependent 

manner [35,37]. Taking these findings and the facts 
that their elevated levels in the CNS after brain inju-
ry in vivo [6,13,47,50] together, these results further 
support the conclusion that a decrease in the levels 
of TNF-α, IL-10, and NO during hypothermia contrib-
utes toward the protection of neurons.

In animals with HI brain injury, hypothermia 
has been shown to reduce the mRNA expression 
of interleukin-18 (IL-18: another pro-inflammato-
ry cytokine), TNF-α, and IL-6 in the brain [19,49]. 
However, in this model, the sources of these cyto-
kines were unclear, and the effects of hypothermia 
on IL-10 expression were unknown. Moreover, an 
investigation of the responses of microglia derived 
from brain-injured animals to TLR stimulation, along 
with their responses to hypothermia, is of particu-
lar significance because both microglial TLR2 and 
TLR4 play an important role in triggering immediate 
responses and/or enhancing reactions to tissue inju-
ry and inflammation [5,22,28]. In addition, an ex vivo 
culture of microglia isolated from CNS preserves the 
in vivo phenotype of microglia [18,51]. Importantly, as 
mentioned above, in terms of the temporal chang-
es of neuroinflammatory responses, our present ex 
vivo findings, as well as our previous in vitro findings  
[33-36], appear to be similar to the in vivo findings for 
brain injury [9,11], as well as to those regarding IL-10 
in vivo, which indicate that the levels in the brain 
show a  peak during the first days (24-48 h) after 
brain injury [6,14,25]. Temporal similarity between 
the ex vivo and in vivo expressions of a  signalling 
molecule in microglia has also been reported [12,51]. 
Thus, our ex vivo experiments with TLR stimulation 
may also allow us to study microglial function in 
pathophysiological states and therefore be useful in 
examining the effects of hypothermia. 

In conclusion, we demonstrated that it is possi-
ble to rapidly isolate and functionally culture active 
microglia from mice with HI brain injury and that 
hypothermia (33°C) reduced the temporal produc-
tion of pro- and anti-inflammatory cytokines and NO 
from TLR-activated ex vivo microglia derived from 
these animals. We were able to further explore the 
relationships between hypothermia and microglial 
responses using a brain-injured model. 
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A b s t r a c t

X-linked adrenoleukodystrophy is a rare, neurodegenerative peroxisomal disorder connected with mutation in the 
ABCD1 gene, causing impairment of the peroxisomal β-oxidation process and in consequence, accumulation of very 
long-chain fatty acids (VLCFA) in blood and tissues. In this study we present serum very long-chain fatty acids levels 
during clinical course in an X-linked adrenoleukodystrophy patient after haematopoietic stem cell transplantation 
(HSCT) and on Lorenzo’s Oil in a 11 years’ period. The patient was diagnosed at the age of 8 months by family screen-
ing. The administration of LO was started at 2 years of age. HSCT from a family donor was performed twice. VLCFA 
serum levels were detected by the GC method. Chimaerism subsequent to HSCT was also analyzed.
Increasing very long-chain fatty acids levels correlate with a decreasing chimaerism level after haematopoietic stem 
cell transplantation. The sequential monitoring of very long-chain fatty acids serum levels is important and useful 
for assessment of engraftment, graft failure or rejection.

Key words: adrenoleukodystrophy, haematopoietic stem cell transplantation, very long-chain fatty acids, VLCFA, 
chimaerism, Lorenzo’s Oil.

Introduction

X-linked adrenoleukodystrophy (X-ALD) is the most 
common peroxisomal neurodegenerative disorder 
affecting males. The clinical spectrum ranges from 
rapidly progressing cerebral demyelinization or slow-
ly progressive myelopathy to isolated adrenal insuffi-
ciency. Biochemically it is characterized by the accu-
mulation of very long-chain fatty acids (C24:0, C26:0) 

in plasma and tissues. X-linked adrenoleukodystro-
phy results from mutations in the ABCD1 gene, which 
encodes an ABC half transporter, adrenoleukodys-
trophy protein (ALDP). ALD peroxisomal membrane 
protein imports very long-chain fatty acids (VLCFA) 
or very long-chain fatty acids-CoA into peroxisomes, 
where they are degraded by a  peroxisomal β-oxi-
dation pathway. ALDP deficiency leads to impaired 
VLCFA β-oxidation and the accumulation of very 
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long-chain fatty acids-CoA esters in cells and body 
fluids. The diagnosis of X-linked adrenoleukodystro-
phy is based on the identification of an increased 
level of VLCFA in blood [1].

Lorenzo’s Oil (LO) administration is an option 
in management of X-linked adrenoleukodystrophy 
patients. Lorenzo’s Oil, a mixture of glyceryl trioleate 
and glyceryl trierucate, decreases very long-chain 
fatty acids levels in serum. The Oil administration 
has been proposed in asymptomatic patients [5]. 

Allogeneic haematopoietic stem cell transplanta-
tion (HSCT), if available, remains the recommended 
therapeutic intervention that can arrest the progress 
of cerebral demyelinization in X-linked adrenoleuko-
dystrophy patients. The principle behind haemato-
poietic stem cell transplantation is that the donor- 
derived cells replace the bone marrow of the recip-
ient. Physiological very long-chain fatty acids β-oxi-
dation takes place in the donor’s leucocytes [2,6-8].

The aim of this study is to evaluate the serum 
VLCFA levels measured in an X-linked adrenoleuko-
dystrophy patient during his treatment. Firstly, the 
patient was treated with Lorenzo’s Oil; secondly, he 
had haematopoietic stem cell transplantation twice. 

Material and methods

A male child, currently 11 years and 7 months old, 
was diagnosed with X-linked adrenoleukodystrophy 
at the age of 8 months during family screening (his 
elder brother died from childhood cerebral X-linked 
adrenoleukodystrophy at the age of 10 years). Loren-
zo’s Oil was administered from the age of 2 years 
old. At 5 months before the haematopoietic stem 
cell transplantation, the Lorenzo’s Oil treatment was 
interrupted. At the age of 4 years and 7 months at 
the presymptomatic stage of the disease, the first 
haematopoietic stem cell transplantation from a fam-
ily donor was performed. The first graft was reject-
ed after a year. The second haematopoietic stem cell 
transplantation from the same donor was performed 
at the age of 6 years when the patient was still 
asymptomatic. At the age of 7 years and 4 months, 
Lorenzo’s Oil was re-administered.

Analytical investigations

Very long-chain fatty acids serum levels were 
monitored during the Lorenzo’s Oil administration 
before and after haematopoietic stem cell transplan-
tations. Serum very long-chain fatty acids, such as 

methyl ester derivatives were detected according to 
a previously described method [9]. 

Evaluation of chimaerism after allo-SCT by fluo-
rescence in situ hybridization analysis (XY-FISH) was 
performed.

The adrenal function was evaluated by a Synac-
then test; detection of cortisol and ACTH and DHEAS 
was also carried out.

Radiological investigation

Magnetic resonance imaging (MRI) was perform-
ed on average once a year.

Results 

At the age of diagnosis (8 months), detected  
VLCFA parameters were C24:0/C22:0 = 1.564, C26:0/
C22:0 = 0.047, C26:0 = 0.74 µg/ml (n < 0.95; < 0.2; 
< 0.29 µg/ml, respectively). The VLCFA of his mother 
were at heterozygote levels (C24:0/C22:0 = 1.076; 
C26:0/C22:0 = 0.024, C26:0 = 0.335 µg/ml).

After 2 months of the first oral administration of 
Lorenzo’s Oil with a reduction of fat in the diet, i.e. 
at the age of 2 years and 2 months, very long-chain 
fatty acids serum levels decreased to the normal  
level (Fig. 1A-B).

The first haematopoietic stem cell transplanta-
tion at the age of 4 years and 7 months was per-
formed 5 months after cessation of Lorenzo’s Oil 
therapy. Eight months after the engraftments, 
serum VLCFA levels  decreased to heterozygote lev-
els, mainly C24:0/C22:0. However, they subsequent-
ly increased to the levels characteristic of X-linked 
adrenoleukodystrophy hemizygotes, parallel with 
decreased chimaerism (5% XX and 95% XY a  year 
after HSCT). The first graft was rejected.

The second haematopoietic stem cell transplan-
tation was performed when the patient was 5 years 
and 10 months old. Immediately after the second  
transplantation, a  rapid increase in VLCFA was ob-
served, mainly as C26:0 concentration and C26:0/
C22:0 ratio. For 3.5 months after the transplantation, 
chimaerism was maintained above the 85% level and 
then C26:0 concentration slowly decreased to 50%. 
The lowest value of C26:0 and C24:0 was obtained at 
chimaerism of 55% XX and 45% XY and CD3 detect-
ed in lymphocytes T was 88% and 12%, respectively,  
5 months after the engraftment. Since the 8.5 months 
after the transplantation, a  repeated increase in 
C26:0 concentration was observed, approximately 
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Fig. 1. The C24:0/C22:0 ratio and C26:0/C22:0 ratio in various approaches to the treatment of X-linked 
adrenoleukodystrophy in the presented patient (bold line – time of Lorenzo’s Oil treatment).
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80%, at chimaerism of 32% XX although detected 
CD3 levels were 63% XX and 37% XY. Twenty months 
after the engraftment, established C26:0 concentra-
tion was elevated to about 200% as compared to the 
first diagnosis result (Table I). In this case, the detect-
ed increasing VLCFA levels were accompanied by 
a decline in chimaerism. 

Very long-chain fatty acids levels following the 
second haematopoietic stem cell transplantation 
de creased slightly but were maintained at the level 
characteristic of hemizygotes.

When the XX chimaerism was lower than 50%, all 
VLCFA parameters increased even over the diagnos-
tic levels (Fig. 1; Table I). The VLCFA levels showed 

http://rcin.org.pl



162 Folia Neuropathologica 2014; 52/2

Teresa J. Stradomska, Katarzyna Drabko, Elżbieta Moszczyńska, Anna Tylki-Szymańska

a negative correlation with chimaerism, the highest 
for C24:0/C22:0 (r = 0.991). 

One and a half years after the second HSCT, 
because of the increase in serum VLCFA levels, 
Lorenzo’s Oil was restarted in the patient, which in 
turn resulted in a repeated decline in very long-chain 
fatty acids levels (Fig. 1). 

At the age of 7 years, the patient was clinically 
and radiologically asymptomatic, although signs of 
adrenal insufficiency were noted (test with Synac-
then; ACTH – 441 pg/ml). The supplementation of 
adrenocortical insufficiency was started using hydro-
cortisone 2 × 5 mg/daily. 

At the age of 11 years and 5 months, the patient 
showed the first signs of cerebral demyelinisation 
in MRI. 

Discussion

Very long-chain fatty acids levels are the char-
acteristic biochemical biomarkers of X-linked adre-
noleukodystrophy but their role as a  pathogenic 
factor is still unclear. Due to the continuing lack of 
markers that can predict the phenotype of the dis-
ease, it is difficult to reliably assess the application 
of treatment methods in asymptomatic patients. In 
this study we monitored VLCFA levels in X-linked 
adrenoleukodystrophy in an asymptomatic patient 
treated with Lorenzo’s Oil or haematopoietic stem 
cell transplantations. 

Our data showed that the most effective de - 
crease in very long-chain fatty acids serum levels 
was ob served during Lorenzo’s Oil administration. 
The VLCFA levels in a patient decreased to the nor-
mal range, similar as in patients described earlier 
[10]. Although it is difficult to show a clinical effect 
in asymptomatic patients, Moser et al. found an 
association between a  reduction in VLCFA plasma 
concentration and the development of the childhood 
cerebral form of X-linked adrenoleukodystrophy [5]. 
However, previous studies with Lorenzo’s Oil have 
not shown relevant clinical effects [13,15]. 

Similarly, as has been observed earlier [7], in our 
study, immediately after the engraftments, a  large 
increase in VLCFA levels was found. This could be 
a  result of the application of the necessary trans-
plantation procedure. 

From 6 to 8 months after the transplantation, 
the VLCFA decreased to the heterozygote levels as 
demonstrated in Fig. 1. Previous reports revealed 
that in the case of successful haematopoietic stem 
cell transplantation, VLCFA serum is decreased but 
not normalized and maintained at the heterozygote 
level [7,9,11,14]. 

The analysis of very long-chain fatty acids param-
eters showed a correlation between the chimaerism 
after haematopoietic stem cell transplantation and 
a serum VLCFA level.

In our study we found, at 6-8 months after the 
HSCT, that chimaerism correlated negatively with 
very long-chain fatty acids serum levels and the 
increasing VLCFA level indicates rejection of the 
transplant. On the contrary, CD3 in lymphocytes T 
and very long-chain fatty acids shows no correlation. 

Previously it was suggested that analysis of very 
long-chain fatty acids levels after haematopoietic 
stem cell transplantation is not indispensable [6]. 
Although it is true that we still do not know the exact 
pathological mechanisms in adrenoleukodystrophy, 
recent studies shed more light on the role of VLCFA. 
Hein et al. showed the very long-chain fatty acids 
cytotoxic effect on the nervous system. The increased 
VLCFA concentrations induce cell death in oligoden-
drocytes and astrocytes and also deregulation of 
intracellular calcium homeostasis. Other investiga-
tions revealed that VLCFA take part in reactive oxygen 
species formation [3,4,12]. This evidence, just as our 
results demonstrated above, tends to conclude that 
VLCFAs should be controlled after any therapeutic 
approach in X-linked adrenoleukodystrophy patients. 

Table I. Chimaerism and C26:0 [µg/ml] and 
C24:0/C22:0 ratio after the second haemato-
poietic stem cell transplantation in an X-linked 
adrenoleukodystrophy patient

After the 
second 
HSCT 
(months)

Chimaerism [%] C24:0/
C22:0

(n < 0.950)

C26:0
[µg/ml]Donor  

XX
Recipient 

XY

1 100 0 1.558 0.977

2 95 5 1.376 0.817

2.5 97 3 1.579 0.819

3.5 85 15 1.509 0.711

5 55 45 1.457 0.509

8 32 68 1.741 0.916

12 34 66 1.752 1.600

15 25 75 1.848 1.200
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The presented data showed that the sequential 
monitoring of very long-chain fatty acids serum lev-
els after haematopoietic stem cell transplantation is 
important for assessment of engraftment, graft fail-
ure or rejection, and could be useful in the treatment 
effectiveness.
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A b s t r a c t 

Glutamatergic system stimulation in some parts of the brain may affect anxiety-related behaviours, aversive learn-
ing and memory. This system retains many interactions with dopaminergic neurotransmission. We have studied the 
effect of nucleus accumbens (NAc) shell glutamatergic system activation on anxiety-related behaviours as well as 
aversive learning and memory in adult male Wistar rats using the N-methyl-D-aspartate (NMDA) receptor agonist, 
NMDA. Furthermore, the possible involvement of the NAc shell dopamine D1 and D2 receptors upon NMDA-induced 
effects was evaluated. The elevated plus-maze task was used to assess the drugs’ concomitant effects on anxiety, 
learning and memory in rats. All drugs were delivered into the NAc shell via bilaterally implanted indwelling cannu-
lae. The NMDA-induced anxiolytic-like behaviours upon retest could possibly be attributed to the further avoidance 
acquisition impairments. Moreover, the inhibition of dopaminergic system using SCH 23390 and sulpiride induced 
an anxiolytic-like response and impaired the aversive memory acquisition during retest. However, the concurrent 
intra-NAc shell microinjection of the subthreshold dose of SCH 23390 and sulpiride (0.125 μg/rat) reversed the anxio-
lytic-like effect and blocked the aversive memory impairment induced by intra-NAc shell NMDA. Our results suggest 
a modulatory role of the NAc shell dopaminergic system on NMDA-induced effects in the aversive memory.

Key words: glutamate, dopamine, anxiety, aversive learning, elevated plus-maze, nucleus accumbens, rat.

Introduction

Nucleus accumbens (NAc) is one of the main lim-
bic system nuclei receiving rich dopaminergic inputs 
hence taking an important role in the regulation 
of many physiological cognitive and non-cognitive 
be haviours [39]. Anatomical studies have determin-

ed at least two main functionally important parts in 
NAc, i.e. the core and the shell [8,87]. With regard 
to the dopaminergic system, these two parts seem  
different. For instance, the dopamine plexus and  
concentration are richer and higher in the shell than 
in the core, respectively [20,80]. Evidence has indi-
cated the pivotal role of NAc dopaminergic system 
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in the modulation of learning, memory [11,14,43], 
fear and/or anxiety-like behaviours [50]. Dopamine 
exerts its effect via two different dopamine subtypes 
receptors, called the D1- and D2-like families [55]. 
These two dopamine family receptors have a  high 
expression in both parts of NAc while at different dis-
tribution patterns. For example, the D1- and D2-like 
dopamine receptor families are higher and lower in 
the NAc shell than in core, respectively [30]. This may 
partly explain the different physiological functions of 
the two parts of NAc [40,42]. Due to the abundant 
dopaminergic inputs which NAc shell receives from 
various brain parts and the consequent high contrac-
tion level of dopamine in the NAc shell, this part is 
believed to render a critical role in dopamine-medi-
ated functions [30]. The NAc receives its dopaminer-
gic afferents from the ventral tegmental area (VTA) 
and the substantia nigra (SN), and the glutamatergic 
inputs from several brain areas such as prefrontal 
cortex, amygdala and hippocampus [30].

On the other hand, glutamate is known as one 
of the most excitatory neurotransmitters modulat-
ing learning, memory and anxiety-like behaviours 
in different parts of the brain [33,94]. With respect 
to the preferential agonists, at least three sub-
types have been identified for glutamate, including 
N-methyl-D-aspartate (NMDA), AMPA and kainate 
[57]. Investigations have revealed that the NMDA 
receptor plays a critical part in regulation of learn-
ing, memory formation (possibly through long-term 
potentiation and depression) [9,38] and anxiety-re-
lated behaviours [26,46,63,73,78]. A plethora of ana-
tomical experiments have demonstrated that there 
are close relationships between NAc glutamatergic 
and dopaminergic systems [66,67]. For instance, it 
has been shown that NMDA receptors are localized 
on dopamine D1 receptor-containing neurons in the 
NAc shell [27]. 

Emotional states (including, fear and aversion) 
can be modulated through amplification of impair-
ment in memory formation [51]. Due to possible 
misinterpretations, the available animal models for 
learning and memory seem to have a  limited abil-
ity to detect the effect of drugs on fear and anxi-
ety. Therefore, the proposed test-retest paradigm in 
the elevated plus-maze (EPM) task is an attempt to 
concomitantly assess the effects of drugs on anxiety, 
learning and memory in rodents [6]. The use of EPM 
in testing anxiety is based on the natural tendency 
of animals to avoid dangerous situations when they 

face height and open spaces [91]. In general, animals 
acquire information with regard to safe and danger-
ous areas in the maze upon test. Animals retested in 
the EPM avoid exploring open spaces and display-
ing a clear enclosed arm preference with a low per-
centage of entries and time spent in the open arms 
[59], relative to their respective measures during the 
test [10,22,44,74,79]. The aversive and fear-inducing 
nature of the open arms represents a useful tool for 
the study of aversively motivated learning processes 
in the EPM [16]. Based on the above, learning and 
memory are usually studied in the EPM through 
avoidance to open-arms during the retest session. 
Given this, the purpose of the current study was to 
examine the possible involvement of the NAc shell 
D1 and/or D2 dopaminergic receptors on NMDA-in-
duced effects in the aversive memory using the ele-
vated-plus maze (EPM) task.

Material and methods
Animals

Male Wistar rats weighing approximately 250-
280 g were provided by the Central Animal House 
of the Institute for Cognitive Science Studies (ICSS), 
Tehran, Iran. Prior to the experiments, animals under-
went a period of seven days habituation in groups of 
five in polypropylene home cages (45 × 30 × 15 cm), 
having access to food and water ad libitum, under  
a  light/dark cycle of 12 h (lights on at 06:00) and 
the temperature ranging between 20°C and 24°C. 
Animal handling was restricted to the time of home 
cage cleaning (each 48 h), weighing and drug admin-
istration. Each experimental group comprised eight 
animals. All experimental procedures were conduct-
ed in compliance with the recommendations set 
down by the Institute’s Ethics Commission for the 
use of experimental animals.

Stereotaxic surgery and microinjections

Animals were anaesthetized intraperitoneally 
using ketamine hydrochloride (50 mg/kg) and xyla-
zine (4 mg/kg) then placed in a Stoelting stereotaxic 
instrument (Wood Dale, IL, USA). Two stainless steel 
guide cannulae (22 gauge) were implanted in the 
right and left of the NAc shell regions according to 
the atlas of Paxinos and Watson [58]. The stereota-
xic coordinates for the NAc regions were as follows: 
+1.4 mm posterior to bregma, ±0.8 mm lateral to the 
Midline and –5.5 mm ventral to the dorsal surface of 
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the skull. The cannulae were fixed to the skull using 
acrylic dental cement. Rats were allowed 5 days 
before the test to recover from surgery. The left and 
right of the NAc areas were infused by means of an 
internal cannula (27 gauge), terminating 2 mm below 
the tip of the guides and connected by polyethylene 
tubing to a 2 µL Hamilton syringe (Bonaduz, GR, Swit-
zerland). A  volume of 0.3 µL solution was injected 
over a  60-second period, in each side. The inner 
cannulae were left in place for an additional 60 sec-
onds to allow diffusion of the solution and to reduce 
the possibility of reflux. Intra-NAc shell injections 
were made just five minutes before testing. Control 
groups and drug infused groups were surgeried and 
all of the animals were anaesthetized using a ket-
amine solution, therefore all of groups were under 
the same condition and under the same effect of 
ketamine anaesthesia.

Elevated plus-maze (EPM) apparatus

This plexiglas, plus-shaped apparatus, was set 
at 50 cm height from the floor. This apparatus was 
composed of two 50 × 10-cm open arms and two  
50 × 10 × 40-cm enclosed arms, each with an open 
roof. The junction area of the four arms (central plat-
form) measured 10 × 10 cm. The maze was placed at 
the centre of a quiet and dimly lit room [91,92].

Behavioural testing

Rats were placed in the experimental room at 
least 1 h before testing. All experiments were done 
during the light phase of the light/dark cycle between 
11 a.m. and 2 p.m. Animals were randomly assigned 
to treatment conditions and tested in a counter-bal-
anced order. Animals’ behaviours were tracked and 
recorded by an observer who quietly sat 1 m behind 
one of the closed arms of the maze, using a  chro-
nometer. During the five-minute post-drug treatment, 
rats were individually placed at the centre of the plus 
maze facing one of the open arms and allowed for 
5 min free exploration in EPM (test session) then 
were taken back to their home cages. In 24 hours, 
rats were returned to the test room and placed again 
in the EPM for a  new exploration period of 5 min 
(retest session). The observer measured: 1) time 
spent in open arms, 2) time spent in closed arms,  
3) number of entries into open arms and 4) num-
ber of entries into closed arms during the five-min-
ute period both upon test and retest. An entry was 

defined as ‘all four paws in the arm’. Between EPM 
sessions and after each rat the maze was cleaned 
with distilled water. The obtained data were used to 
calculate: a) % OAT (the ratio of time spent in open 
arms to the time spent in all arms ×100); b) % OAE 
(the ratio of entries into open arms to total entries 
×100) [55,97,98], and c) the total closed and open 
arm entries were considered as a  relatively pure 
index for the locomotor activity [93,95]. 

Drugs

The drugs used in the present study were keta-
mine and xylazine (Alfasan Chemical Co, Woerden, 
Holland) for animal anaesthesia, NMDA (N-methyl- 
D-aspartic acid as NMDA receptor agonist, Tocris 
Cookson, Bristol, UK), SCH 23390 (as dopamine D1 
receptor antagonist) and sulpiride (as dopamine D2 
receptor antagonist). NMDA and SCH 23390 were 
dissolved in sterile 0.9% saline while sulpiride was 
dissolved in vehicle (the vehicle was one drop of gla-
cial acetic acid from Hamilton microsyringe, made 
up to a  volume of 5 ml with sterile 0.9% saline, 
then diluted to the required volume) just before the 
experiment. Control animals received either saline 
or vehicle. NMDA and SCH were administered into 
the shell of the nucleus accumbens at a volume of 
0.3 µL/rat.

Drug treatments

Experiment 1: Effects of NMDA administration  
on open arms exploratory-like behaviours  
in the presence or absence of SCH 23390

To substantiate whether the microinjection of 
drugs involved in anxiety, the drug infusion took place 
before EPM testing. In this experiment, 12 groups 
of animals were examined. These were as follows:  
1) animals which received intra-NAc shell saline  
(0.3 µL/rat) or NMDA (0.125, 0.25, and 0.5 µg/rat), 
5 min after saline (0.3 µL/rat); 2) animals which re-
ceived intra-NAc shell saline (0.3 µL/rat) or SCH (0.125, 
0.25 and 0.5 µg/rat), 5 min before saline (0.3 µL/rat) 
and 3) animals which received intra-NAc shell sali - 
ne (0.3 µL/rat) or the subthreshold dose of SCH 
(0.0125 µg/rat), 5 min before different doses of 
NMDA (0.125, 0.25, and 0.5 µg/rat).

To investigate the possible drug carryover effects 
of aversive learning during test day to aversive 
memory upon retest, treated groups were retested 
undrugged in EPM 24 h later.
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Experiment 2: Effects of NMDA administration  
on open-arms exploratory-like behaviours  
in the presence or absence of sulpiride

To substantiate whether the microinjection of drugs 
involved in anxiety, the drug infusions were done be-  
fore EPM testing. In this experiment, 12 groups of 
animals were examined. These included: 1) animals 
which received intra-NAc shell saline (0.3 µL/rat)  
or NMDA (0.125, 0.25, and 0.5 µg/rat), 5 min after 
saline (0.3 µL/rat); 2) animals which received intra-
NAc shell vehicle (0.3 µL/rat) or sulpiride (0.125, 0.25 
and 0.5 µg/rat), 5 min before saline (0.3 µL/rat) into 
NAc shell, and 3) animals which received intra-NAc 
shell vehicle (0.3 µL/rat) or the subthreshold dose of 
sulpiride (0.0125 µg/rat), 5 min before different doses 
of NMDA (0.125, 0.25, and 0.5 µg/rat). 

To investigate the possible drug carryover effects of 
aversive learning during test day to aversive me mory 
upon retest, treated groups were retested un drugged 
in EPM 24 h later. 

Histology

Following the completion of behavioural test-
ing, animals were euthanized using an overdose 
of chloroform. Ink (0.3 µL of 1% aquatic methylene 
blue solution) was injected into the guide cannulae 
using 27-gauge injection cannulae. Brains were then 
removed and fixed in a  10% formalin solution for 
48 hours before sectioning. The brains were sliced 
using the vibro-slice apparatus in transverse planes 
(40 µm). Cannula placements were verified based 
on the corresponding map of Paxinos and Watson 
atlas of rodents’ brain [58]. Data from the animals in 
which injection sites were located outside the NAc 
shell were not included in the analyses. 

Statistical analysis

Data were expressed as mean ± SEM and ana-
lyzed using the repeated measure protocol during test 
and retest days. In addition to the analysis made to 
compare test to test or retest to retest, the two-way 
analysis of variance (ANOVA) was also applied. Where 
F-value was significant, one-way ANOVA and post-
hoc analysis (Tukey-test) were performed. Between-
groups differences with p < 0.05 were considered sta-
tistically significant.

Results

Histology

Data from the animals in which injection sites 
were located outside the NAc shell were not includ-
ed in the analyses and in the present study we used 
only data from animals that were cannulated clear-
ly within-NAc-shell. Cannulae were implanted into 
the NAc shell of a  total of 208 rats, however only 
the data from 192 animals with correct cannulae 
implants were included in statistical analyses.

Experiment 1 results

Effects of NMDA administration on open arms 
exploratory-like behaviours

Repeated measure and post hoc analyses demon-
strated that NMDA increases the %OAT (at 0.25 and 
0.5 µg/rat, as seen in Fig. 1; panel 1A and Fig. 2; pa - 
nel 1A, respectively), %OAE (at 0.25 and 0.5 µg/rat as 
seen in Fig. 1; panel 1B and Fig. 2; panel 1B, respec-
tively) and decreases the locomotor activity (non-sig-
nificantly and significantly as seen in Fig. 1; panel 1C 
and Fig. 2; panel 1C, respectively), indicating an anxi-
olytic-like response to NMDA.

Adding to the above, data showed that NMDA 
increases the %OAT (at 0.25 and 0.5 µg/rat, as shown 
in Fig. 1; panel 2A and at 0.125 and 0.5 µg/rat in Fig. 2; 
panel 2A) and %OAE (at 0.25 and 0.5 µg/rat as shown 
in Fig. 1; panel 2B and at 0.125 and 0.5 µg/rat in Fig. 2; 
panel 2B). However, this did not alter the locomotor 
activity (Fig. 1, panel 2C and Fig. 2, panel 2C) upon 
retest as compared to the control group, indicating 
an NMDA-induced impairment of the aversive mem-
ory acquisition.

According to the above data, NMDA induced anx-
iolytic-like behaviours. Furthermore, the retest data 
suggested that the NMDA anxiolytic-like effect may 
also be linked to the impairment in further avoidance 
acquisition. The corresponding repeated measure re-
sults have been demonstrated in Table I and Table II. 

Effects of intra-NAc shell microinjection  
of SCH 23390 on open arms exploratory-like 
behaviours

In this experiment two-way ANOVA analysis was 
done to assess the NMDA treated group dose-re-
sponse as compared to controls as well as the interac-
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Fig. 1. The effects of NMDA administration on open-arms exploratory-like behaviours in the presence or 
absence of SCH 23390. Rats were tested in the EPM, 5 min after concurrent microinjection of saline (0.3 
µL/rat) or NMDA (0.125, 0.25 and 0.5 µg/rat) or saline (0.3 µL/rat) or SCH 23390 (0.125, 0.25 and 0.5 µg/rat) 
and the subthreshold dose of SCH 23390 prior to intra-NAc shell NMDA. In 24 h, all groups were retested in 
the EPM, undrugged. *p < 0.05, **p < 0.01 and ***p < 0.001 different from the control group on the test day.  
+p < 0.05, ++p < 0.01 and +++p < 0.001 different from control groups on the retest day. αp < 0.05, ααp < 0.01  
and αααp < 0.001 different from the test and retest groups. ψp < 0.05, ψψp < 0.01 and ψψψp < 0.001 different 
from the test groups. βp < 0.05, ββp < 0.01 and βββp < 0.001 different from the retest groups.
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Fig. 2. The effects of NMDA administration on open-arms exploratory-like behaviours in the presence or 
absence of sulpiride. Rats were tested in the EPM, 5 min following the concurrent microinjection of saline 
(0.3 µL/rat) or NMDA (0.125, 0.25 and 0.5 µg/rat) or vehicle (0.3 µL/rat) or sulpiride (0.125, 0.25 and 0.5 µg/rat) 
and the subthreshold dose of sulpiride prior to the intra-NAc shell NMDA. In 24 h, all groups were retested 
in the EPM, undrugged. *p < 0.05, **p < 0.01 and ***p < 0.001 different from the control saline group on the 
test day. +p < 0.05, ++p < 0.01 and +++p < 0.001 different from control saline groups on the retest day. αp < 
0.05, ααp < 0.01 and αααp < 0.001 different from the test and retest groups. ψp < 0.05, ψψp < 0.01 and ψψψp < 
0.001 different from the test groups. βp < 0.05, ββp < 0.01 and βββp < 0.001 different from the retest groups.
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tion with SCH 23390 or sulpiride treatment. Accord-
ing to the repeated measure and Post hoc analyses, 
SCH 23390 increased the %OAT (at 0.25 µg/rat,  
Fig. 1; panel 3A), %OAE (at 0.25 and 0.5 µg/rat,  
Fig. 1, panel 3B) and decreased the locomotor activ-
ity (at 0.5 µg/rat, Fig. 1; panel 3C) upon test, indi-
cating that SCH 23390 may induce an anxiolytic-like 
response.

Moreover, the data revealed that SCH 23390 
increases the %OAT (at 0.5 µg/rat, Fig. 1; panel 4A), 
and %OAE (at 0.25 and 0.5 µg/rat, Fig. 1; panel 4B), 
while does not alter the locomotor activity (Fig. 1; 
panel 4C) on retest day as compared to the control 
group, indicating that SCH 23390 possibly impairs 
the aversive memory retrieval.

In conclusion, the data revealed that SCH 23390 
induces an anxiolytic-like response. Besides, the 
increased %OAT upon retest indicates that SCH 
23390-treated rats had their aversive memory to 
open-arm exploration negatively affected as com-
pared to the control group. The corresponding repeat-
ed measure results have been summarized in Table I.

Effects of NAc shell microinjection of SCH 23390 
prior to NMDA on open arms exploratory-like 
behaviours

Two-way ANOVA and post hoc analyses revealed 
that intra-NAc microinjection of SCH 23390 prior to 
NMDA causes a  significant decrease in %OAT (at 
0.125, 0.25 and 0.5 µg/rat, Fig. 1; panel 5A) while 
exerts no significant change in the %OAE and the 
locomotor activity (Fig. 1; panel 5B, 5C) on test day as 
compared to NMDA-treated groups (Fig. 1; panel 1A, 
1B and 1C), indicating that SCH 23390 potentially 
reverses the anxiolytic-like response induced by the 
intra-NAc shell microinjection of NMDA.

On the other hand, this intervention resulted in 
a  significant decrease in the %OAT (at 0.125, 0.25 
and 0.5 µg/rat, Fig. 1; panel 6A) while leading to no 
significant change in %OAE and locomotor activity 
(Fig. 1; panel 6B, 6C) on retest day as compared to 
NMDA-treated groups (Fig. 1; panel 2A, 2B and 2C). The 
above indicates that SCH 23390 potentially restores 
the aversive memory impairment already induced by 
the intra-NAc shell microinjection of NMDA.

Table I. Repeated measure and two ANOVA results with p values for experiment 1

Experiments Behaviours Day Group Day and group 
interaction

Final results/ 
conclusion of each 

experiment

Repeated measure 
results 
(panel 1 and 2  
of Fig. 1)

F(1, 28) p F(3, 28) p F(3, 28) p NMDA at doses of 
0.25 and 0.5 µg/rat 
induced anxiolytic- 
like behaviour and 
impaired aversive 

memory acquisition

% OAT 30.516 0.000 25.923 0.000 0.012 0.998

% OAE 21.514 0.000 14.052 0.000 0.424 0.737

Locomotion 3.661 0.066 1.591 0.214 2.141 0.118

Repeated measure 
results 
(panel 3 and 4 
of Fig. 1)

F(1, 28) p F(3, 28) p F(3, 28) p SCH at doses of 
0.25 and 0.5 µg/rat 
induced anxiolytic- 
like behaviour and 
impaired aversive 

memory acquisition

% OAT 1.258 0.272 9.286 0.000 1.506 0.235

% OAE 2.954 0.097 18.856 0.000 0.330 0.804

Locomotion 17.398 0.000 5.332 0.005 0.816 0.496

Two ANOVA 
results 
(panel 5 and 1 
of Fig. 1)

F(1, 56) p F(3, 56) p F(3, 56) p SCH at a dose of 
0.125 µg/rat in 

the NAc decreases 
the anxiolytic-like 

behaviours induced 
by the intra-NAc shell 
injection of NMDA at 
doses of 0.125, 0.25 
and 0.5 µg/rat and 

meanwhile improves 
the aversive memory 

impairment

% OAT 149.065 0.000 1.581 0.220 25.770 0.000

% OAE 9.469 0.003 5.621 0.002 2.731 0.052

Locomotion 4.092 0.048 3.500 0.021 1.062 0.373

Two ANOVA 
results 
(panel 6 and 2 
of Fig. 1)

F(1, 56) p F(3, 56) p F(3, 56) p

% OAT 63.043 0.000 1.074 0.368 26.897 0.000

% OAE 1.342 0.252 5.307 0.003 6.047 0.001

Locomotion 0.198 0.658 1.265 0.295 0.566 0.640
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Having mentioned these, we may conclude that 
the intra-NAc shell injection of the subthreshold dose 
of SCH 23390 decreases the anxiolytic-like behaviours 
induced by the intra-NAc shell injection of NMDA, and 
meanwhile improves the aversive memory impair-
ment. The two-way ANOVA results have been out-
lined in Table I. 

Experiment 2 results
Effects of NAc shell microinjection of sulpiride  
on open arms exploratory-like behaviours

According to the repeated measure and post 
hoc analyses, the data showed that sulpiride does 
not alter the %OAT (Fig. 1; panel 3A) while increases  
the %OAE (at 0.25 and 0.5 µg/rat, Fig. 2, panel 3B) 
and decreases the locomotor activity (at 0.25 and 
0.5 µg/rat, Fig. 2; panel 3C) upon test, indicating that 
sulpiride may induce an anxiolytic-like response.

Moreover, the data revealed that sulpiride increas-
es the %OAT (at 0.5 µg/rat, Fig. 2; panel 4A), %OAE 

(at 0.5 µg/rat, Fig. 2; panel 4B) whereas decreases 
the locomotor activity (at 0.5 µg/rat, Fig. 2; panel 4C) 
on retest day as compared to the control group, indi-
cating that sulpiride possibly impairs the aversive 
memory retrieval.

In conclusion, the data revealed that sulpiride 
induces an anxiolytic-like response. Besides, the 
increased %OAT upon retest indicates that sulpiri-
de-treated rats had their aversive memory to open-
arm exploration negatively affected as compared to 
the control group. The corresponding repeated mea-
sure results have been summarized in Table II. 

The effects of intra-NAc shell microinjection 
of sulpiride prior to NMDA on open arms 
exploratory-like behaviours

Two-way ANOVA and post hoc analyses demon-
strated that the intra-NAc microinjection of sulpiride 
prior to NMDA causes a significant decrease in %OAT 
(at 0.25 and 0.5 µg/rat, Fig. 2; panel 5A) and %OAE 

Table II. Repeated measure and two ANOVA results with p values for experiment 2

Experiments Behaviours Day Group Day and group 
interaction

Final results/ 
conclusion of each 

experiment

Repeated  
measure results
(Panel 1 and 2 
of Fig. 2)

F(1, 28) p F(3, 28) p F(3, 28) p NMDA at doses of 
0.25 and 0.5 µg/rat 
induced anxiolytic- 

like behaviour and at 
doses of 0.125 and 

0.25 µg/rat impaired 
aversive memory 

acquisition

% OAT 10.031 0.004 11.111 0.000 2.264 0.103

% OAE 11.446 0.002 12.033 0.000 3.188 0.039

Locomotion 3.740 0.063 4.047 0.016 1.983 0.139

Repeated  
measure results
(Panel 3 and 4 
of Fig. 2)

F(1, 28) p F(3, 28) p F(3, 28) p Sulpiride at doses of 
0.25 and 0.5 µg/rat 
induced anxiolytic- 
like behaviour and 
at dose of 0.5 µg/

rat impaired aversive 
memory acquisition

% OAT 2.466 0.128 6.472 0.002 1.591 0.214

% OAE 2.414 0.131 14.298 0.000 1.058 0.383

Locomotion 5.324 0.029 6.447 0.002 2.795 0.059

Two ANOVA 
results 
(Panel 5 and 1 
of Fig. 2)

F(1, 56) p F(3, 56) p F(3, 56) p Sulpiride at a dose 
of 0.125 µg/rat in 

the NAc decreases 
the anxiolytic-like 

behaviours induced 
by the intra-NAc shell 

injection of NMDA  
at doses of 0.25 

and 0.5 µg/rat, and 
meanwhile improves 
the aversive memory 

impairment by the 
intra-NAc shell injec-

tion of NMDA

% OAT 28.098 0.000 1.137 0.342 18.014 0.000

% OAE 8.996 0.004 0.984 0.407 5.668 0.002

Locomotion 1.242 0.270 4.772 0.005 1.394 0.254

Two ANOVA 
results 
(Panel 6 and 2 
of Fig. 2)

F(1, 56) p F(3, 56) p F(3, 56) p

% OAT 21.579 0.000 0.541 0.656 10.833 0.000

% OAE 1.517 0.223 1.070 0.369 4.634 0.006

Locomotion 3.574 0.064 3.574 0.064 0.657 0.582
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(at 0.5 µg/rat, Fig. 2; panel 5B) while exerts no signif-
icant change in locomotor activity (Fig. 2; panel 5C) 
on test day as compared to NMDA-treated groups  
(Fig. 2; panel 1A, 1B and 1C). This indicates that sulpir-
ide potentially reverses the anxiolytic-like response 
induced by intra-NAc shell microinjection of NMDA.

On the other hand, this intervention resulted in 
a  significant decrease in %OAT (at 0.125, 0.25 and  
0.5 µg/rat, Fig. 2; panel 6A) while leading to no sig-
nificant change in %OAE and locomotor activity 
(Fig. 2; panel 6B, 6C) on retest day as compared to 
NMDA-treated groups (Fig. 2; panel 2A, 2B and 2C). 
The above indicates that sulpiride potentially restores 
the aversive memory impairment already induced by 
the intra-NAc shell microinjection of NMDA.

Based on these, we may conclude that the intra-
NAc shell microinjection of the subthreshold dose 
sulpiride decreases the anxiolytic-like behaviours 
in duced by the intra-NAc shell injection of NMDA, and 
meanwhile improves the aversive memory impair-
ment. The corresponding two-way ANOVA results are 
outlined in Table II.

Discussion

In our study, animals were given pretest intrace-
rebral drugs injection followed by no injection upon 
retest 24 h later. Based on this, drug effects on anx-
iety-like behaviours and aversive learning with sub-
sequent long-term effects on memory in 24 h were 
tested. It has been reported that the prior experience 
of an undrugged EPM testing session may alter the 
behavioural responses in an undrugged retest ses-
sion [13,74]. The injury caused by the injection might 
change the expression of messenger RNAs and pro-
teins. But there is a study that investigated changes 
in the expression of messenger RNAs for trkA, trkB 
and trkC in the brain following an injury caused by 
insertion of a 30-gauge needle into adult rat hippo-
campus or neocortex. The increased levels of mRNA 
after the injury returned to control levels a few hours 
after the injury. Pretreatment of the animals with 
the ketamine completely prevented the changes 
of trkB and trkC messenger RNAs, suggesting that 
the brain injury caused a release of glutamate with 
subsequent activation of NMDA receptor [54]. In the 
present study, rats were allowed 5 days before the 
test to recover from surgery so the changes of mRNA 
levels after the injury may be returned to control lev-
els after the recovery days.

Effects of intra-NAc shell NMDA 
administration on anxiolytic-like 
behaviours and aversive memory 
formation

Our results indicated that the intra-NAc shell 
infusion of NMDA receptor agonist at applied dos-
es induces an anxiolytic-like response in EPM. This 
NMDA-induced anxiolytic-like effect emerges into 
the retest day. Current findings suggest that NMDA 
treatment induces impairment in the aversive mem-
ory acquisition upon test. There is a  body of evi-
dence supporting that NAc shell is an essential brain 
site regulating emotion, motor activity [17], moti-
vation-related learning, memory [12,29], and anxi-
ety-like behaviours [48,49,61]. On the other hand, the 
NMDA receptor (as an ionotropic glutamate receptor) 
plays a critical role in the regulation of glutamate-in-
duced behaviours such as learning and memory for-
mation (possibly through long-term potentiation and 
depression) [9,38], and anxiety-related behaviours 
[26,63]. 

Our results are in agreement with the previous 
investigation showing that NMDA agonist releases 
behavioural and anxiolytic-like behaviours indicat-
ing the role of NMDA receptors in modulation of 
anxiety-related behaviours [26,73]. Moreover, there 
is also an investigation showing that the activation 
of NMDA receptor induces anxiogenic-like effects in 
EPM and social interaction tasks [21]. 

Evidence has suggested the critical role of NAc 
in regulation of several learning functions which 
require a flexible use of sensory information [47,64, 
65]. It has been postulated that NAc manipulations 
induce spatial memory deficit in the Morris water 
maze [64,68] and radial maze [24,70]. In agreement 
with our results, evidence has demonstrated that 
the systemic administration of NMDA leads to an 
impaired dark-avoidance learning in rats [89]. On 
the other hand, some investigations have postulated 
that the deactivation of the NAc glutamatergic ion-
otropic receptors disrupt the working memory [7,35, 
41] and spatial responses [71] while other contradic-
tory studies have shown that the NMDA receptor 
blockade in NAc shell does not alter the spatial learn-
ing [47,71]. Furthermore, it appears that the NAc shell 
is more involved in the regulation of spatial learning 
and memory as compared to the NAc core since the 
NAc shell (but not the core) lesions disrupt the spa-
tial learning [35]. The NAc sends a dense GABA pro-
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jection to the ventral pallidum (VP), and stimulation 
of either the NAc or its glutamatergic afferents can 
inhibit VP neuronal firing [23]. The VP can influence 
DA neural activity via a direct projection to the ven-
tral tegmental area (VTA) [23]. Dopaminergic neurons 
projection of the VTA sends back to the NAc. Dopami-
nergic terminals arising from this area make synaptic 
contacts with NAc GABAergic neurons. According to 
the present results, stimulation of the NAc by injec-
tion of NMDA in this area would have increased fir-
ing of GABAergic projection neurons of the NAc caus-
ing a decrease in VP the GABAergic neural activity.  
The decrease in VP activity would then be expected 
to cause a reduction of the GABAergic inhibition over 
the VTA and this could alter an increased release of 
dopamine in NAc. The present data suggested that 
maybe glutamate exerts its function by affecting the 
release of dopamine. Several studies have indicated 
that dopaminergic system modulates the neuronal 
activities involved in fear or anxiety-like behaviours 
[25,60]. Several investigations have substantiated 
that the mesocortical DA system produces a robust 
and specific response to stressors [28]. Some investi-
gations have suggested that these high levels of DA 
released under stress are above the optimal range for 
working memory and therefore impair this cognitive 
function [5,88].

Effect of intra-NAc shell dopamine D1 
and D2 receptors antagonists injection 
on anxiolytic-like behaviours and 
aversive memory formation

It has been made clear that the NAc shell plays 
a critical part in modulation of dopamine-mediated 
functions as it contains the largest amount of dopa-
minergic terminals and thus the highest concen-
tration of dopamine [20,27,80]. Therefore, the NAc 
dopaminergic system has a pivotal role in modula-
tion of learning and memory [11,14,43], fear and/or 
anxiety [50]. The idea of investigating the role of NAc 
shell dopamine D1 and D2 receptors in NMDA-induced 
effects using the elevated plus-maze test, appealed 
to our interest.

Present results indicated that the intra-NAc shell 
microinjection of SCH 23390 (a dopamine D1 receptor 
antagonist) increases both %OAT and %OAE whereas 
decreases the locomotor activity. On the other hand, 
inhibition of the dopamine D2 receptor in NAc shell 
by sulpiride (a dopamine D2 receptor antagonist) did 
not affect the %OAT, however; increased %OAE and 

decreased the locomotor activity. Several investiga-
tions have substantiated that the extensive D1- and 
D2-like receptors are on the presynaptic varicosities 
of medium-spiny neurons of nucleus accumbens 
[84]. Similar to the response seen with SCH 23390 
and sulpiride on anxiolytic-like behaviours there is 
a study showing that dopamine D1 and D2 receptors 
blockade in the basolateral amygdala exerts anxio-
lytic-like behaviours [96]. Intra-NAc injection of SCH 
23390 or sulpiride induced anxiolytic- and did not 
alter anxiety-like behaviours,  respectively [90]. Fur-
thermore, our present data indicated that beside 
the increased %OAT on the test day, the increased 
%OAT upon retest in both SCH 23390 and sulpiride 
show that these drug-induced anxiolytic-like effects 
emerge on the retest day. Current findings suggest 
that SCH 23390 and sulpiride treatments impair the 
aversive memory function upon retest. Moreover, 
evidence has reemphasized the crucial role of dopa-
minergic system in the regulation of several neural 
activities which are involved in learning and memo-
ry (see [34], for a review). For instance, it has been 
shown that the activation or deactivation of dopa-
mine receptors provides a  capability to learn and 
store information [1]. Other studies have demon-
strated that the immediate post-training block-
ade of D1 and D2 receptors located within the NAc 
impairs the performance of spatial learning tasks 
[52]. Based on some other reports, the intra-dorsal 
hippocampal [62] and peripheral [2,15] administra-
tion of the antagonists impair the one-trial passive 
avoidance and spatial or non-spatial memories in 
mice, respectively. However, other investigations 
indicate that pre-test single administration of SCH 
23390 or sulpiride causes no significant change 
in the step-down latency [56]. One study demon-
strated that inhibition of the dopamine exocytosis 
from pre-synaptic neuron via Ca2+-channel blockade 
by SKF96365 decreases anxiolytic-like behaviours 
induced by sulpiride in the NAc shell region indicat-
ing the involvement of the pre-synaptic dopamine 
D2 receptors in sulpiride induced anxiolytic-like 
behaviours [3]. However, blockade of pre-synaptic 
dopamine D2 receptors increases the presynaptic 
release of dopamine, which in turn induced anxiolyt-
ic-like behaviours and aversive memory acquisition 
impairment. The anxiolytic-like behaviours and aver-
sive memory acquisition impairment that induced 
by SCH may be related to its effects on pre-synaptic 
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dopamine D1 receptors in shell on NAc which will 
cause the increase in dopamine release.

Effect of intra-NAc shell microinjection 
of D1 and D2 receptors antagonists  
on anxiolytic-like behaviours  
and aversive memory deficits induced 
by the intra-NAc shell NMDA 

Data indicated that the intra-NAc shell admin-
istration of the subthreshold dose (0.125 µg/rat) of 
SCH 23390 or sulpiride together with different dos-
es of NMDA, reduce the anxiolytic-like response and 
improve the aversive memory impairment already 
induced by the intra-NAc shell infusion of NMDA. 
These results may suggest the involvement of the 
dopamine transmission through D1 and D2 receptors 
of the NAc. Several investigations have suggested 
the possible dopaminergic and glutamatergic sys-
tems interaction in the NAc [66,67] based on which 
the NAc glutamate transmission is modulated by 
the dopamine system [37,53,82]. With respect to the 
interaction of these systems, there is a study show-
ing that the NMDA receptors are localized on the 
NAc shell neurons which abundantly contain dopa-
mine D1 receptors [81]. Some evidence has also indi-
cated the modulation of dopamine function through 
NMDA and AMPA receptors [30]. In an interesting 
report, Kalivas et al. declared that SCH 23390 and 
sulpiride restore the amphetamine-induced gluta-
mate level decrease in NAc suggesting the involve-
ment of presynaptic dopamine receptors in this phe-
nomenon [36]. Furthermore, Dalia et al. indicated 
that dopamine increases the extracellular glutamate 
levels in the NAc [18]. Meanwhile, activation of glu-
tamate receptor increases the dopamine release in 
the NAc [31]. We also know from the literature that 
NAc dopamine and glutamate signalling interactions 
are crucially required in behavioural reinforcement 
and habit formation and dopamine can modulate 
excitatory glutamatergic projection from the PFC 
[82]. The elevation of extracellular dopamine and 
glutamate levels in the striatum might disrupt Ca2+ 
homeostasis leading to the endoplasmic reticulum 
(ER) stress response [4,72]. The stimulation of dopa-
mine D1 receptors in the mouse neostriatum acti-
vates the cAMP/protein kinase A (PKA) pathway [76]. 
PKA activated increases in the levels of nitric oxide 
(NO) in the dorsal striatum [45]. NO in turn produc-
es peroxynitrite which can regulate poly (ADPribose) 
polymerase-1 (PARP-1) activation [86]. Activation of 

three subtypes of glutamatergic ionotropic receptors 
leads to calcium influx, nitric oxide (NO) and reactive 
oxygen species (ROS) generation. Superoxide can 
combine with NO forming peroxynitrite (ONOO–). 
Excessive production of peroxynitrite and other free 
radicals induces chromosomal DNA nicks and breaks 
resulting in PARP-1 activation [19,83]. This enzyme is 
the nuclear target for different types of stress and 
signalling pathways. PARP-1 plays a  crucial role in 
regulation of many transcription factors and nuclear 
proteins. Under physiological conditions, this enzyme 
is involved in memory formation and it should not 
be inhibited [32]. However, under massive stress and 
other pathological conditions it could be over-acti-
vated and involved in cell death by different mecha-
nisms including activation of pro-inflammatory gene 
expression or modulation of NMDA and cholinergic 
receptor signalling [75,77]. Thus, there are three pos-
sible mechanisms for PARP-1 activation: first, dopa-
mine D1 receptor-dependent cAMP/PKA pathway is 
able to activate PARP-1; second, group I mGluRs and 
NMDA receptors interact with each other to increase 
PAPR-1 activation; and third, crosstalk between 
do pamine and glutamate receptors may provide 
another means of interaction [85]. Another study 
demonstrated that systemic inflammation evoked 
by an intraperitoneal injection of lipopolysaccharide 
induces morphological and biochemical changes 
in the brain including alterations of PARP-1 activity 
and expression of several genes [32]. PARP-1 inhibi-
tor protects against LPS-evoked recognition impair-
ment and significantly improves spatial memory in 
LPS-treated mice. PARP-1 inhibitor in control mice 
decreased memory function because under physio-
logical conditions this enzyme is involved in memory 
formation and it should not be inhibited [32]. 

In conclusion, the stimulation of NMDA recep-
tors in the shell of NAc and the effects of dopamine 
antagonists on presynaptic receptors might cause 
the increase in dopamine levels in the striatum and 
disrupt Ca2+ homeostasis leading to the endoplas-
mic reticulum (ER) stress response [4,72]. In addi-
tion, stimulating dopamine and glutamate recep-
tors increases nitric oxide efflux which activates 
PARP-1 in the central nervous system [69,86]. Under 
physiological conditions, this enzyme is involved in 
memory formation and it should not be inhibited 
[32]. Activation of PARP-1 by elevation of extracel-
lular dopamine and glutamate levels in the striatum 
might disrupt memory function and induce anxiolyt-
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ic-like behaviours. Finally, our results suggest a mod-
ulatory role of the NAc shell dopaminergic system on 
NMDA-induced effects in the aversive memory.
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A b s t r a c t

Introduction: Dopamine agonists are suggested to be more efficacious in treating Parkinson’s disease (PD) as they 
have neuroprotective properties in addition to their receptor-related actions. 
Aim of the study: The present study was designed to investigate the neuroprotective effects of rotigotine, a D3/D2/D1 
dopamine receptor agonist, against the two powerful complex I inhibitors, 1-methyl-4-phenylpyridinium (MPP+) and 
rotenone, in primary mesencephalic cell culture relevant to PD. 
Material and methods: Primary mesencephalic cell cultures were prepared from embryonic mouse mesencephala at 
gestation day 14. Three sets of cultures were treated with rotigotine alone, rotigotine and MPP+, and rotigotine and 
rotenone to investigate the effect of rotigotine on the survival of dopaminergic neurons against age-, MPP+- and 
rotenone-induced cell death. At the end of each treatment, cultures were fixed and stained immunohistochemically 
against tyrosine hydroxylase (TH). The effect of rotigotine against rotenone-induced reactive oxygen species (ROS) 
production was measured using CH-H2DCFDA fluorescence dye. 
Results: Rotigotine alone did not influence the survival of tyrosine hydroxylase immunoreactive (THir) neurons 
except at 10 µM, it significantly decreased the number of THir neurons by 40% compared to untreated controls. 
Treatment of cultures with 0.01 µM rotigotine rescued 10% of THir neurons against MPP+-induced cell death. Rotig-
otine was also found to significantly rescue 20% of THir neurons at 0.01 µM of rotenone-treated cultures. Using of 
CH-H2DCFDA fluorescence dye, it was found that rotigotine significantly attenuated ROS production compared to 
rotenone-treated cultures. 
Conclusions: Rotigotine provides minor protection against MPP+ and rescues a significant number of THir neurons 
against rotenone in primary mesencephalic cell cultures relevant to PD. 

Key words: dopamine agonists, dopaminergic neurons, MPP+, neuroprotection, Parkinson’s disease, rotenone, rotigo-
tine.

Introduction
Dopamine replacement therapy using levodopa 

continues to be the gold standard in the treatment 

of Parkinson’s disease (PD). It has remained the 
most effective drug for the symptomatic treatment 
of PD since its introduction by Birkmayer and Horny
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kiewicz in 1961 [3]. Interestingly, Hurny et al. [13] 
have shown recently that levodopa decreased the 
CD25/CD3 ratio, the antigen marker characteristic 
of apoptotic death within the T/CD3(+) lymphocyte 
population in the peripheral blood of PD patients. 
However, longterm levodopa treatment therapy is 
accompanied by abnormal involuntary movements 
known as levodopainduced dyskinesia [1]. More
over, there is an enduring belief from preclinical 
studies that levodopa or its metabolite dopamine 
might be toxic to the remaining substantia nigra 
(SN) dopaminergic neurons [17]. Accordingly, de 
novo and younger patients might be at high risk 
for the development of levodopainduced compli
cations as they require dopaminergic therapy for  
a longer period of time [8]. 

Dopamine receptor agonists are the next most 
effective antiparkinsonian drugs after carbidopa/
levodopa medication. They are considered useful 
alternatives to levodopa in mild or early PD and as 
an additional drug in moderate to severe late disease 
[8]. They improve motor outcomes and decrease the 
risk of levodopainduced motor complications [32]. 
In addition to their symptomatic effectiveness, dopa
mine agonists may have a neuroprotective effect. 
For instance, recipients of pramipexole and ropiniro
le showed slower neuronal deterioration compared 
with levodopa recipients by means of dopamine 
transporter imaging using singlephoton emission 
computed tomography (SPECT) [21,34]. 

The nonergoline dopamine agonist rotigotine 
is currently approved as monotherapy in early idio
pathic PD, in moderate to severe idiopathic restless 
leg syndrome and as adjunct therapy to levodopa 
in advanced idiopathic PD. In PD it is supposed to 
reduce motor fluctuations by constant dopaminergic 
stimulation using a 24h transdermal delivery sys
tem (patch). Rotigotine exhibits the highest affin
ity for the D3 receptor (Ki = 0.71 nM) and acts as  
a full agonist at dopamine receptors (rank order:  
D3 > D2L > D1 = D5 > D4.4) with potencies 2,600 and  
53 times higher than dopamine at dopamine D3 and 
D2L receptors [31]. 

In contrast to other dopamine agonists, there is 
only limited knowledge of potential neuroprotective 
properties of rotigotine. In the acute 1methyl4
phenyl1,2,3,6 tetrahydropyridine (MPTP) mouse or 
progressive MPTP macaque model, the agonist was 
shown to exert partial protective effects on dopa
minergic nerve endings [29,30]. To date there have 

been no investigations exploring the direct neuro
protective effects of rotigotine towards dopamin
ergic neurons under conditions of inhibition of the 
mitochondrial respiratory chain reactions. Accord
ingly, the present study was carried out in primary 
dopaminergic cell cultures from embryonic mouse 
mesencephala stressed with mitochondrial complex I  
blockers, MPP+ and rotenone. Such studies are of 
interest, since the pesticide rotenone was found 
to be associated with an increased risk of develop
ing PD [5,33] and a subgroup of PD patients were 
demonstrated to exhibit a defect of complex I activ
ity and structure [15,18,28]. 

Material and methods 

Preparation of primary dopaminergic 
cell culture

Pregnant mice (OF1/SPF, Himberg, Austria) were 
cared and handled in accordance with the guidelines 
of the European Union Council (86/609/EU) for the 
use of laboratory animals. At gestation day 14, uter
ine horns were dissected and embryos were collect
ed in Petri dishes containing sterile Dulbecco’s phos
phate buffered saline (DPBS, Invitrogen, Germany). 
Under a stereoscope (Nikon SMZ1B, 10 × magnifica
tion), brains were dissected, ventral mesencephala 
excised and primary cultures were prepared accord
ing to Radad et al. [23]. Briefly, after careful removal 
of the meninges, tissues were mechanically cut into 
small pieces in DPBS and transferred into a sterile 
test tube containing 2 ml of 0.1% trypsin (Invitrogen, 
Germany) and 2 ml of 0.02% DNase I (Roche, Ger
many) in DPBS. The tube was incubated in a water 
bath at 37°C for 7 min. Then, 2 ml of trypsin inhibitor 
(0.125 mg/ml in DPBS) (Invitrogen, Germany) were 
added, the tissue was centrifuged (Hettich, ROTIXA/
AP) at 100 g for 4 min. The tissue pellet was triturat
ed with a firepolished Pasteur pipette in Dulbecco’s 
modified Eagle’s medium (DMEM, Sigma, Germany) 
containing 0.02% DNase I. Dissociated cells were 
collected in DMEM supplemented with Hepes buffer 
(25 mM), glucose (30 mM), glutamine (2 mM), pen
icillinstreptomycin (10 U/ml and 0.1 mg/ml, respec
tively) and heat inactivated foetal calf serum (FCS, 
10%) (all from Sigma, Germany). The cell suspension 
was plated into fourwell multidishes (Nunclon, Ger
many) precoated with polyDlysine (50 µg/ml) (Sig
ma, Germany). Cultures were grown at 37°C in an 
atmosphere of 5% CO2/95% air and 100% relative 
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humidity. The medium was exchanged on the 1st day 
in vitro (DIV) and on the 3rd DIV. On the 5th DIV half 
of the medium was replaced with serumfree DMEM 
containing 0.02 ml of B27/ml (Invitrogen, Germa
ny). Serumfree supplemented DMEM was used for 
feeding from the 6th DIV and subsequently replaced 
every 2nd day.

Treatment of cultures with rotigotine, 
MPP+ and rotenone

To investigate the effect of rotigotine (UCB, Bel
gium) on the survival of THir neurons, primary mes
encephalic cell cultures were treated with different 
concentrations of rotigotine (0.01, 0.1, 1 and 10 µM) 
from the 6th DIV for 8 consecutive days. Rotigotine 
was added with each change of the culture medi
um every second day from a fresh stock solution  
(10 mM) prepared in DMSO (0.1% final concentra
tion). To investigate the effect of rotigotine against 
MPP+ or rotenoneinduced cell death, rotigotine was 
added from the 6th DIV until the 14th DIV as describ
ed above and MPP+ (10 µM) or rotenone (20 nM) 
were coadministered on the 12th DIV for 48 h. 

Identification of THir neurons

Dopaminergic neurons were identified immuno
cytochemically by staining tyrosine hydroxylase. Cul
tures were rinsed carefully with phosphate buffered 
saline (PBS, pH 7.2) at the end of each treatment 
and fixed in 4% paraformaldehyde for 45 min at 4°C. 
After washing with PBS, cells were permeabilized 
with 0.4% Triton X100 for 30 min at room temper
ature. Cultures were washed 3 times with PBS and 
incubated with 5% horse serum (Vectastain ABC Elite 
kit) for 90 min to block nonspecific binding sites. 
To determine the number of THir in cultures, cells 
were sequentially incubated with antiTH primary 
antibody overnight at 4°C, biotinylated secondary 
antibody (Vectastain) and avidinbiotinhorseradish 
peroxidase complex (Vectastain) for 90 min at room 
temperature and washed with PBS between stages. 
The reaction product was developed in a solution  
of diaminobenzidine (1.4 mM) in PBS containing  
3.3 mM of hydrogen peroxide (H2O2) and stained 
cells were counted with a Nikon inverted microscope 
in 10 randomly selected fields (1.13 mm2 = field) in 
each well at 10× magnification. On the 14th DIV, the 
average number of THir cells in the various experi
ments was between 1000 and 1500 cells/well.

Measurement of ROS with CH-H2DCFDA

When the production of ROS was measured, 
cultures were treated with rotigotine (0.01 µM, the 
protective concentration against rotenone) from the 
6th DIV until the 12th DIV. Rotenone (20 nM) was 
coadministered on the 12th DIV for 48 h. On the 
14th DIV cultures were washed and incubated with 
5 µM of the fluorescence indicator, 5(and 6)chlo
romethyl2’,7’dichlorodihydrofluorescein diacetate 
(CHH2DCFDA), for 30 min and ROS was measured 
according to Radad et al. [24]. In short, cultures were 
rinsed twice with colourless medium and photo
graphed on a Nikon inverted microscope equipped 
with epifluorescence attachment using a rhodamine 
filter set (510 DM/520 BA, B2A) and a Coolpix 990 
digital camera (Nikon, Japan). In each experiment, 
four wells were cultivated for each treatment con
dition. Five micrographs were taken from each well. 
Ten cell bodies were randomly selected by a blinded 
researcher from each micrograph (meaning that 200 
cells were evaluated for each treatment condition 
in each of three independent experiments) and the 
average density for 100 pixels in individual cell bodies 
was determined using Adobe Photoshop software®.

Statistical analysis

Data were expressed as mean ± standard error of 
mean (SEM). Statistical significance was calculated 
using the KruskalWallis (H)test followed by χ2. Dif
ferences with p < 0.05 were regarded as statistically 
significant. 

Results

Effect of rotigotine on the survival  
of dopaminergic neurons

Addition of rotigotine (0.01, 0.1, 1 µM) for 8 con
secutive days produced no effect on the number of 
THir neurons in primary mesencephalic cell culture 
compared to untreated controls. However, rotigotine 
decreased the number of THir neurons by 40% when 
added at an unphysiological high concentration of 
10 µM (Fig. 1). 

Rotigotine slightly protected 
dopaminergic neurons against  
MPP+ toxicity

MPP+ (10 µM) decreased the number of THir neu
rons by 43% compared to untreated control cultures 
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Fig. 1. Effect of incubation with various con
centrations of rotigotine on the survival of THir 
neurons. Treatment was begun on the 6th DIV 
for 8 consecutive days with a change of medi
um together with rotigotine every 2nd day. 100% 
corresponds to the total number of dopaminer
gic neurons after a cultivation period of 14 days 
without rotigotine treatment. Values represent 
the mean ± SEM of three independent experi
ments in quadruplicate. *p < 0.0001 compared 
to untreated control.
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Fig. 2. A) Effect of rotigotine on the survival of MPP+treated dopaminergic neurons. Treatment with rotig
otine was begun on the 6th DIV for 8 consecutive days with a change of medium together with rotigotine 
every 2nd day. MPP+ (10 µM) was additionally added for 48 h from 1214th DIV. 100% corresponds to the 
total number of dopaminergic neurons after a cultivation period of 14 days without any treatment. Values 
represent the mean ± SEM of three independent experiments in quadruplicate. B) Representative micro
graphs of THir neurons after 14 DIV. Control cultures were cultivated without any treatment while for MPP+ 
treatment, cultures were incubated with MPP+ for 48 h from 1214th DIV.
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(Fig. 2A). After MPP+ treatment, surviving neurons 
had shortened and thickened neurites as well as atro
phied cell bodies (Fig. 2B). The treatment of cultures 
with 0.01 µM rotigotine attenuated MPP+induced 
toxicity by increasing the number of dopaminergic 
neurons by 10%, although this effect did not reach 
significance (Fig. 2A). 

Rotigotine significantly protected 
dopaminergic neurons against 
rotenone-induced cell death 

The treatment of cultures with 20 nM rotenone 
decreased the number of THir neurons by 55% com

pared to untreated control cultures (Fig. 3A). After 
rotenone treatment, surviving neurons exhibited 
less and shortened neurites (Fig. 3B). On the other 
hand, 0.01 µM rotigotine was able to counteract rote
noneinduced toxicity by significantly increasing the 
number of dopaminergic neurons by 20% (Fig. 3A). 

Rotigotine significantly inhibited ROS 
production by rotenone

The formation of ROS in cultures was meas
ured using CMH2DCFDA fluorescence staining.  
The treatment of cultures with 20 nM rotenone on 
the 10th DIV for 48 h significantly elevated overall 
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Fig. 3. A) Effect of rotigotine on the number of dopaminergic neurons after treatment with rotenone. Treat
ment with rotigotine was begun on the 6th DIV for 8 consecutive days with a change of medium together 
with rotigotine every 2nd day. Rotenone (20 nM) was additionally added for 48 h from 1214th DIV. 100% 
corresponds to the total number of dopaminergic neurons after a cultivation period of 14 days without 
any treatment. Values represent the mean ± SEM of three independent experiments in quadruplicate.  
(#p < 0.0001 compared to untreated controls, *p < 0.0001 compared to rotenonetreated cultures). B) Repre
sentative micrographs of THir neurons after 14 DIV. Control cultures were cultivated without any treatment 
while for rotenone treatment, cultures were incubated with rotenone for 48 h from 1214th DIV. 
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ROS production by 63% (Fig. 4A) as reflected in high
er fluorescence density compared to untreated con
trol culture (Fig. 4B). Rotigotine (0.01 µM, on the 6th 
DIV for six days) significantly decreased the intracel
lular production of ROS by 17% compared to rote
nonetreated cultures (Fig. 4A). Figure 4B showed 
that treatment of cultures with rotigotine (0.01 µM) 
decreased the fluorescence density of CMH2DCFDA 
compared to rotenonetreated cultures. 

Discussion

Protection of dopaminergic neurons by dopa
mine agonists has been a topic of interest for the 
past 20 years. While the lack of placebo groups in 
clinical studies did not allow a definite conclu
sion with respect to the neuroprotective effect of 

the do pamine agonists ropinirole and pramipex
ole [21,34], numerous preclinical studies were able 
to demonstrate distinct neuroprotective effects in 
animal or cell culture models [22,26,27]. In the pres
ent study, primary mesencephalic cell cultures were 
used to investigate the neuroprotective potential of 
the nonergot dopamine agonist rotigotine against 
MPP+ and rotenone toxicity. Both components are 
known inhibitors of complex I of the mitochon
drial respiratory chain [20,25] and the detection of  
a defect in complex I in the SN of idiopathic PD cas
es provided a direct link to the MPTP (respectively 
MPP+) and rotenone toxicity models.

In preliminary experiments, the effect of rotigo
tine on the survival rate of THir neurons was inves
tigated. In a concentration range up to 1 µM, rotigo

 Control Rotenone Rotigotine + Rotenone

Rotigotine [µM] + Rotenone [nM]

180

160

140

120

100

80

60

40

20

0

C
M

-H
2D

C
FD

A
 fl

uo
re

sc
en

ce
 d

en
si

ty
 [%

]

Fig. 4. A) Effect of rotigotine on ROS production by rotenone. Treatment with rotigotine (0.01 µM) was 
begun on the 6th DIV for 8 consecutive days with a change of medium together with rotigotine every 2nd 
day. Rotenone (20 nM) was added for 48 h from 1214th DIV. 100% corresponds to the fluorescence density 
of the dye in untreated control cultures. Values represent the mean ± SEM of three independent experi
ments in quadruplicate. (#p < 0.0001 compared to untreated control cultures, *p < 0.0001 compared to 
rotenonetreated cultures). B) Representative micrographs of fluorescence density of CMH2DCFDA in con
trol, rotenonetreated and rotigotine plus rotenonetreated cultures. Higher fluorescence density indicates 
higher ROS production.
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tine, when given for eight consecutive days, did not 
affect the survival of THir neurons. These results are 
similar to those achieved with the D2 receptor ago
nist αdihydroergocryptine that showed no stimula
tion of THir neurons, but differ from the D2 receptor 
agonist lisuride which significantly enhanced the 
number of THir neurons under the same treatment 
conditions [9,11]. Treatment with 10 µM rotigotine 
decreased the number of THir neurons, which is 
similar to the behaviour of the D2 agonist pergolide 
and αdihydroergocryptine [9,10]. However, the high 
unphysiological concentration of 10 µM exceeds by 
far the therapeutic doses of 116 mg/day and the 
achieved plasma concentrations of unconjugated 
rotigotine which amount up to 1 ng/ml [7].

Some dopamine agonists have exhibited neuro
protection for dopaminergic neurons against MPTP 
in mice, for example bromocriptine [19] and prami
pexole [16]. Neuroprotection against MPP+ in prima
ry dopaminergic culture from embryonic mouse or 
rat mesencephalon was demonstrated for lisuride 
[11], and pramipexole and ropinirole, respectively 
[6]. In contrast to these findings, rotigotine was not 
able to significantly counteract MPP+induced toxici
ty for dopaminergic neurons. 

Since Betarbet et al. used the highly selective com
plex I inhibitor rotenone to reproduce PD’s features in 
rats [2], rotenone has been considered a model neuro
toxin for PD both in vitro and in vivo. Similar to our pre
vious work [24], treatment of primary mesencephalic 
cell culture with 20 nM rotenone killed about 50% of 
dopaminergic neurons. Rotenoneinduced cell death 
was shown to be attributed to overproduction of ROS 
and a decreased mitochondrial membrane potential 
[24]. Here we show that rotigotine was able to protect 
dopaminergic neurons from rotenone toxicity which 
might at least be partially attributed to a significant 
suppression of ROS production induced by rotenone 
treatment. Other dopamine agonists like pramipexole 
and ropinirole protected against rotenoneinduced 
cell death in the dopaminergic neuroblastoma cell 
line SHSY5Y [4,12] and pramipexole protected also 
against nigrostriatal dopaminergic degeneration and 
motor deficits in rotenonetreated mice [14]. 

In conclusion, rotigotine significantly protects 
dopaminergic neurons against rotenone toxicity in 
primary mesencephalic cell culture. The mechanism 
of protection involves counteracting of mitochon
drial dysfunction as rotenoneinduced radical pro
duction can be prevented by rotigotine.
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A b s t r a c t

Primary angiitis of the central nervous system (PACNS) is a rare form of vasculitis of unknown aetiology. Multifaceted 
clinical manifestations, non-specific MRI findings, a broad range of differential diagnoses and diverse pathological 
appearances prove to be a diagnostic challenge. However, a prompt diagnosis and aggressive treatment are cru-
cial to avoid permanent damage. Hence, we present the clinico-pathological spectrum of this entity and highlight 
the limitations of currently available diagnostic modalities. We describe in detail the histopathological findings  
of eight cases of PACNS diagnosed at the Department of Pathology, AIIMS, over a period of eight years. Eight cases 
of PACNS were identified during this period. Five cases (62.5%) showed features of granulomatous vasculitis, two 
(25%) showed lymphocytic vasculitis and one case (12.5%) showed a predominantly necrotizing pattern of vasculitis. 
Diagnosis of PACNS is a challenge and requires a high index of clinical suspicion. Appropriate work-up to exclude 
other conditions is mandatory. Brain biopsy is useful in making the diagnosis and ruling out mimicking conditions.

Key words: central nervous system, primary angiitis, vasculitis, granulomatous inflammation. 

Introduction

Primary angiitis of central nervous system (PACNS) 
is a rare and diagnostically challenging form of vascu-
litis, which primarily affects small and medium-sized 
vessels supplying the brain parenchyma, spinal cord 
and leptomeninges [1]. Synonyms for this entity 
include “isolated angiitis of CNS” and “primary CNS 
vasculitis” (PCNSV). An annual incidence of 2.4 cas-
es per million population has been reported in North 
America [33]. Majority of patients present in the fourth 
to sixth decade, with male preponderance [24]. There 
are no useful animal models to aid our understanding 
of this disease. It was first described as ‘an unknown 

form of angiitis’ by Harbitz in 1922 [15] and was con-
sidered a distinct clinical entity in 1959 by Cravioto 
and Feigin who coined the term “noninfectious gran-
ulomatous angiitis” with a  predilection for the ner-
vous system [10]. Primary angiitis of central nervous 
system remained rare with only 46 cases reported in 
the literature by 1986. In 1988, Calabrese and Mallek 
proposed the definite diagnostic criteria, which were 
later modified by Birnbaum et al. in 2009 [5,7]. 

The clinical presentations are diverse and non-spe-
cific [12]. Differential diagnoses include secondary 
vasculitides, collagen vascular disorders, certain viral 
and bacterial infections, and substance abuse [29,40]. 
Laboratory investigations indicative of systemic vas-
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culitis are usually normal. CSF shows modest lympho-
cytic pleocytosis and raised protein levels [7]. 

MRI is abnormal in almost all patients, and ab nor-
malities may be seen in the subcortical white matter, 
deep gray matter, deep white matter, and the cere-
bral cortex [9,13,17]. Angiogram shows character-
istic alternating stenosis and dilatation, but is less 
specific and has been observed to be as low as 30% 
[11,16,33]. A definite diagnosis can be made only on 
the basis of biopsy findings [22]. Due to the segmen-
tal nature of the lesions, even biopsy may be nega-
tive in up to 35% of biopsies [8,12]. Based on distinct 
clinical, radiological and histopathological profiles, 
several clinical subsets of this entity have been 
described which vary in their treatment options and 
outcome [35]. We herein report eight cases of PACNS 
diagnosed by CNS biopsy over a period of eight years 
at the Department of Pathology, AIIMS, and discuss 
the advancements in clinical, radiological and histo-
pathological patterns.

Material and methods

The records of all patients presenting in 2005-2012 
with a  clinical diagnosis of PACNS were retrieved. 
There were thirteen cases with a  provisional diag-
nosis of PACNS. The routine hematoxylin and eosin 
stained histopathology slides were evaluated inde-
pendently by three neuropathologists (CS, MCS, VS). 
In addition, special stains viz. Masson’s trichrome, 
Verhoeff’s Van Gieson (VVG), reticulin stain, Congo 
red, and immunohistochemical staining with anti-
bodies for CD3, CD20, CD4, CD8, CD68, neurofila-
ment protein (NF), myelin basic protein (MBP), glial 
fibrillary acidic protein (GFAP) and beta-amyloid were 
performed where required. The cases were classified 
on the basis of the classification proposed by Miller 
et al. in 2009 [22]. A final diagnosis of PACNS was 
rendered in eight cases. 

Clinical and radiological features

All eight patients were males. The age range was 
19 to 48 years, with mean age of 33.5 years. Majority 
of patients presented with a history of seizures (7/8; 
87.5%), headache (5/8; 62.5%) and sudden onset 
weakness (5/8; 62.5%). Remaining symptoms varied 
with the site of intraparenchymal haemorrhage, and 
included visual disturbances, difficulty in walking, 
slurring of speech, impaired memory, and altered 
behaviour (Table I). On radiology, 6 patients (75%) 

had bilateral supratentorial patchy to confluent 
white matter lesions, with multiple micro- and macro- 
haemorrhages. Similar lesions were seen in the 
infratentorial compartment in one patient, involving 
the brainstem and cerebellar hemispheres (case 8). 
One patient (case 2) showed confluent white matter 
signal changes in the right and left temporal lobes, 
left frontoparietal lobe, bilateral cerebral peduncles 
and pons. However, microhaemorrhages were not 
seen. Seven patients underwent intra-arterial digital 
subtraction angiography (IADSA), which was normal 
in all but one patient (14%). IADSA in this patient 
(case 3) showed irregularity and tortuosity of venous 
channels, suggesting vasculitis (Fig. 1). One patient 
(case 6) underwent MR angiography, which showed 
multiple focal stenoses in left A1 segment of anterior 
cerebral artery, as well as right pericallosal and callo-
somarginal arteries, suggesting vasculitis. Radiologi-
cal features of case 6 are seen in Figure 2. 

Microscopic findings

On histopathological examination, five of the 
eight cases (62.5%) showed features of granulo-
matous vasculitis, which was typified by transmu-
ral destruction of the vessel wall by epithelioid cell 
granulomas, accompanied by lymphocytes with or 
without giant cells (Fig. 3). This pattern was seen 
involving the leptomeningeal as well as parenchymal 
vessels in all but one case (Table I). One of the cases 
also showed the presence of necrotizing vasculitis 
involving parenchymal arterioles. Apart from this 
case, necrotizing vasculitis with transmural fibrinoid 
necrosis and acute inflammatory cell infiltrate was 
seen in one other case. The remaining two cases 
showed features of lymphocytic vasculitis (Fig. 4), 
with infiltration of the vessel wall by lymphocytes 
and occasional plasma cells, without significant spill 
over into the adjacent parenchyma. On immunohis-
tochemistry, the inflammatory cells comprised pre-
dominantly of CD3 positive T lymphocytes. 

The surrounding brain parenchyma showed evi-
dence of haemorrhage, ischaemia, and reactive glio-
sis in most of the cases. Verhoeff’s Van Gieson stain 
showed focal to complete disruption of the internal 
elastic lamina in all the cases. Congo red stain and 
immunohistochemistry for beta-amyloid did not 
demonstrate amyloid deposits in any of the cases. 
Of the cases showing abnormalities on angiogra-
phy, both showed granulomatous vasculitis (cases  
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3 and 6), with the latter also showing foci of necro-
tizing vasculitis. 

Discussion

The term “Vasculitides” encompasses a hetero-
geneous group of disorders characterized by inflam-
matory disease of arteries, veins, or both that results 
in histologically demonstrable structural injuries to 
the vessel wall, often accompanied by thrombosis 
and evidence of ischemic damage to the tissues 
served by the affected blood vessels [38]. Vasculitis 
of the central nervous system (CNS) may occur in 
any of the systemic vasculitides or may be second-
ary to connective tissue disorders, infections, neo-
plasms, or due to substance abuse [8]. 

‘Isolated angiitis’ affecting either the central ner-
vous system or the spinal cord is a rare form of vas-
culitis, where there is neither any clinically overt sys-
temic vasculitis, nor any underlying causal disease 
[38]. It usually involves leptomeningeal, cortical and 
subcortical medium-sized arteries and, less frequent-
ly, vein and venules [8].

The incidence of PACNS from Olmsted County, 
Minnesota (USA) has been estimated at 2.4 cases 
per 1,000,000 person-years [33]. Amongst patients 
attending the regional vasculitis clinic at Manches-
ter Royal Infirmary between 1988 and 2003 (n = 105),  
the frequency of PACNS was 10.5% [21]. The frequen-
cy of PACNS amongst vasculitides and connective 
tissue diseases associated with a diagnosis of CNS 

Table I. Clinical and histological features in cases diagnosed as PACNSs

Case 
no.

Age Sex Clinical features Histological patterns Site of involvement Other features

1. 38 
years

Male Recurrent headache, 
seizures – 4 yrs

Left homonymous 
hemianopia – 9 mths

Granulomatous vasculitis Meningeal blood 
vessels

Subpial gliosis, 
reactive gliosis  

in cortex

2. 43 
years

Male Recurrent seizures – 4 mths
Altered behaviour, 

slurring of speech, right 
hemiparesis – 1 episode

Acute necrotizing 
vasculitis

Parenchymal blood 
vessels

Hemorrhagic 
necrosis of white 

matter

3. 28 
years

Male Headache – 6 mths
Seizures – 4 mths

Sudden onset weakness in 
the upper limb – 1 episode

Granulomatous vasculitis Meningeal  
and parenchymal 

blood vessels

Ischemic changes  
in neurons

4. 19 
years

Male Seizures – 1 year
Sudden onset weakness –  

2 episodes

Lymphocytic vasculitis Parenchymal blood 
vessels

–

5. 48 
years

Male Intermittent headache –  
2 years

Seizures – 3 months

Granulomatous vasculitis Meningeal  
and parenchymal 

blood vessels

Subpial gliosis

6. 27 
years

Male Recurrent seizures – 5 yrs
Difficulty in speaking –  

2 yrs

Granulomatous vasculitis 
with necrotizing 

vasculitis

Meningeal  
and parenchymal 

blood vessels

Ischemic changes  
in neurons

7. 26 
years

Male Recurrent headache – 5 yrs
Seizures – 4 months

Difficulty in walking –  
4 months

Sudden onset weakness –  
2 episodes

Granulomatous vasculitis Meningeal  
and parenchymal 

blood vessels

Fresh thrombi  
in occasional blood 

vessels

8. 39 
years

Male Intermittent headache –  
2 yrs

Sudden onset weakness –  
2 episodes

Impaired memory, altered 
behaviour – 6 months

Lymphocytic vasculitis Parenchymal blood 
vessels

–
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Fig. 2. T2 weighted MR (A), FLAIR (B) and susceptibility weighted images (C) showing bilateral supratentorial 
white matter lesions, along with micro- and macro-haemorrhages. 

A B C

vasculitis or angiitis at the Mayo Clinic over a 17-year 
period was 64%. Thus, it represents the most fre-
quent vasculitis involving the CNS.

Pathogenesis

Data on the pathogenesis and immunological 
mechanisms involved in PACNS are sparse, as there 
are no useful animal models to aid our understand-

ing of the disease. It is possible that viral infections 
initiate the inflammatory process that somehow 
becomes self-sustaining, or there may be a genetic 
predisposition in certain individuals, leading to an 
en hanced risk of a vasculitic process when there is 
an exposure to a particular antigen that “sets off” 
the immune system [18,20,27]. 

Diagnostic criteria

Clinical, laboratory, neuroimaging and histopa-
thological analysis are important both for making 
a correct diagnosis and for excluding a wide variety 
of other conditions which may have a similar presen-
tation. Definite criteria for diagnosis were proposed 
by Calabrese and Mallek in 1988 [5] and they include: 
(1) history of an unexplained neurologic deficit that 
remains after a vigorous diagnostic workup, includ-
ing lumbar puncture and neuroimaging studies;  
(2) either classic angiographic evidence of vasculi-
tis or histopathologic evidence of vasculitis within 
the CNS; (3) no evidence of systemic vasculitis or 
any other condition to which the angiographic or 
pathologic evidence can be attributed. A diagnosis of 
PACNS is made if all the above criteria are satisfied. 
To prevent misdiagnosis of reversible vasoconstric-
tion syndrome (RCVS) as PACNS, Birnbaum et al. in 
2009 suggested the following modification: definite 
diagnosis is given if analysis of a tissue biopsy spec-
imen confirms the presence of vasculitis. Probable 
diagnosis is rendered in the absence of tissue con-
firmation, if there are high probability findings on an 

Fig. 1. Venous phase of left internal carotid artery 
digital subtraction angiogram shows ir regularities 
and indistinct pattern of deep veins suggestive 
of vasculitis.
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Fig. 3. Photomicrographs of case 1 showing (A) transmural granulomatous inflammation involving small 
and medium-sized leptomeningeal arteries (H&E, ×200). High magnification view (B) shows lymphocytes, 
epithelioid histiocytes and giant cells (H&E, ×400). GFAP stain (C) highlights reactive astrocytosis (IHC, 
×400). Similar granulomatous vasculitis seen in a small cortical artery (D; H&E, ×200) in case 6, along with 
transmural fibrinoid necrosis (E) in an adjacent cortical arteriole (H&E, ×400). Surrounding cortex (F) shows 
ischemic neurons (H&E, ×400).
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Fig. 4. Photomicrographs of case 4 showing (A) lymphocytic infiltrates within the wall of a leptomeningeal 
artery; there is no significant inflammatory infiltrate in the adjacent cortex (H&E, ×100). High power view (B) 
showing complete destruction of the vessel wall (H&E, ×200). VVG stain (C) demonstrates loss of internal 
elastic lamina (VVG, ×400). Cortical blood vessels (D) showed similar features (H&E, ×200). The inflamma-
tory cells are predominantly CD3+ T cells (E) with only few CD20+ B cells (F) (IHC, ×400). 
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angiogram with abnormal findings on MRI and a CSF 
profile consistent with PACNS [5].

Clinical profile

The clinical manifestations of PACNS are diverse 
and non-specific. Giannini et al. summarized clini-
cal findings in a 25-year follow up of 131 consecu-
tive patients seen at the Mayo Clinic over a period 
of 25 years [12]. Headache, altered cognition, and 
persistent neurologic deficit or stroke were the most 
common manifestations, observed in 62%, 53% and 
39% of cases, respectively. As part of a recent study 
of 101 consecutive patients with PCNSV seen at the 
Mayo Clinic over a 21-year period, and further from 
the updated cohort of 131 patients, Salvarani et 
al. identified several subsets of PCNSV which have 
distinct clinical, radiological and histopathological 
patterns, and also differ in terms of prognosis and 
optimal management [30,35,36]. Four subsets were 
identified from the cohort of 101 patients, which 
included a) PACNS with cerebral amyloid angiopa-
thy (CAA); b) PACNS with spinal cord involvement; 
c) PACNS with prominent leptomeningeal enhance-
ment; and d) angiography negative PACNS. Eight 
(26%) out of 31 cases with CNS biopsy specimens 
positive for PCNSV also showed findings of vascu-
lar amyloid deposits (CAA). All had a  granuloma-
tous vascular inflammatory pattern. Compared with 
patients with PCNSV only, these patients were older 
at diagnosis, predominantly male, had a more acute 
onset, a  higher frequency of cognitive dysfunction 
and showed prominent gadolinium-enhanced lep-
tomeningeal lesions on MRI [37]. Five cases had 
documented evidence of spinal cord involvement. 
Most patients had concurrent or subsequent brain 
involvement during the disease course. The thoracic 
cord was predominantly affected. The authors sug-
gested that careful medical evaluation must be per-
formed to exclude other conditions associated with 
acute or subacute transverse myelitis [36]. None of 
the cases in the present series showed either spinal 
cord involvement or histopathological evidence of 
amyloid deposition.

MRI showed prominent leptomeningeal enhance-
ment in 8 of 101 patients with PCNSV. In six of those, 
cerebral angiography or magnetic resonance angiog-
raphy results were normal, but biopsy from the brain 
or spinal cord showed vasculitis in all eight. Granulo-
matous vascular inflammation was found in six spec-

imens. All eight patients showed a prompt response 
to therapy. The authors suggested that prominent 
gadolinium leptomeningeal enhancement on MRI 
may point to a distinct subtype of PCNSV with small 
leptomeningeal artery vasculitis and rapid response 
to therapy [31].

In 2005, Benseler and co-workers described a new 
disease entity, viz. angiography-negative primary CNS 
vasculitis of childhood. The authors studied four chil-
dren with primary CNS vasculitis in whom results of 
magnetic resonance imaging studies were abnormal 
but results of conventional angiography were normal 
[4]. Further, on retrospective analysis of the series 
of 101 patients, Salvarani et al. also identified eight 
patients with angiography negative PCNSV.

On using the updated cohort of 131 consecutive 
patients at the Mayo Clinic, 11 cases with rapidly 
progressive PCNSV were documented [12]. This sub-
set represents the worst end of the clinical spectrum 
of this vasculitis, characterized by bilateral, multiple, 
large cerebral vessel lesions, multiple CNS infarc-
tions and poor response to traditional immunosup-
pressive therapy. In this cohort of 131 patients, six-
teen patients (12.2%) had evidence of intracranial 
haemorrhage at or near the time of diagnosis. A nec-
rotizing histopathologic pattern of vasculitis was 
observed in 3 of the 4 patients with positive biopsy 
findings (75%) [12].

In 2008, Molloy et al. examined the case records 
of the Cleveland Clinic (CC), Massachusetts General 
Hospital (MGH), and the English language medical 
literature, for biopsy-proven PACNS cases presenting 
as a solitary mass lesion (ML). They identified a total 
of 38 ML: eight of 202 (4.0%) patients from CC/MGH 
and 30 of 535 (5.6%) patients identified from the 
medical literature. Excision of the lesion may be cura-
tive; however, in some patients aggressive immuno-
suppressive therapy has led to a favourable outcome 
obviating the need of surgery [23]. 

Primary angiitis of central nervous 
system in children

Primary angiitis of central nervous system in the 
paediatric age group is poorly characterized. There 
are only few case reports and case series. Although 
the disease was earlier thought to be rare, recent 
studies have shown that childhood PACNS could be 
an important cause of vascular stroke in children [3]. 
Diagnostic features are based on rare autopsy find-
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ings and, more recently, on angiographic findings 
[4,14,32]. Distinct phenotypes in children include 
progressive, angiography-positive, medium-to-large 
vessel CNS vasculitis; non-progressive, angiogra-
phy-positive, medium to-large vessel CNS vasculitis; 
angiography-negative, small-vessel CNS vasculitis, 
confirmed by brain biopsy [4,32]. 

Neuroimaging 

Magnetic resonance imaging is abnormal in almost 
all cases, with a  sensitivity of 90-100%, and is the 
main neuroradiological modality for workup of these 
patients [5,26]. Abnormalities may be seen in the sub-
cortical white matter, deep gray matter, the deep white 
matter, and the cerebral cortex [28]. Infarcts may be 
seen in approximately 50% of cases [32]. Other com-
mon patterns include diffuse small vessel changes 
of ischaemic demyelination. Both subarachnoid and 
intraparenchymal haemorrhages have been observed 
in 10% of cases. Leptomeningeal enhancement may 
be seen in 10% of cases [31]. Mass lesions may be 
seen in 5% of cases, and generally mimic a  tumour 
or abscess [23]. Rarely, confluent white-matter lesions 
may be seen [5,33,41].

Angiographic features considered diagnostic 
of PACNS include multiple “beading” or segmental 
narrowing, in large, intermediate, or small arteries 
with interposed regions of ectasia or normal lumi-
nal architecture [9,13,17]. Angiography however 
has limited sensitivity (20-90%) and specificity (20-
60%). Angiographic changes typical of vasculitis may 
be seen in non-vasculitic conditions such as vaso-
spasm, atherosclerosis, CNS infections, lymphomas, 
cerebral arterial emboli, and radiation vasculopathy 
[2,11,19,25]. Angiography may be normal in vascu-
litis limited to small vessels below the resolution of 
conventional angiography [30]. Hence, angiography 
results should always be interpreted in conjunction 
with clinical, laboratory, and MRI findings.

Histopathological spectrum

Brain biopsy remains the gold standard for the 
diagnosis of PACNS. Histopathological evaluation is 
crucial not only for making the diagnosis of PACNS 
but also to rule out mimics, especially infections and 
malignancy. In a recent study by Giannini et al., biop-
sies were non diagnostic in 35% of cases [12]. This 
is attributed to the inherent patchiness of vasculitic 
inflammation, or to the fact that the affected vessels 

may be of a large diameter and hence do not extend 
to the superficial parenchyma and leptomeninges 
[12,14]. To enhance the diagnostic yield, targeted 
biopsies should be performed with inclusion of lep-
tomeninges [6,22].

The most common histological pattern is of gran-
ulomatous vasculitis, characterized by vasculocentric 
mononuclear inflammation associated with well-
formed granulomas and multinucleated giant cells 
and at least focal vessel wall destruction. Giannini  
et al. observed this pattern in 58% of cases [12]. Lym-
phocytic vasculitis is the second most predominant 
pattern. There is marked perivascular lymphocytic 
inflammation with occasional plasma cells, extend-
ing through the vascular wall with vascular distor-
tion and destruction. There is absence of significant 
parenchymal inflammation [12,14]. The least frequent 
pattern is that of acute necrotizing vasculitis, char-
acterized by acute inflammation and transmural 
fibrinoid necrosis. It involves predominantly small 
muscular arteries [12]. The histological patterns, as 
observed in patients who have undergone repeat 
biopsies, remain stable over time, suggesting that 
they are truly distinct patterns rather than different 
stages of disease [35]. In the recently updated series 
of 131 patients from the Mayo Clinic, the granuloma-
tous pattern was seen in 56%, pure lymphocytic in 
20% and acute necrotizing pattern in 22% of cases 
[12]. Concurrent parenchymal ischaemia/infarct was 
found in 51% of cases. Eleven cases (27%) with CNS 
biopsy specimens positive for PCNSV also showed 
findings of CAA. All the cases with CAA showed gran-
ulomatous inflammation [12]. In the present series, 
62.5% showed granulomatous vasculitis, 25% lym-
phocytic vasculitis and 12.5% acute necrotizing vas-
culitis.

Treatment

There are no randomized clinical trials on drug 
therapy in PCNSV. Treatment recommendations have 
been extrapolated from therapeutic strategies used 
in other vasculitides. In general, a  combination of 
steroids and pulsed cyclophosphamide is recom-
mended. TNF-alpha blockers and mycophenolate 
mofetil have successfully been used to treat patients 
with PCNSV resistant to glucocorticoids and immu-
nosuppressants [34,39].

To conclude, in view of non-specific clinical pre-
sentations and lack of highly efficient non-invasive 
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modalities, diagnosis of PACNS is a  challenge and 
requires a  high index of clinical suspicion, with 
appropriate work-up to exclude other conditions. 
Increased recognition and better understanding of 
the molecular pathogenesis of this entity will pro-
vide a key to prognostication and therapeutic deci-
sion making.

Disclosure

Authors report no conflict of interest.

References 

1. Alba MA, Espígol-Frigolé G, Prieto-González S, Tavera-Bahillo I, 

García-Martínez A, Butjosa M, Hernández-Rodríguez J, Cid MC. 

Central nervous system vasculitis: still more questions than 

answers. Curr Neuropharmacol 2011; 9: 437-448.

2. Alhalabi M, Moore PM. Serial angiography in isolated angiitis 

of the central nervous system. Neurology 1994; 44: 1221-1226.

3. Amlie-Lefond C, Bernard TJ, Sebire G, Friedman NR, Heyer GL, 

Lerner NB, deVeber G, Fullerton HJ. Predictors of cerebral arteri-

opathy in children with ischemic stroke: results of the Interna-

tional Pediatric Stroke study. Circulation 2009; 119: 1417-1423.

4. Benseler SM, deVeber G, Hawkins C, Schneider R, Tyrrell PN, 

Aviv RI, Armstrong D, Laxer RM, Silverman ED. Angiography- 

negative primary central nervous system vasculitis in children: 

a newly recognized inflammatory central nervous system dis-

ease. Arthritis Rheum 2005; 52: 2159-2167.

5. Birnbaum J, Hellmann DB. Primary angiitis of the central ner-

vous system. Arch Neurol 2009; 66: 704-709.

6. Calabrese LH, Furlan AJ, Gragg LA, Ropos TJ. Primary angiitis 

of the central nervous system: diagnostic criteria and clinical 

approach. Cleve Clin J Med 1992; 59: 293-306.

7. Calabrese LH, Mallek JA. Primary angiitis of the central nervous 

system. Report of 8 new cases, review of the literature, and pro-

posal for diagnostic criteria. Medicine 1988; 67: 20-39.

8. Carolei A, Sacco S. Central nervous system vasculitis. Neurol Sci 

2003; 24: S8-S10.

9. Cloft HJ, Phillips CD, Dix JE, McNulty BC, Zagardo MT, Kallmes DF. 

Correlation of angiography and MR imaging in cerebral vasculi-

tis. Acta Radiol 1999; 40: 83-87.

10. Cravioto H, Feigin I. Noninfectious granulomatous angiitis with 

a predilection for the nervous system. Neurology 1959; 9: 599-609.

11. Duna GF, Calabrese LH. Limitations of invasive modalities in 

the diagnosis of primary angiitis of the central nervous system.  

J Rheumatol 1995; 22: 662-667.

12. Giannini C, Salvarani C, Hunder G, Brown RD. Primary central 

nervous system vasculitis: pathology and mechanisms. Acta 

Neuropathol 2012; 123: 759-772.

13. Greenan TJ, Grossman RI, Goldberg HI. Cerebral vasculitis, MR 

imaging and angiographic correlation. Radiology 1992; 182: 

65-72.

14. Hajj-Ali RA, Singhal AB, Benseler S, Molloy E, Calabrese LH. Pri-

mary angiitis of the CNS. Lancet Neurol 2011; 10: 561-572.

15. Harbitz F. Unknown forms of arteritis with special reference to 

their relation to syphilitic arteritis and periarteritis nodosa. Am 

J Med Sci 1922; 163: 250-272.

16. Harris KG, Tran DD, Sickels WJ, Cornell SH, Yuh WT. Diagnosing 

intracranial vasculitis: the roles of MR and angiography. Am  

J Neuroradiol 1994; 15: 317-330.

17. Hellmann DB, Roubenoff R, Healy RA, Wang H. Central nervous 

system angiography, Safety and predictors of a positive result 

in 125 consecutive patients evaluated for possible vasculitis.  

J Rheumatol 1992; 19: 568-572.

18. Iwase T, Ojika K, Mitake S, Katada E, Katano H, Mase M, Yoshida S,  

Ueda R. Involvement of CD45RO+ T lymphocyte infiltration in 

a patient with primary angiitis of the central nervous system 

restricted to small vessels. Eur Neurol 2001; 45: 184-185.

19. Kadkhodayan Y, Alreshaid A, Moran CJ, Cross DT 3rd, Powers WJ, 

Derdeyn CP. Primary angiitis of the central nervous system at 

conventional angiography. Radiology 2004; 233: 878-882.

20. Kelley RE. CNS vasculitis. Front Biosci 2004; 9: 946-955.

21. MacLaren K, Gillespie J, Shrestha S, Neary D, Ballardie FW. Pri-

mary angiitis of the central nervous system: emerging variants. 

Q J Med 2005; 98: 643-654.

22. Miller DV, Salvarani C, Hunder GG, Brown RD, Parisi JE, Chris-

tianson TJ, Giannini C. Biopsy findings in primary angiitis of the 

central nervous system. Am J Surg Pathol 2009; 33: 35-43.

23. Molloy ES, Singhal AB, Calabrese LH. Tumour-like mass lesion: 

an under-recognized presentation of primary angiitis of the 

central nervous system. Ann Rheum Dis 2008; 67: 1732-1735.

24. Moore PM, Richardson B. Neurology of the vasculitides and con-

nective tissue diseases. J Neurol Neurosurg Psychiatry 1998; 65: 

10-22.

25. Moore PM. Diagnosis and management of isolated angiitis of 

the central nervous system. Neurology 1989; 39: 167-173.

26. Néel A, Pagnoux C. Primary angiitis of the central nervous sys-

tem. Clin Exp Rheumatol 2009; 27: S95-S107.

27. Pagni F, Isimbaldi G, Vergani F, Casiraghi P, Marzorati L, Migliori-

no G, Cattoretti G. Primary angiitis of the central nervous sys-

tem: 2 atypical cases. Folia Neuropathol 2012; 50: 293-299.

28. Pomper MG, Miller TJ, Stone JH, Tidmore WC, Hellmann DB. 

CNS vasculitis in autoimmune disease: MR imaging findings 

and correlation with angiography. Am J Neuroradiol 1999; 20: 

75-85.

29. Rollnik JD, Brandis A, Dehghani K, Bufler J, Lorenz M, Heidenre-

ich F, Donnerstag F. Primary angiitis of CNS (PACNS). Nervenarzt 

2001; 72: 798-801.

30. Salvarani C, Brown RD Jr, Calamia KT, Christianson TJ, Huston J  

3rd, Meschia JF, Giannini C, Miller DV, Hunder GG. Angiogra-

phy-negative primary central nervous system vasculitis: a syn-

drome involving small cerebral vessels. Medicine 2008; 87: 

264-271.

31. Salvarani C, Brown RD Jr, Calamia KT, Christianson TJ, Huston J  

3rd, Meschia JF, Giannini C, Miller DV, Hunder GG. Primary cen-

tral nervous system vasculitis with prominent leptomeninge-

al enhancement: a subset with a benign outcome. Arthritis 

Rheum 2008; 58: 595-603.

32. Salvarani C, Brown RD Jr, Calamia KT, Christianson TJ, Huston J  

3rd, Meschia JF, Giannini C, Miller DV, Hunder GG. Primary cen- 

http://rcin.org.pl



196 Folia Neuropathologica 2014; 52/2

Vaishali Suri, Aanchal Kakkar, Mehar C. Sharma, Madakasira V. Padma, Ajay Garg, Chitra Sarkar

tral nervous system vasculitis presenting with intracranial he mor-
rhage. Arthritis Rheum 2011; 63: 3598-3606. 

33. Salvarani C, Brown RD Jr, Calamia KT, Christianson TJ, Weigand SD,  
Miller DV, Giannini C, Meschia JF, Huston J 3rd, Hunder GG. Prima-
ry central nervous system vasculitis, analysis of 101 patients. Ann 
Neurol 2007; 62: 442-451.

34. Salvarani C, Brown RD Jr, Calamia KT, Huston J 3rd, Meschia JF,  
Giannini C, Miller DV, Hunder GG. Efficacy of tumor necrosis fac-
tor alpha blockade in primary central nervous system vasculitis 
resistant to immunosuppressive treatment. Arthritis Rheum 
2008; 59: 291-296.

35. Salvarani C, Brown RD Jr, Hunder GG. Adult primary central ner-
vous system vasculitis: an update. Curr Opin Rheumatol 2012; 
24: 46-52.

36. Salvarani C, Brown RD Jr., Calamia KT, Christianson TJ, Huston J 
3rd, Meschia JF, Giannini C, Miller DV, Hunder GG. Primary CNS 
vasculitis with spinal cord involvement. Neurology 2008; 70: 
2394-2400.

37. Salvarani C, Brown RD Jr., Calamia KT, Christianson TJ, Huston J  
3rd, Meschia JF, Giannini C, Miller DV, Hunder GG. Primary cen-
tral nervous system vasculitis: comparison of patients with 
and without cerebral amyloid angiopathy. Rheumatology 2008; 
47: 1671-1677.

38. Scolding NJ. Central nervous system vasculitis. Semin Immuno-
pathol 2009; 31: 527-536.

39. Sen ES, Leone V, Abinun M, Forsyth R, Ramesh V, Friswell M, 
O’Callaghan F, Ramanan AV. Treatment of primary angiitis of 
the central nervous system in childhood with mycophenolate 
mofetil. Rheumatology 2010; 49: 806-811.

40. Siva A. Vasculitis of the nervous system. J Neurol 2001; 248: 
451-468.

41. Zuccoli G, Pipitone N, Haldipur A, Brown RD Jr, Hunder G, Sal-
varani C. Imaging findings in primary central nervous system 
vasculitis. Clin Exp Rheumatol 2011; 29: S104-S109.

http://rcin.org.pl



197Folia Neuropathologica 2014; 52/2

Original article

Dendritic and spinal alterations of neurons from  
Edinger-Westphal nucleus in Alzheimer’s disease

Ioannis Asterios Mavroudis1, Marina George Manani1, Foivos Petrides1, Constantina Petsoglou2, Samuel N. Njau2, 
Vasiliki G. Costa1,3, Stavros J. Baloyannis1,3

1Laboratory of Neuropathology and Electron Microscopy, 1st Department of Neurology, Aristotelian University of Thessaloniki, 2Labora-

tory of Forensic Medicine and Toxicology, Aristotelian University of Thessaloniki, 3Institute for Alzheimer’s disease research, Heraklion 

Langada, Greece

Folia Neuropathol 2014; 52 (2): 197-204 DOI: 10.5114/fn.2014.43791 

A b s t r a c t

Alzheimer’s disease (AD) is a heterogeneous neurodegenerative disorder, causing a progressive decline of intellectual 
faculties, impairment of behavior and social performance, and impairment of speech eloquence, associated with 
various neurological manifestations based on a variable neuropathological background. Edinger-Westphal nucleus 
is a selective target of Alzheimer pathology early in the course of the disease. We attempted to determine the mor-
phological alterations of the dendrites and the dendritic spines in Edinger-Westphal nucleus of 7 cases that fulfilled 
the diagnostic criteria for Alzheimer’s disease. For the histological study, we applied (a) routine neuropathological 
techniques and (b) rapid Golgi method. We proceeded to 3D neuronal reconstruction for the estimation of dendritic 
and spinal changes in Alzheimer’s disease. The morphological and morphometric analysis revealed a substantial 
neuronal loss and synaptic alterations in Edinger-Westphal nucleus in all the cases of Alzheimer’s disease. Distal 
dendritic branches are prominently affected. The neuronal loss and alteration of the spines in Edinger-Westphal 
nucleus in Alzheimer’s disease may be related to the exaggerated pupillary reaction to cholinergic antagonists. Fur-
thermore, the vulnerability of distal branches to Alzheimer’s disease might be related to neuroplasticity impairment.

Key words: Alzheimer’s disease, Golgi method, 3D neuronal reconstruction, Edinger-Westphal nucleus.

Introduction 

Alzheimer’s disease (AD) is the primary cause of 
dementia affecting, according to recent studies, as 
much as 6-8% of people over the age of 65 years and 
nearly 30% of people older than 85 years [6,31]. It 
is physically characterized by a  progressive decline 
of intellectual faculties, loss of professional skills, 
and variable deficits in perceptual, visual and audi-
tory functions [27,32]. Macroscopically, cerebral atro-

phy is easily recognized in the majority of cases of 
Alzheimer’s disease, being the most obvious in the 
temporal and parietal lobes [1,14]. Light microscopy 
reveals senile plaques and neurofibrillary tangles 
in the entorhinal cortex and hippocampus before 
spreading in other brain areas such as the acous-
tic and visual cortex, frontal cortex, and cerebellum 
[5,18,19,30,35].
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Alzheimer’s disease is found to be associated with 
reduced levels of acetylcholine, noradrenaline, seroto-
nin, somatostatin, and corticotrophin-releasing fac-
tors, whereas the levels of glutamate increase [7].  
The cognitive deficits are attributable to the de-
generation of cholinergic neurons in the basal-fore-
brain-cholinergic system that projects to the neocor-
tex, hippocampus, and other brain areas [7,11]. 

The nucleus of Edinger-Westphal is the most ros-
tral of the parasympathetic nuclei in the brainstem 
and supplies parasympathetic fibers to the eye [21]. 

The nucleus is located posteriorly to the main CNIII 
motor nucleus (oculomotor nucleus) and anterolater-
ally to the cerebral aqueduct in the rostral midbrain 
at the level of the superior colliculus [3]. 

Edinger-Westphal (EW) nucleus is a selective tar-
get of Alzheimer pathology early in the course of 
the disease [29]. Scinto et al. showed severe focal 
pathology of the EW nucleus in AD. The same authors 
noticed that patients who suffer from AD show an 
exaggerated pupillary reaction to the cholinergic 
antagonist tropicamide and in 2001, noticed a signifi-
cant selective neuronal loss in the EW nucleus, where-
as the number of neurons in the somatic portion of 
the nucleus of the third cranial nerve remained intact 
[28,29]. They showed that although the somatic por-
tion of the third cranial nerve nuclei did not show any 
signs of pathology, the EW nucleus contained plaques 
and tangles in AD patients. 

In previous studies of ours using the Golgi meth-
od and 3D neuronal reconstruction techniques, 
severe dendritic and spinal alterations were seen in 
Alzheimer’s disease and normal aged brains [18-20].

In the present study, we intend to describe the 
morphometric and morphological changes of the 
neurons of the Edinger-Westphal nucleus in Alzhei-
mer’s disease in comparison to normal ageing and 
to investigate if except for the neuronal loss, senile 
plaques deposition and neurofibrillary degeneration, 
the EW nucleus is characterized by dendritic and spi-
nal alterations in Alzheimer’s disease.

Material and methods

Subjects 

Tissue samples were obtained from 8 neurolog-
ically normal individuals post-mortem, and 7 with  
Alzheimer’s disease, all of them aged between 67 and  
86 years (mean 77.4 ± 5.1). The average autolysis time 
for all subjects was 12 ± 4 hours.

All brains, after their excision from the skull were 
immersed in 10% neutral buffered formalin for at 
least 25 days.

All possible information on each subject, con-
cerning their previous physical and illness history, 
was obtained from autopsy reports as well as med-
ical records. All the brains were examined by an 
independent neuropathologist for gross and micro-
scopic signs of pathology. The brains did not exhibit 
trauma, edema or chronic illness. No neurofibrillary 
tangles or senile plaques were observed in normal 
controls, whereas AD brains were classified as stage 
V/VI according to Braak and Braak classification and 
CERAD score indicative of the disease. Histological 
criteria for the diagnosis of AD were those outlined 
by the National Institutes of Health/American Asso-
ciation of Retired Persons (NIH/AARP) Research 
Workshop on the Diagnosis of Alzheimer’s Disease. 
All cases fulfilled the histological criteria for AD [18].

Tissue selection and processing

A tissue block from the Edinger-Westphal nucleus 
was excised. The EW nucleus was identified accord-
ing to Scinto et al.’s studies [28,29]. The tissue blocks 
were coded in order to prevent experimental bias 
and were used for silver techniques [18-20], Congo 
red method [2], Bielschowsky staining [16], Gallyas 
technique [33] and Nissl staining [24]. 

Cell selection criteria

Neurons examined for quantitative alterations met 
the criteria set forth by Jacobs et al. [15] that request 
uniform staining of neuronal processes, absence of 
precipitated debris, good contrast between cells and 
background and relatively uniform tissue thickness.

Golgi method

For silver impregnation, the specimens were im-
mediately immersed in a dilution of potassium dichro-
mate (7 g of potassium dichromate and 20 mL of 
formaldehyde solution 37% in 300 mL of tap water) 
at room temperature. They remained in that solu-
tion for one week, and then they were immersed in 
an aqueous solution of 1% silver nitrate where they 
remained for one more week at a  temperature of 
15oC in a photoprotected environment. 

After fixation, the specimens were embedded 
in low-melting-point paraffin and cut with a slicing 
microtome in thick sections at a  range of 120 μm 
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and after rapid differentiation they were covered 
with entellan. 

Nissl staining and Congo red technique

Adjacent sections were cut in a range of 20 μm 
and used for Bielschowsky staining [16], Gallyas 
technique [33], Nissl staining [24] and Congo red 
method [2] in order to evaluate the neuronal pop-
ulation, the neurofibrillary degeneration and the 
deposition of senile and amyloid plaques.

Neuronal tracing and dendritic 
quantification

For each one of the 15 brains, 10 neuronal cells 
from each area were selected. For every cell, we took 
a 10-second video at a magnification of 400× while 
the microscope table was moving at the standard 
velocity of 20 μm/sec. Afterwards, the videos were 
analyzed in digital image sequences of 200 serial 
pictures, which were ultimately imported in Neu-
romantic application to trace the cells, quantifying 
them along x-, y- and z-coordinates. 

Each one of the selected cells was traced using 
the Neuromantic application. The neuronal tracing 
started with the cell soma and moved onto the bas-
ilar dendrites and the apical shaft. 

Dendritic trees were quantitatively evaluated in 
a centrifugal manner for apical dendrites and basal 
dendrites according to Uylings et al. [34]. Dendrites 
arising from the cell soma are considered first-order 
segments, up to their first symmetrical bifurcation. 
Dendritic branches arising from first-order segments 
are considered second-order segments, in turn, up 
to their symmetrical bifurcation into third-order seg-
ments, and so on. When asymmetric branching is 
met during the neuronal tracing, the offspring den-
dritic branch, recognized by a  qualitatively thinner 
diameter, is classified as a next-order branch, where-
as the parent dendrite would retain its order level 
past the branching point [11]. 

Dendritic measures and Sholl analysis

The parameters measured were soma size, total 
dendritic length, cell contraction, dendritic field 
asymmetry, total number of dendritic segments 
and bifurcations, as well as the length and number 
of dendritic segments per order. Furthermore, the 
tracing was quantitatively analyzed with Image J 
program based on Sholl’s [28] method of concentric 

circles. Concentric circles were drawn, at intervals of  
15 μm centered on the cell bodies, and dendritic 
intersections within each circle were counted. 

Spine counts

Spine counts were carried out at 360 pictures, 
which were taken with an AxioCam HR, at the stan-
dard magnification of 1000×, on an Axiostar Plus pho-
tomicroscope. Visible spines were counted on three 
segments of the dendritic field. The first segment, 
20-30 μm in length, was located on the first-order 
dendrite, the second segment, 20-30 μm in length, on 
second-order dendrite and the third one, 40-50 μm, 
along the tertiary dendrite.

Neuronal density

For the estimation of neuronal density in each 
area, we used a  modified semi-automatic optical 
dissector method provided by the Image J software. 
For each one of the brains, after defining the region 
of interest at a size of 150 × 150 μm, we recorded 
a 3-second video at a magnification of 400× while 
the microscope table was moving at the standard 
velocity of 20 μm/sec. Afterwards, the videos were 
analyzed in digital image sequences of 50 serial pic-
tures, which were converted to binary ones. Then, 
using the “cell counter” function in Image J, the neu-
rons in each given ROI were counted.

Statistical analysis

Statistical analysis was based on the Student’s 
test on the basis of 360 cells in SPSS v.17.0. Signif-
icance was taken as p < 0.05. To ensure that autol-
ysis time did not affect dendritic measurements, 
two-tailed Pearson product correlations were per-
formed between all dependent measures and autol-
ysis time. 

Results

Golgi impregnation technique revealed a signifi-
cant loss of distal dendritic branches and an overall 
restriction of the dendritic field in the AD brains. Tor-
tuous branches and varicosities were also observed.

Dendritic changes

The total length of the dendritic field was signifi-
cantly decreased in AD specimens. A severe loss of 
distal dendritic branches (quaternary), decrease in 
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the total number of branches and bifurcations were 
also noticed. The branching ratio was also grossly 
affected.

Sholl analysis revealed a restriction of the dendrit-
ic field due to the loss of distal branches, although 
the proximal ones remained relatively intact (Fig. 1).

Neurons from the somatic portion of the third 
cranial nerve nuclei retained high spinal density and 
did not show statistically significant alterations in 
any of the morphometric parameters.

Dendritic spines

Spinal density was also significantly decreased in 
AD. Except for spinal loss, several branched, mush-
room and claw ending spines were seen in the aged 
brains.

Neuronal density

Neuronal density in the Edinger-Westphal nuclei 
of AD brains was severely decreased, whereas in the 
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somatic portion of the oculomotor nuclei, no significant 
difference in the neuronal density was seen (Fig. 2).

Senile plaques and neurofibrillary 
degeneration

Gallyas technique revealed neurofibrillary degen-
eration in the majority of the EW neurons. 

Two types of plaque-like deposits were mainly 
encountered in AD EW nuclei. Typical and compact 
amyloid cored plaques, were mainly observed, while 
diffuse plaques were seen outside the EW nuclei. 

Discussion

Early studies made in the mid-1970s were the 
first one to describe substantial neocortical deficits 
in the enzyme responsible for the synthesis of ace-
tylcholine, choline acetyltransferase [4,8,26], while 
subsequent discoveries of reduced choline uptake, 
[28] acetylcholine release [23] and loss of cholinergic 
perikarya from the nucleus basalis of Meynert [35] 
confirmed the cholinergic deficit, leading to the cho-
linergic hypothesis of Alzheimer’s disease. 

On the other hand, biochemical studies show ed 
a significant reduction of presynaptic markers of the 
cholinergic system early in the course of the disease 
[12]. 

From the neuropathologic point of view, Alzhei-
mer’s disease is characterized by neuronal loss, as 
well as dendritic and synaptic pathology in hippo-
campus and circumscribed regions of the neocor-

tex [9,17,19]. Neurotransmitter-specific subcortical 
nuclei that project to the cortex are also affected by 
the implicated neurodegenerative processes, includ-
ing the cholinergic nucleus basalis of Meynert and 
medial septum, the serotonergic raphe nuclei, and 
the noradrenergic locus coeruleus. 

The nucleus of Edinger-Westphal is a  selective 
target of Alzheimer pathology even in the early stag-
es of the disease [28,29]. 

Scinto et al. (1999) showed that the EW nucleus 
alone contained plaques and tangles in AD patients 
as well as a severe and selective neuronal loss, thus 
sparing the somatic portion of the third cranial 
nerve nucleus [29]. They addressed these findings 
congruent to the exaggerated pupillary reaction to 

Fig. 3. Three dimensional reconstructions from a fusiform small soma sized neuron (A) and a multipolar 
large soma sized (B) neuron of the Edinger-Westphal nucleus.
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Fig. 2. Neuronal density (neurons/cm3) in the 
Edinger-Westphal nucleus in Alzheimer’s disease 
and normal controls.
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the cholinergic antagonist tropicamide seen in the 
disease. 

Morawski et al. (2010) showed a  high expres-
sion of Glutaminyl cyclase in the cholinergic nuclei 
of Meynert and Edinger-Westphal, related to high 
vulnerability of well-defined subcortical neuronal 
populations and their cortical projections in AD [22]. 

In the present study we encountered severe den-
dritic and spinal pathology in the EW nucleus, in early 
AD cases using silver impregnation methods. A sub-
stantial loss of distal dendritic branches, significant 
reduction of the total dendritic length per neuron, 
and severe decrease in dendritic spines were seen. 
Neurons from the somatic portion of the oculomotor 
nerve nuclei remained relatively intact in comparison 
to the control brains. Furthermore Bielschowsky and 
Gallyas methods revealed a  high concentration of 
senile plaques and neurofibrillary tangles, and Nissl 
method showed a severe neuronal loss confirming 
the findings by Scinto et al. [28,29]. 

The present study is innovative in terms of depic-
tion of dendritic changes of the neurons of EW nucle-

us, in relation to neurofibrillary degeneration and 
senile plaques deposition. Dendritic and spinal loss 
leads to a  severe decrease in synaptic contacts. As 
a  result, that should be related to the exaggerated 
pupillary reaction to cholinergic antagonists in AD. 
Furthermore, the present findings corroborate the 
hypothesis of cholinergic subcortical areas’ vulnera-
bility in AD. 

An intriguing result of the present study is the 
prominent degeneration of the more distal branch-
es of EW nucleus’ neurons. From previous assays on 
similar topics, it is now acknowledged that distal 
branches are linked in the majority with neuronal 
plasticity and vice versa, therefore playing an import-
ant role in the process of learning and neuronal 
adaptation. On the other hand, neuronal plasticity is 
grossly affected by the accumulation of NFTs and is 
related to cholesterol metabolism, and therefore, at 
least ultimately, APP metabolism [13,19]. 

NFTs seem to clog dendritic branches leading to 
amputation of their more distal parts. As a  result, 
they lead to both the severe loss of synapses and 

Fig. 4. A) Golgi stained neuron from the Edinger-Westphal nucleus from an AD brain, exhibiting a marked 
loss of dendrites, magnification 100×, B) Nissl stained neurons, astrocytes and microglial cells in the Edinger- 
Westphal nucleus from an AD brain, magnification 400×. 
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interruption of neuronal plasticity [18,19]. The fact 
that NFTs, a prominent feature of the AD brain, are 
seen in the same portions of the CNIII and EW nucle-
us provides a possible explanation of this result [19]. 

Moreover, ApoE is a  major factor in the patho-
genesis of AD, by means of cholesterol transfer and 
APP metabolism, leading also to the neuroplasticity 
dysfunction [13]. Therefore, it could mean that the 
neuroplasticity dysfunction causes the distal and 
synaptic loss found, or the other way around. 

Additionally, in the present study, there was 
a  significant change in the morphology of the 
spines, besides the loss in their number. Whereas in 
normal controls, the majority of spines were of the 
long-neck type, in AD patients, about 80% of them 
were short-stubby ones, added the fact that giant 
dystrophic spines were also noticed. The morphol-
ogy and structural plasticity of spines is related in 
a great amount to F-actin polymerization, which in 
turn, is thought to be a standard stage in NFT-linked 
degeneration. In conclusion, giant spines are usu-
ally a feature of increased oxidative stress, another 
alleged contributor of AD pathogenesis. 

Summarizing the results, the present study, show-
ing a loss of distal branches and alterations in spinal 
morphology and number that is coherent to the loss 
of synaptic contacts, comes in agreement with the 
disturbance of the neuronal function, thus providing 
an additional possible explanation for the pupillary 
reaction’s particularities in AD.
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Iron-induced fibrin formation may explain vascular pathology  
in Alzheimer’s disease
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To the Editor

In their review article Serý et al. [6] have present-
ed compelling arguments in favour of the role of 
vascular mechanisms in the development of Alzhei-
mer’s disease (AD). These arguments are in line with 
a  recent series of publications questioning the pre-
vailing concept of amyloid beta-induced neurodegen-
eration. Already in 2009 Pimplicar published a paper 
reassessing the amyloid hypothesis in AD [4]. More 
recently another important paper was published, in 
which the author has indicated that therapeutic tar-
geting Abeta brain deposits had no significant effect 
in AD patients [5]. In the last decade of this century, 
a number of papers appeared that offered alternative 
explanations of the molecular mechanisms of AD that 
are related to cardiovascular diseases (CVD). It is well 
known that the hallmark of CVD is the intravascular 
formation of persistent fibrin deposits, or thrombi. 
Under the conditions of normal hemostasis, fibrin is 
gradually albeit completely removed by a  powerful 
blood fibrinolytic enzyme system. It is known, howev-
er, that in the pathologic situations, such as coronary 
and/or cerebral thrombosis, fibrin clots are refractory 
to the thrombolytic dissolution [2].

We have recently shown that, when compared 
to thrombin-generated clots, the iron-induced fibrin 
has a  radically different structure and morphologi-
cal appearance as documented by scanning electron 
microscopy [1]. A characteristic feature of this novel 

form of fibrin (parafibrin) is its complete resistance to 
the proteolytic degradation. Thus, it may be argued 
that the formation of parafibrin in the cerebral circu-
lation may be an important factor contributing to AD 
pathology. Apparently, unfolding of fibrinogen poly-
peptide chains and its scrambled refolding induced by 
iron potentiates and/or mimics amyloid deposits in 
the brain, and in this way contributes to AD patholo-
gy. This concept is supported by the findings of Strick-
land and his group, who have shown that persistent 
fibrin deposits contribute to neuro-inflammation [3]. 
In conclusion, we believe that the information pre-
sented above supports arguments presented by Serý 
et al. [6] that deserve further attention.
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