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Review paper

The role of genetic factors in the pathogenesis of neonatal 
intraventricular hemorrhage

Dawid Szpecht1, Marta Szymankiewicz1, Agnieszka Seremak-Mrozikiewicz2, Janusz Gadzinowski1

1Department of Neonatology, Poznan University of Medical Sciences, 2Department of Perinatology and Women’s Diseases,  
Poznan University of Medical Sciences, Poznan, Poland

Folia Neuropathol 2015; 53 (1): 1-7� DOI: 10.5114/fn.2015.49968 

A b s t r a c t

Intraventricular hemorrhage (IVH) affects 15-20% of babies born before 32 weeks of pregnancy. Besides gestational 
age (below 32 weeks) there are a number of IVH risk factors. Increasing attention is being paid to genetic factors 
in the development of IVH. The authors discuss genetic factors (mutations of coagulation factors, gene polymor-
phisms in pro-inflammatory cytokines, mutation of type IV collagen gene, polymorphisms of genes responsible for 
the regulation of systemic blood pressure and cerebral blood flows) whose involvement in IVH pathogenesis has 
been confirmed in the highest number of reports and for which being a  carrier plays an important role in their 
pathophysiology. The role of genetic factors in IVH remains unclear. Further analysis of the role of genetic factors in 
the pathophysiology of IVH will make it possible to determine the group of newborns who are specifically at risk of 
developing IVH in the perinatal period. 

Key words: neonatal intraventricular hemorrhage, genetic factors, pathophysiology.

Intraventricular hemorrhage (IVH) is a  condition 
which mainly affects prematurely born infants. It 
affects 15‑20% of babies born before 32 weeks of 
pregnancy. The condition rarely occurs in full-time 
infants. About 90% of cases of intraventricular hem‑
orrhage occur within the first 3 days of the newborn’s 
life. In 20-40% of cases the spread of the initial bleed‑
ing becomes more extended, which is most often 
observed at the end of the first week of life. In the 
majority of cases involving mild bleeding (classified 
as grades 1 and 2) no clinical effects are observed. 
Grade 3 or 4 hemorrhage may manifest itself in a sud‑
den deterioration in the clinical condition, seizures, 
consciousness disorders and neurological symp‑
toms, such as eye movement disorders, decreased 

spontaneous movement, and muscle tone distur‑
bances. Grade 1 and 2 hemorrhages usually resolve 
themselves and cause no long-term problems. About 
40-80% of newborns with grade 3 or 4 hemorrhages 
develop symptoms of cerebral palsy [25]. 

Besides gestational age (below 32 weeks) and 
body weight at birth (less than 1500 g) there are 
also other IVH risk factors identified in the litera‑
ture, including: absence of prenatal steroid ther‑
apy in women at risk of premature delivery, early 
clamping of the umbilical cord (up to 30 seconds 
after birth), symptoms of intrauterine infection in 
the mother and the newborn, and labor and delivery 
complicated by bleeding or perinatal hypoxia. The 
group of infants with elevated IVH risk also includes 
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newborns with intrauterine growth retardation, and 
those who in the first days of their life were treated 
with crystalloids (bolus 10-15 ml/kg) and/or cate‑
cholamines for hypotension and NaHCO3 for acido‑
sis. The IVH risk group also includes newborns with 
blood clotting disorders, thrombocytopenia, hypo‑
glycemia, pneumothorax, bleeding of lungs, and 
those transported from another hospital [3,4,27]. 
Moreover, today increasing attention is being paid 
to genetic factors in the development of IVH, but 
their connection with IVH in the newborn has been 
confirmed by few clinical studies so far. The pur‑
pose of this paper is to discuss those genetic factors 
whose involvement in IVH pathogenesis has been 
confirmed in the highest number of reports and for 
which being a carrier plays an important role in their 
pathophysiology.

Congenital thrombophilias: factor V 
Leiden gene mutation, prothrombin 
G20210A mutation, factor XIII Val34Leu 
polymorphism 

Congenital thrombophilias are a genetically con‑
ditioned predisposition for venous or arterial throm‑
bosis. Activated protein C resistance (APCR), i.e. the 
resistance of factor V to the anti-coagulant action of 
APC, is the most prevalent type of congenital throm‑
bophilia, and in over 90% of patients it is caused by 
a  point mutation of the factor V gene on chromo‑
some 1 (the Leiden mutation). 

Factor V (FV) is synthesized by hepatocytes. It 
is also created in monocytes, macrophages and 
megakaryocytes, and is transformed by thrombin to 
its active form (factor Va, FVa). Factor V undergoes 
thrombin-dependent activation and APC-dependent 
inactivation. Thrombin cleaves FV at Arg709, Arg1018 
and Arg1545 within the B domain of FV. The result is 
the active form (FVa) which, together with FXa and 
calcium ions, forms the prothrombinase complex 
that converts prothrombin into thrombin. Besides its 
pro-coagulant activity, FVa also plays an anti-coagu‑
lant role (APC-dependent). APC-mediated proteolysis 
of FVa to FVi occurs when APC is attached to FVa 
at Arg306, Arg506 and Arg679 of the heavy chain 
of FVa. The role of FVa is also to inactivate FVIIIa to 
FVIIIi, which is initiated by connecting APC to FVa at 
Arg506 and forming FVac, which inactivates FVIIIa 
[9,28,34].

Factor V Leiden mutation is an autosomal dom‑
inant genetic mutation affecting between 2% and 

10% of the Caucasian race. This form of mutation 
is most often encountered in Cyprus, southern Swe‑
den, Germany, Saudi Arabia and among the Jewish 
community in Israel, whereas it is extremely rare in 
Africa and in the Chinese and Japanese populations. 
In 90% of cases of factor V Leiden mutation, arginine 
at position 506 of the heavy chain is replaced with 
glutamine, which results in resistance to APC‑de‑
pendent proteolysis and retained pro-coagulant 
activity of factor V. In addition, the mechanism of 
FVIIIa inactivation by FVac is switched off. In peo‑
ple with heterozygous mutation the risk of throm‑
boembolic disease is 3-8 times higher than it is in 
the healthy population. In people with homozygous 
mutation the risk of developing venous thrombosis 
is even 80 times as high as the general population 
risk. The most frequently found symptoms of Leiden 
mutation are superficial thrombophlebitis and deep 
vein thrombosis of the legs and thrombosis in atypi‑
cal locations: inferior vena cava, hepatic portal vein, 
hepatic veins [20,21]. 

Prothrombin (factor II, FII) is a  vitamin K-depen‑
dent proenzyme produced in the liver and convert‑
ing fibrinogen to fibrin. The prothrombin encoding 
gene is located on chromosome 11 (region: p11-q12).  
The F2 allelic variant – a mutation in the 3’ untranslat‑
ed region of the prothrombin gene (20210 – changing 
guanine to adenine) is associated with higher lev‑
els of prothrombin synthesis, increasing prothrom‑
bin plasma levels by over 10%. Its prevalence in the 
Polish population is estimated at approx. 1% [26]. 
In both child and adult populations an association 
has been found between the mutation of the pro‑
thrombin gene and the incidence of thrombosis in 
certain venous locations (portal vein, intracranial 
veins). Being a carrier of both factor V Leiden gene 
mutation and the prothrombin G20210A mutation 
increases the risk of thrombotic incidents approx. 
3-fold, compared with the factor V Leiden gene 
mutation alone [31].

The association between the factor V Leiden 
gene mutation and IVH was first described in the lit‑
erature in a group of 8 infants with hydrocephalus. 
Due to the immaturity of anti-coagulation mecha‑
nisms, including the C-protein system (comprising 
the C protein, S protein and thrombomodulin), the 
newborn shows a  tendency to over‑coagulate. The 
roles of factor V Leiden gene mutation and the pro‑
thrombin gene in IVH pathogenesis are probably 
a consequence of an increased risk of thrombosis in 
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the fine blood vessels in the region of the germinal 
matrix. Increased blood pressure in germinal matrix 
vessels may lead to vessel wall rupture and to IVH. 
As reported in the literature, congenital thrombophi
lia is associated with an increased IVH risk among 
newborns, but it may also play a  protective role.  
Petäjä et at. [31] analyzed a group of 51 newborns 
with very low weight at birth (22 infants with grade 2  
to 4 IVH and 29 in the control group), in which IVH 
was observed among carriers of the factor V Leiden 
gene mutation. Similar conclusions were reached by 
Komlósi et al. [18], who observed an increased IVH 
risk in newborns with congenital thrombophilia and 
birth weight below 2500 g. However, there are other 
studies which indicate that factor V Leiden and pro‑
thrombin G20210A gene mutations have a protec‑
tive role against IVH. Data published by Göpel et al. 
[12] show that the risk of IVH above grade 2 among 
infants carrying factor V Leiden and prothrombin 
G20210A gene mutations is lower than among those 
not carrying these mutations. Härtel et al. [14] found 
no association between the prevalence of IVH in 
infants with body weight at birth < 1500 g and be- 
ing the carrier of these mutations. Thus, the role 
of factor V Leiden and prothrombin G20210A gene 
mutations in the pathogenesis of IVH remains 
unclear. The heterogeneity, size and ethnic diversity 
of the groups of infants studied provide the most 
likely explanation of the differences in findings 
concerning the role of these two mutations in IVH 
pathogenesis.

The role of other genetic factors, such as factor 
XIII-Val34Leu polymorphism and factor VII-323 del/
ins polymorphism, in the pathogenesis of neonatal 
IVH has not been fully confirmed. Factor XIII, whose 
role is to stabilize fibrin and create a clot, is coded 
by a gene located on chromosome 6. A point muta‑
tion in codon 34 at exon 2 of the factor XIII A subunit 
results in substituting leucine for valine at position 
34 of the peptide. As reported in the literature, in the 
adult population the polymorphic variant of factor 
XIIIVal34Leu protects against myocardial infarction, 
ischemic stroke and venous thromboembolism while 
at the same time increasing the risk of intracrani‑
al hemorrhage [17]. Göpel et al. [11] confirmed an 
increased frequency of IVH grade 1 to 4 in very low 
birth weight infants carrying the Leu/Val or Leu/Leu 
allele (14.3%), compared to those with the Val/Val 
allele (10.1%). This association was not confirmed by 
Härtel et al. [14].

Gene polymorphisms in pro-inflammatory 
cytokines 

There is no doubt that factors involved in inflam‑
matory processes play a  role in the pathogenesis 
of IVH. The role of a  number of pro-inflammatory 
cytokines and polymorphic variants of IL-1β, ESR1 
and TNF-α genes and their impact on damage to an 
immature central nervous system and the develop‑
ment of IVH in pre-term infants has been investigat‑
ed in many studies [7,16,23,26,37]. 

Interleukin 1 (IL-1) is a  family of cytokines com‑
prising over 10 molecules including IL-1α, IL-1β, IL-1γ  
(IL-18), IL-1ε, IL-1δ, IL-1Ra, and IL-1H. Interleukine 1 
plays a  major role in regulating an inflammatory 
reaction and is produced mainly by monocytes and 
macrophages of various tissues in response to bac‑
terial, viral and fungal antigens. The majority of IL-1 
effects are associated with the presence of IL‑1β. 
A significant association was confirmed between an 
increased IL-1β concentration in the amniotic fluid and 
umbilical cord blood and the development of IVH and 
periventricular leukomalacia in neonates [37]. Animal 
tests proved that administration of IL-1β causes dam‑
age to the central nervous system of newborn rats, 
yet the pathology mechanism is still unknown [7]. In 
2013 Adén et al. [2] presented the results of a study  
in which genotypes of 224 premature infants with 
birth weight between 500 and 1250 g and with IVH 
grade 3 and 4 were analyzed. The analysis covered 
a number of gene polymorphisms for collagen 4A1 
(COL4A1 Gly1580Arg); FII (97 G>A); FV (1601 G>A); 
interleukin IL-1β (87-511 T>C; 87-31 C>T); interleukin 6 
(116-121 C>G); methylenetetrahydrofolate reductase 
(MTHFR) (677 C>T; 1298 A>C); TNF (169-319 G>A). In 
the study, of a  number of the polymorphisms ana‑
lyzed, the role in the pathogenesis of IVH was con‑
firmed in carriers of the MTHFR 1298 A>C gene poly‑
morphism, more frequently with the CC genotype. 
MTHFR is an enzyme which catalyzes the reduction 
of 5,10-methylenetetrahydrofolate to 5-methyltetra‑
hydrofolate, a  substrate in remethylation of homo‑
cysteine to methionine. Mutations in the MTHFR 
gene cause a reduction in the enzyme activity, which 
results in increased blood plasma homocysteine con‑
centration. Raised homocysteine levels may cause 
damage to vascular endothelium, increase the risk of 
vessel rupture and lead to IVH. 

Tumor necrosis factor (TNF) is produced mainly 
by active monocytes and macrophages and, in much 
lower quantities, by other tissues, and – together 
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with interleukins 1 and 6 – plays a role in the local‑
ized and systemic inflammatory response, using 
endo-, para- and autocrine signaling to communicate 
with immune system cells. Tumor necrosis factor is 
thought to play a  role in the growth, differentiation 
and activities of various cells, both normal and mod‑
ified by cancer. Among other things, it is responsible 
for damage to microcirculatory endothelium in the 
central nervous system, thereby increasing the risk of 
vessel rupture and IVH occurrence. The role of specific 
polymorphic gene variants for TNF-α and TNF-β in the 
pathogenesis of neonatal IVH is unclear. Adcock et al. 
[1] found a correlation between the development of 
IVH and being a carrier of the TNF-α 308 G/A (allele 
A) polymorphism. In a  study investigating the role 
of polymorphic gene variants of 308 G/A TNF-α and 
Ncol TNF-β in a group of 27 infants born before week 
32 of pregnancy, Heep et al. [15] confirmed higher 
incidence of severe (grade 3 or 4) IVH in carriers of 
the TNF-β2 allele, while a  corresponding correlation 
in carriers of a polymorphism of the ‑308 promoter 
region of the TNF-α gene was not found.

Mutation of type IV collagen gene

The COL4A1 gene encodes the α chain of type 
IV collagen. Type IV collagen is the principal compo‑
nent of basement membrane. In mice studies the 
mutation in the COL4A1 gene resulted in intracranial 
hemorrhage, including IVH. The literature indicates 
that the 4582-4586dupCCCATG mutation of the 
COL4A1 gene is related to neonatal porencephaly 
and hemorrhagic stroke in adults. In 2009, Bilguvar 
et al. [5] published results which indicate the role of 
the 4582-4586dupCCCATG mutation of the COL4A1 
gene in the pathogenesis of IVH in preterm infants. 
The 4582-4586dupCCCATG variant of the COL4A1 
mutation leads to the insertion of two amino acids 
in the NC1 domain of type IV collagen, which results 
in destabilization of collagen IV and in perforation 
of the vascular basement membrane which affects, 
inter alia, cerebral vessels of newborn infants [5]. 

Polymorphisms of genes responsible  
for regulation of systemic blood pressure 
and cerebral blood flows

Cerebral blood flows through an infant’s brain 
are controlled by four mechanisms: autoregulation 
and chemical, metabolic and neurogenic regulation. 
In healthy infants born at term the regulation of 

cerebral blood flow responds to stimuli in the same 
way as it does in an adult. Cerebral blood vessels, 
with their rich innervation (both sympathetic and 
parasympathetic), respond by contracting to neuro
transmitters such as noradrenaline, serotonin and 
neuropeptide Y, and by relaxation to acetylcholine, 
vasoactive intestinal peptide and nitric oxide. In the 
pathogenesis of neonatal IVH in preterm infants, 
an important role is played by changes in venous 
and arterial cerebral flows. It has been shown that 
the ability of autoregulation of cerebral flows in 
response to variations in arterial blood pressure in 
preterm infants is impaired. This impaired autoreg‑
ulation causes an increased risk of germinal matrix 
rupture and IVH occurrence [6].

It seems that endothelial nitric oxide synthase 
(eNOS) gene polymorphisms (Glu298Asp or –786 
T>C) may increase the risk of IVH in preterm infants 
by significantly disrupting the regulation of cerebral 
flows [6,35]. Nitric oxide (NO) is continuously syn‑
thesized in the human body, inter alia in vascular 
endothelium. It is synthesized from the guanidine 
group of L-arginine with the release of L-citrulline 
in a reaction catalyzed by eNOS in the presence of 
molecular oxygen and cofactors: reduced nicotin‑
amide adenine dinucleotide phosphate (NADPH), 
flavin adenine dinucleotide (FAD) and tetrahydrobio
pterin (BH4). The eNOS enzyme, taking up cellular 
membrane microdomains in cells such as endo‑
thelium, myocytes, platelets and neurons, plays an 
important role in the transduction of signals reach‑
ing the cell from outside, e.g. by interaction with 
caveolin-1. The eNOS activity is controlled, inter alia, 
by phosphorylation and depalmitoylation, binding 
to the Ca2+/calmodulin complex, and association 
with the Hsp90 protein. NO synthesis disorders 
may result from genetically conditioned disrup‑
tions in eNOS activity. The NOS3 gene (eNOS coding 
gene) comprises 26 exons and 25 introns; it codes 
1203 amino acids with molecular mass of 133 kDa.  
The NOS3 gene polymorphism whereby guanine (G) 
is replaced with thymine (T) at nucleotide 894 (exon 7)  
results in a change of the amino acid sequence of 
Glu298Asp. The 786 T>C polymorphism of the NOS3 
gene replaces thymine with cytosine in the NOS3 
gene promoter at –786. It is thought that in the 
presence of Glu298Asp and –786T>C polymorphic 
variants, eNOS enzymatic activity may be impaired. 
The main NO receptor is guanyl cyclase. The effect 
of guanyl cyclase activation is an increase in cGMP 
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levels and the activation of protein kinase G (PKG). 
In endothelium NO plays a central role in the regu‑
lation of local blood pressure, by acting as a vaso‑
dilatory agent, whereby it ensures that blood flow 
through the tissues is adequate to the requirements. 
Moreover, it counteracts the factors acting as strong 
vasoconstrictive agents, such as endothelin-1 and 
angiotensin II, and it inhibits aggregation and adhe‑
sion of blood platelets by reducing the production of 
platelet activation factor (PAF) by the endothelium. 
It also acts protectively for vessel walls, by inhibit‑
ing oxidation of lipids and inactivating oxygen free 
radicals [10]. It has also been demonstrated that 
in pregnant women the activity of the NO synthe‑
sis system is high. This activity decreases as the 
delivery term approaches, which plays a major role 
in the mechanism of stimulating uterine contrac‑
tions and the start of labor. Elevated levels of nitric 
oxide during pregnancy result from the stimulation 
of NO synthase in the uterine muscle and the syn‑
cytiotrophoblast by high estradiol concentrations. 
Maternal levels of NO also regulate the resistance 
in uteroplacental circulation vessels. NO deficiency 
in pregnancy may be related to arrested intrauterine 
fetus development and low birth weight. In infants 
carrying polymorphic variants of the eNOS gene 
a decreased concentration of nitric oxide synthase 
may lead to lower NO concentration in the perinatal 
period and to disruptions affecting neonatal cerebral 
blood flows [24,29,30].

The renin-angiotensin-aldosterone system (RAA 
system/RAAS) is a system that regulates blood vol‑
ume and blood pressure, as well as the concentra‑
tion of Na and K ions in systemic fluids. 

Deletion/insertion variant for the angiotensin 
converting enzyme (ACE ins/del) and the 1166A/C 
polymorphism of 1 Ang II (ATR1166A/C) are related 
to a better prognosis in the course of acute respi‑
ratory distress syndrome. The role of these two 
polymorphisms in the IVH pathology in newborns 
still remains unclear. It is reported in the literature 
that the polymorphism of the ACE ins/del gene 
may act as either a  good or a  bad prognostic fac‑
tor in the course of the infant respiratory distress 
syndrome. Newborn infants carrying the ACE ins/
del polymorphism also carry a  higher risk of reti‑
nopathy of prematurity (ROP), and those carrying 
ATR1166A/C polymorphism carry a risk of persistent 
ductus arteriosus (PDA) in premature infants [13]. 
In 2011 Spiegler et al. [32] published the results 

of a multi-center study carried out on 1209 infants 
born with body weight below 1500 g in 12 centers 
in Germany. No significant association between 
ACE-ins/del or ATR1166A/C genotype and neonatal 
death or other infant outcome parameters (such as 
IVH, bronchopulmonary dysplasia, ROP or PDA) was 
found [32,36].

Research to date has shown that the polymor‑
phic variants of the ET-1 gene Lys198Asn and 134delA  
play a significant role in the pathogenesis of ischemic 
heart disease and arterial hypertension in adults, 
including in pregnancy, while their impact on the 
development of neonatal IVH is unclear. Endothelin 1 
(ET-1) is the strongest known vasoconstrictor – the 
vasospasm effect lasts for 45-60 minutes. Endothe‑
lin 1 may play a  role in maintaining hemodynamic 
homeostasis by changing the distribution of blood 
in the system [33]. It is also reported in the literature 
that childbirth is a stress factor leading to increased 
synthesis of ET-1 by umbilical vein endothelium. 
Endothelin 1 may play a significant role in the regula‑
tion of blood flow through the feto-placental unit. It 
is suggested that the fetus itself also synthesizes the 
hormone, as a result of hemodynamic and metabo
lic changes occurring during uterine contractions in 
childbirth. It is likely that an increased concentration 
of ET-1 in umbilical blood plasma during childbirth 
leads to the contraction of umbilical vessels after 
delivery, and it may be one of the mechanisms that 
prepare the fetus for taking the first breath [22]. 

Intraventricular hemorrhage represents a very sig‑
nificant complication in preterm infants. The role of 
genetic factors in IVH remains unclear. Further analy‑
sis of the role of genetic factors in the pathophysiolo‑
gy of IVH will make it possible to determine the group 
of newborns who are specifically at risk of developing 
IVH in the perinatal period. 
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A b s t r a c t

Introduction: Subependymal nodule (SEN) and subependymal giant cell astrocytoma (SEGA) are brain lesions fre-
quently found in tuberous sclerosis (TS). As about 10-15% of SENs enlarge and transform into SEGAs, we examined 
here the possible mechanism of the phenomenon.
Material and methods: Using Western blot we studied 1 SEN and 3 SEGA samples; SEN and 1 SEGA came from the 
same TS patient. We evaluated e.g. the activation of the phosphorylated forms of proteins belonging to Akt, Erk and 
mTOR pathways.
Results: Differences in Erk pathway activation between SEN and SEGA were found. There was no upregulation of 
p-Erk, p-Mek or p-RSK1 in the SEN specimen, whilst we found these proteins to be significantly uptriggered in SEGA 
samples. Also, for the first time, we found p-Akt, p-GSK3β and p-PDK1 upregulated in both SEN and SEGA from the 
same TS patient.
Conclusions: Our current study shows for the first time the possible mechanism of SEN/SEGA transformation, where 
Erk pathway hyperactivation seems to be significant. We hypothesize that SEN/SEGA transformation may depend 
on Erk potentiation.

Key words: subependymal giant cell astrocytoma, subependymal nodule, Erk, tuberous sclerosis.

Introduction

Tuberous sclerosis (TS) is a  neurological auto-
somal dominant disorder, characterized by high 
variability of clinical presentation, as well as high 
penetrance, leading to an incidence estimated as 
1 : 6000 [11]. Tuberous sclerosis may be associated 
with multiple hamartomas and neoplasms in sever-
al organs, mainly in the skin, brain, heart, kidneys 
and lungs [5,15]. The multisystem, usually benign, 

non-invasive lesions vary in size and number and 
are randomly distributed throughout the body. Thus, 
clinical manifestations can vary widely, even among 
close relatives. Major and minor clinical criteria serve 
to establish the diagnosis [15]. Recently, also genetic 
diagnostic criteria were postulated [17].

Brain-related manifestations are associated with 
the highest morbidity in TS patients. About 85% of 
patients suffer from neurological complications, such 
as epilepsy, intellectual disability or autism. Epilepsy 
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is very often drug-resistant and has an early onset; 
seizures start during the first year of life in most 
patients [5]. Among neuropathological features of 
TS, the most frequent is the presence of cortical and 
subcortical tubers, a type of cortical dysplasia found 
in 90% of patients; subependymal nodules (SENs) 
are found in about 80% of TS patients and subep-
endymal giant cell astrocytomas (SEGA; called sub-
ependymal giant cell tumors by some authors) occur 
in about 5-10% of TS patients. 

Subependymal nodules are usually small, asymp-
tomatic hamartomas, located in the lateral ventri-
cles or adjacent to the caudate nucleus. Subependy-
mal nodules usually develop during fetal life, and 
commonly calcify. The lesions can occur as single, 
irregular nodules, not exceeding 1  cm in diameter, 
or multiple lesions (forming “candle guttering”). On 
magnetic resonance imaging (MRI) scans, SENs are 
hyperintense on T1-weighted images, especially in 
neonates, whilst on T2-weighted images, because of 
their calcification, they exhibit an iso- or hypointense 
signal. Also variable enhancement after contrast 
injection is commonly seen, but this phenomenon 
is not considered to be of prognostic value [12]. In 
about 10-15% of cases SENs enlarge gradually and 
transform into SEGAs. This process is the fastest 
during the first 2 decades of life: SEGAs are rarely 
found in newborns, but their prevalence increases 
with age [5]. Histologically, the nodules consist of 
spindle glial cells and large cells, similar to giant cells 
in cortical tubers, positive for GFAP and sometimes 
for neuronal markers [10].

Subependymal giant cell tumors are low-grade 
(WHO grade 1) glial tumors, highly vascularised and 
located typically near the foramen of Monro, at the 
caudothalamic groove. The tumors consist of spindle 
cells, gemistocytic-like cells and giant cells. Immuno-
histochemical analysis reveals mainly glial, but also 
neuronal features. The dysmorphic glial cells in SEGA 
can form pseudorosettes or clusters. The giant cells 
are similar to those in cortical tubers. Also some foci 
of necrosis can be present, as well as some mitotic 
figures; the labeling index of Ki‑67 is about 1% [1,2,4], 
although rare cases of higher mitotic index are also 
reported [3]. 

The diagnostic definition of SEGA includes caudo-
thalamic groove lesions which exceed 1 cm in diam-
eter or subependymal lesions growing consecutive-
ly, irrespective of the tumor size [15]. On CT, SEGAs 
are iso- or hyperattenuated and commonly calcified. 

On MRI they have mixed signal intensity and reveal 
strong enhancement after contrast administration 
[16]. Even though SEGAs grow slowly, eventually, 
because of their significant size, they can cause cere-
brospinal flow obstruction, increase of intracranial 
pressure and hydrocephalus [10]. 

The clinical presentation results from mutation in 
the suppressor gene TSC1 (tuberous sclerosis com-
plex 1) or TSC2 (tuberous sclerosis complex 2), encod-
ing hamartin and tuberin, proteins forming a  het-
erodimer. The hamartin-tuberin heterodimer acts in 
normal conditions as the suppressor of the mamma-
lian target of rapamycin (mTOR), a serine-threonine 
kinase known as the central regulator of cellular 
growth, proliferation and protein synthesis. Mam-
malian target of rapamycin receives an input from 
various signals, such as growth factor stimulation, 
nutrient availability or the state of oxygenation. In TS, 
as the TSC1/TSC2 suppressor complex is nonfunctio- 
nal, the upstream kinase cascades, such as protein 
kinase B (Akt) and extracellular signal-regulated 
kinase (Erk) pathways, are capable of mTOR upregu-
lation through the phosphorylation of cell-cycle regu-
lators as well as transcription factors [7].

In this study, we tried to determine why SENs 
start to grow and transform into SEGAs. First of all, 
we focused on mTOR kinase and its activators. It is 
already known that both Akt and Erk pathways can 
be upregulated in SEGAs [6,7]. However, we do not 
know any previous study on mTOR, Akt or Erk path-
ways on SEN specimens. For this reason, in the current 
study we examined for the first time the activation 
of the proteins belonging to the above-mentioned 
pathways in SEN and compared the results with the 
protein activation pattern in SEGAs.

Material and methods

Tissue samples 

All studied SEN and SEGA samples, as well as 
control tissues, were retrieved from the Department 
of Pathology, Children’s Memorial Hospital in War-
saw, Poland. Three studied SEGA samples and one 
SEN specimen from patients with TS complex, were 
classified by the neuropathologists, according to 
international criteria [14,15]. One of the SEGA sam-
ples came from the same TS patient from whom we 
obtained the SEN sample. As a positive control we 
used medulloblastoma, where Akt and Erk pathway 
activation was documented [17]. 
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Sample preparation  

Our research was performed by the Western blot 
method. All the lysates were prepared simultaneous-
ly, in order to avoid differences in conditions during 
sample processing. Tissues prepared for electropho-
resis were homogenized in a  tissue grinder with  
RIPA lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 
1% Nonident P-40, 0.5% sodium deoxycholate, 1 mM 
EDTA, 0.1% SDS) with 50 mM sodium fluoride and  
1 mM sodium orthovanadate, supplemented with  
1x Complete Protease Inhibitor (Roche, Indianapolis, 
IN) and Phosphatase Inhibitor Cocktail I  (Sigma-Al-
drich, St. Louis, MO). The storage temperature of pre-
pared lysates was –80°C.

Western blot 

Thawed tissue lysates were diluted in Bio-Rad’s 
Laemmli Sample Buffer (62.5 mM Tris-HCl, pH 6.8; 

25% glycerol; 2% SDS; 0.01% Bromophenol Blue; 
B-mercaptoethanol for a  final concentration of  
5% was added) in a 1  : 1 ratio. Subsequently the 
samples were heated for 5 minutes at 95°C. About 
20 µg of protein tissue extract was put into each 
well of 10% polyacrylamide gel and subjected to 
SDS PAGE. 

After completing SDS PAGE and electrophore
tic transfer onto PVDF membrane, the blots were 
blocked with 5% non-fat dry milk in TBST (Tris buff-
ered saline, 0.05% Tween). Afterwards, the mem-
branes were incubated with the primary antibody 
(at 4°C, for 16 hours) and respective HRP-conju-
gated secondary antibody (for 30 minutes at room 
temperature; diluted with 2.5% non-fat dry milk in 
TBST). We used West Pico chemiluminescence sub-
strate (Pierce, Rockford, IL) for protein detection. 
Equal protein loading was evaluated by Ponceau S 
and α-tubulin staining.

Fig. 1. A) Subependymal nodule covered by ependyma with largest cells in the central part of the lesion. B) Sub
ependymal nodule showing large astrocytic cells with glassy cytoplasm. C) Subependymal nodule displaying spin-
dle cell aggregate around blood vessels. D) Subependymal nodule with numerous calcifications. H&E staining.
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Antibodies for Western blot

The following primary antibodies were purchased 
from Cell Signaling Technologies: PathScan PDGFR 
Activity Assay Multiplex Western Detection Cocktail; 
p-Akt/PKB Ser 473, p-GSK3β Ser 9, p-PDK1 Ser 24, 
p-S6rp Ser 235/236; p-MEK 1/2 Ser 221, p-p90-RSK 
Ser 380; p-Erk Thr 202/Tyr 204; total-Erk; Rheb; Rap-
tor; eIF4E; p-SAPK/JNK Thr183/Tyr185.

The following primary antibodies were purchased 
from Santa Cruz Biotechnology: alpha-tubulin; cyclin 
D1; Bax; Bad; caspase 9.

Results

Neuropathological features

Histopathological features of both SEN and SEGAs 
were very similar (see Fig. 1A-D, Fig. 2A-D). They were 
composed of spindled, epithelioid and gemistocyte- 

like cells and gliovascular stroma. The SEN was cov-
ered by a layer of ependymal cells (Fig. 1A). In addi-
tion, the largest cells with abundant glassy cytoplasm 
were situated in the central portions and smaller 
cells at the periphery of the SEN (Fig. 1B and C). Sub
ependymal nodule displayed several calcifications 
(Fig. 1D). No mitotic figures or necrosis were detected 
in either SEN or SEGAs. 

Western blot results

In both types of samples (SEN and SEGA) we 
found increased activation of S6rp, a protein involv-
ed in translation and cell proliferation. Cyclin D1, 
a G1/S cell cycle phase transition regulator, appeared 
to be markedly increased in both types of tissues. 
Raptor protein (regulatory-associated protein of 
mTOR), interestingly, was expressed only in the SEN 
specimen (Fig. 3A).

Fig. 2. Subependymal giant cell astrocytoma. A) Neoplastic cells covered by ependyma. B) Perivascular 
pseudorosettes. C) Gemistocytic-like cells in fibrillary background. D) Large, polygonal cells with abundant 
glassy cytoplasm and peripherally displaced nuclei. H&E staining.
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Then, we focused on three proteins taking part 
in the Akt cascade: PDK1, Akt and GSK3β. We found 
that p-Akt, p-GSK3β (its effector) and p-PDK1, acting 
upstream of Akt, were upregulated in both SEN and 
SEGA from the same TS patient. The level of activation 
was similar in each sample and always significant-
ly higher than in the control. Here, for the first time,  
we show Akt pathway activation in SEN (Fig. 3B).

As far as the Erk pathway is concerned, the results 
we obtained differ markedly for two types of lesions. 
Whilst there was no activation of p-Erk, p-Mek or 

p-RSK1 in the SEN specimen, these proteins were 
significantly uptriggered in SEGA samples. The level 
of total Erk in SEGA and SEN samples was increased, 
compared to the control.

Also phosphorylated forms of stress kinases SAPK/
JNK (stress-activated protein kinase/c-Jun N-terminal 
kinases), other kinases from the Map kinase family,  
in both SEN and SEGA, were upregulated (Fig. 4).

We examined Bad and Bax proteins as well as 
caspase 9. Evaluation of these proteins, belonging 
to the apoptotic pathway, showed overactivation in 

	 SEGA1	 SEGA2	 SEGA3	 SEN3	 Control brain

Phospho-S6 rp
(Ser 235/236)

Cyclin D1

Raptor

A

	 SEGA1	 SEGA2	 SEGA3	 SEN3	 Control brain

Bax

Bad

Caspase 9 (1-2)

C

B 	 SEGA3	 SEN3	 Control brain

Phospho-PDK1
(Ser 241)

Phospho-GSK-3 beta
(Ser 21/9)

Phospho-Akt
(Ser 473)

Fig. 3. Similarity of tumorigenic and apoptotic pathways in subependymal nodule (SEN) and subependymal 
giant cell astrocytoma (SEGA). A) Activation of mTOR effector, S6rp, cyclin D1 and raptor. B) Activation of 
Akt pathway. C) Activation of apoptosis.
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	 SEGA1	 SEGA2	 SEGA3	 SEN3	 Control brain

Phospho-Erk
(Thr202/Tyr204)

Total Erk

Phospho-RSK1
(Ser 380)

Phospho-Mek
(Ser 221)

pSAPK/JNK

Fig. 4. Distinctive activation of Erk pathway in subependymal nodule (SEN), probably constituting the major 
difference between SEN and subependymal giant cell astrocytoma (SEGA).

both SEN and SEGA specimens, pointing to apopto-
sis activation (Fig. 3C).

Conclusions and discussion

Tumorigenesis is a complex phenomenon, involv-
ing disturbances of numerous signaling pathways: 
growth factor stimulation, cellular proliferation, apop-
tosis and cell death, DNA control, etc. The mammalian 
target of rapamycin pathway is located at the center 
of these events. Due to the fact that mTOR gathers 
signals associated with cellular well-being, such as 
the level of oxygen, nutrient availability or energy 
reserves, inhibiting cell proliferation if deficiency of 
any of these is detected, it is often a target of neoplas-
tic transformation. Disturbances of pathways con-
verging on mTOR are found in many epithelial tumors, 
including many CNS tumors of childhood [8,13].

Akt participation in mTOR pathway activation in 
TS has been quite well recognized so far. The effect 
of Erk on mTOR and, generally, its role in TS patho-
genesis are still going through the stage of explora-
tion. In general, the studies are performed on a few 

samples of SEGAs [5,6]. According to our knowledge, 
there are no previous investigations on SEN samples 
involving Akt, Erk or mTOR pathways. 

In our earlier study [6] we observed both Akt and 
Erk hyperactivation in SEGA specimens. We also 
found that the Erk pathway plays a more important 
role in tumor formation in TS than Akt, as Erk hyper-
activation without Akt was sufficient for tumor pro-
gression. The results of our current study appear to 
confirm this observation. 

As we know, no single event results in tumori-
genesis. Our current study sheds some light on the 
possible mechanism of SEN/SEGA transformation, 
for which Erk pathway hyperactivation in SEGA may 
be significant. Our study shows that activation of 
the “classical” Erk kinase cascade leading to mTOR 
activation through Mek and RSK1 is different in SEN 
and SEGA. Also, transcription upregulation, leading 
to cell growth, differentiation, survival or promotion 
of apoptosis by overactivation of the stress-acti-
vated protein kinases (SAPK)/Jun amino-terminal 
kinases (JNK), was observed. Although it is too ear-
ly to demonstrate the exact mechanism leading to 
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SEGA appearance, one could suspect the following 
sequence of events: activation of PI3K/Akt, upregu-
lation of mTOR (these two events leading to SEN for-
mation, but too weak for the transformation of the 
cell into SEGA), and Erk activation (and thus appear-
ance of SEGA). In view of the fact that SEN availabil-
ity from human tissues is very scant, confirmation 
of this hypothesis may need some time. However, it 
may contribute to better future therapy of SEGA, as 
Erk inhibitors are already available on the market.
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A b s t r a c t

To determine whether genetic factors influence frontal lobe degeneration in Alzheimer’s disease (AD), the laminar 
distributions of diffuse, primitive, and classic β-amyloid (Aβ) peptide deposits were compared in early-onset familial 
AD (EO-FAD) linked to mutations of the amyloid precursor protein (APP) or presenilin 1 (PSEN1) gene, late-onset 
familial AD (LO-FAD), and sporadic AD (SAD). The influence of apolipoprotein E (Apo E) genotype on laminar distri-
bution was also studied. In the majority of FAD and SAD cases, maximum density of the diffuse and primitive Aβ 
deposits occurred in the upper cortical layers, whereas the distribution of the classic Aβ deposits was more variable, 
either occurring in the lower layers, or a double-peaked (bimodal) distribution was present, density peaks occurring 
in upper and lower layers. The cortical layer at which maximum density of Aβ deposits occurred and maximum 
density were similar in EO-FAD, LO-FAD and SAD. In addition, there were no significant differences in distributions 
in cases expressing Apo E ε4 alleles compared with cases expressing the ε2 or ε3 alleles. These results suggest that 
gene expression had relatively little effect on the laminar distribution of Aβ deposits in the frontal lobe of the AD 
cases studied. Hence, the pattern of frontal lobe degeneration in AD is similar regardless of whether it is associated 
with APP and PSEN1, mutation, allelic variation in Apo E, or with SAD.

Key words: laminar distribution, β-amyloid (Aβ) peptide deposits, gene mutation.

Introduction

The neuropathology of Alzheimer’s disease (AD) 
is characterised by the formation of extracellular 
senile plaques (SP) and intracellular neurofibrillary 
tangles (NFT) [5,34]. The most important molecu-
lar constituent of the SP is β-amyloid (Aβ) [28], an 
approximately 4 kDa peptide arising by constitutive 
cleavage of a  trans-membrane amyloid precursor 
protein (APP). A variety of Aβ peptides are formed as 
a result of secretase cleavage of APP [40]. The most 
common of these peptides is Aβ42, found largely in 

discrete Aβ deposits, whereas the more soluble Aβ40 
is also found in association with blood vessels [37] 
and may develop later in the disease [21]. The discov-
ery of Aβ led to the formulation of the ‘amyloid cas-
cade hypothesis’ (ACH), one of the most important 
models of the molecular pathology of AD developed 
over the last 25 years [28]. Essentially, the ACH pro-
poses that the deposition of Aβ is the initial patholo
gical event in AD leading to the formation of NFT, cell 
death, and cortical degeneration [28]. 

At least four genetic loci are associated with AD: 
the APP gene on chromosome 21 [17,26], the prese-
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nilin PSEN genes on chromosome 14 (PSEN1) [47] 
and chromosome 1 (PSEN2) [32], and the apolipopro-
tein E (Apo E) gene on chromosome 19 [44]. APP and 
PSEN mutation may alter APP metabolism, resulting 
in increased deposition of Aβ peptide, while allelic 
polymorphism of Apo E, and especially the expres-
sion of allele ε4, may influence the proportion of the 
more fibrillogenic Aβ42 formed in the tissue [32,47]. 
These genetic factors, however, may not explain the 
majority of AD cases [27]. Hence, early-onset cases 
linked to APP and PSEN mutations may account for 
less than 5% of total AD [29]. Additional suscepti-
bility genes and environmental factors are there-
fore likely to be involved, especially in sporadic AD 
(SAD) [38,39,41]. In isolated Amish communities, for 
example, 24 markers have been linked to dementia 
[33] and several other linkage studies have shown 
the presence of AD susceptibility genes on chromo-
somes 9, 10, and 12 [48]. Hence, a small number of 
AD cases have been linked recently to the chromo-
some 9 open reading frame 72 (C9ORF72) gene [55].

Three morphological subtypes of Aβ deposit are 
commonly observed in AD: 1) diffuse (‘pre-amyloid’) 
deposits, in which the Aβ is not in a  fibrillar form 
with a β-pleated conformation, dystrophic neurites 
(DN) and paired helical filaments (PHF) being large-
ly absent, 2) primitive (‘neuritic’) deposits, in which 
the Aβ is in a fibrillar form and is associated with 
DN and PHF, and 3) classic (‘dense-cored’) depos-
its, in which Aβ is highly aggregated to form a cen-
tral amyloid plaque ‘core’ surrounded by a ‘ring’ of 
DN [3,8,10-12,20]. In the cerebral cortex in AD, Aβ 
deposits [2] and NFT [54] often exhibit significant 
variation in density across the cortex from pia mater 
to white matter, maximum density occurring within 
different layers [2,54]. The laminar distribution of Aβ 
deposits may be a consequence of degeneration of 
neural pathways that have their neurons of origin 
or axon terminals located within particular layers 
[22]. The main objective of this study was to deter-
mine whether genetic factors influence the laminar 
distribution of Aβ deposits and therefore result in 
a specific type of cortical degeneration in the frontal 
cortex in AD. Hence, laminar distributions of diffuse, 
primitive, and classic Aβ deposits were studied in 
three groups of cases: 1) early-onset familial Alzhei-
mer’s disease (EO-FAD) linked to mutations of either 
amyloid precursor protein (APP717) or presenilin 1 
(PSEN1: G209V, E280A) genes, 2) late-onset familial 
AD (LO-FAD), and 3) sporadic AD (SAD). In addition, 

the influence of Apo E genotype on the distribution 
of Aβ deposits was studied.

Material and methods
Cases

Alzheimer’s disease cases (N = 20; details in 
Table I) were obtained from the Brain Bank, Depart-
ment of Neuropathology, Institute of Psychiatry, 
King’s College, London, UK. Informed consent was 
given for the removal of all brain tissue according to 
the 1996 Declaration of Helsinki (as modified Edin-
burgh, 2000). Patients were clinically assessed and 
all fulfilled the ‘National Institute of Neurological 
and Communicative Disorders and Stroke and the 
Alzheimer Disease and Related Disorders Associa-
tion’ (NINCDS/ADRDA) criteria for probable AD [52]. 
The histological diagnosis of AD was established by 
the presence of widespread neocortical SP consis-
tent with the ‘Consortium to Establish a Registry of 
Alzheimer Disease’ (CERAD) criteria [34] and ‘Nation-
al Institute on Aging (NIA)-Reagan Institute’ criteria 
[30,34]. The cases were divided into three groups:  
1) EO-FAD (onset ≤ 65 years) (n = 4), 2) LO-FAD (≥ 65 
years) (n = 6), and 3) SAD (n = 10) with no evidence 
of familial involvement. 

Tissue preparation

A  block of the frontal cortex was taken at the 
level of the genu of the corpus callosum to study 
the superior frontal gyrus (SFG). Tissue was fixed in 
10% phosphate-buffered formal saline and embed-
ded in paraffin wax. Both immunostaining and thio-
flavin S have been used to stain SP in AD [14,45]. 
Thioflavin S staining indicates that amyloid in these 
plaques contains fibrillar material with a β-pleated 
sheet conformation [14]. By contrast, immunohis-
tochemistry generally reveals more plaques includ-
ing diffuse Aβ deposits which are mainly thioflavin 
S-negative [14]. Hence, to label all types of plaque 
7  µm coronal sections were immunolabelled with 
a rabbit polyclonal antibody (Gift of Prof. B.H. Ander-
ton, Institute of Psychiatry, King’s College London) 
raised to the 12-28 amino acid sequence of the 
Aβ protein and first used to identify Aβ deposit 
subtypes in Down’s syndrome (DS) [50] but which 
also effectively distinguishes the major types of Aβ 
deposit in AD [4,6,7,10,50]. The antibody was used 
at a dilution of 1 in 1200 and the sections incubat-
ed at 4°C overnight. Sections were pretreated with  
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98% formic acid for 6 minutes, which enhances 
Aβ immunoreactivity. Aβ was visualised using the 
streptavidin-biotin horseradish peroxidase proce-
dure with diaminobenzidine as the chromogen. 
Sections were also stained with haematoxylin. Aβ 
deposits were identified in the sections using criteria 
published by Delaere et al. [20]: 1) diffuse deposits 
were 10-200 µm in diameter, lightly stained, irregular 
in shape, and with diffuse boundaries, 2) primitive 
deposits were 20-60 mm, well demarcated, symmet-
rical in shape, and strongly stained, and (3) classic 
deposits were 20-100 mm and had a distinct central 
amyloid core surrounded by a ‘corona’ of DN [20]. 

Morphometric methods

The distribution of the Aβ deposits in the SFG of 
each case was studied from the pia mater to white 
matter using methods described previously [23]. 

Five traverses from the pia mater to the edge of the 
white matter were located at random within each 
gyrus [9]. All deposits were then counted in 200 x 
1000 µm sample fields arranged contiguously, the 
larger dimension of the field parallel with the sur-
face of the pia mater. An eye-piece micrometer was 
used as the sample field and was moved down each 
traverse one step at a  time from the pia mater to 
the edge of the white matter. Histological features of  
the section were used to correctly position the field. 
The mean of the counts from the five traverses was 
calculated to study variations in density of histolo
gical features across each cortical gyrus.

Data analysis

No attempt was made to locate precisely the 
boundaries between individual cortical layers. First, 
the degree of cortical degeneration present in many 

Table I. Demographic and genetic data of the Alzheimer’s disease (AD) cases studied

Case Sex Age Onset of disease Group Genetics Apo E

1 M 65 – EO-FAD APP717 3/3

2 F 59 – EO-FAD APP717 3/3

3 F 61 – EO-FAD PSEN1 3/3

4 F 45 40 EO-FAD PSEN1 2/3

5 F 72 66 LO-FAD ND 2/3

6 F 86 80 LO-FAD ND 3/4

7 F 77 72 LO-FAD ND 3/3

8 F 79 68 LO-FAD ND 3/4

9 F 85 76 LO-FAD ND 3/3

10 F 89 – LO-FAD ND 3/3

11 M 80 77 SAD – 3/3

12 F 87 82 SAD – 3/4

13 F 64 59 SAD – 4/4

14 F 91 83 SAD – 3/4

15 M 73 66 SAD – 2/3

16 F 82 75 SAD – ND

17 F 91 85 SAD – 3/4

18 F 86 83 SAD – 3/4

19 F 90 – SAD – ND

20 M 82 78 SAD – 3/3

Apo E – apolipoprotein E, APP – amyloid precursor protein, EO-FAD – early-onset familial Alzheimer’s disease, LO-FAD – late-onset familial Alzheimer’s disease, 
SAD – sporadic Alzheimer’s disease, PSEN1 – presenilin 1, M – male, F – female, ND – not determined
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gyri made laminar identification difficult. Second, 
identification was especially difficult in the frontal cor-
tex because it exhibits a heterotypical structure, i.e., 
six layers cannot always be clearly identified and vary 
in prominence from case to case. Third, Aβ deposits 
appeared to exhibit complex patterns of distribution 
across the cortex rather than being confined to spe-
cific layers. Hence, variations in density of Aβ deposits 
with distance across the cortex were analysed using 
a polynomial curve-fitting procedure (STATISTICA soft-
ware, StatSoft Inc., 2300 East 14th St, Tulsa, OK, 74104, 
USA) [2,49]. For each gyrus, polynomials of order 1, 
2, 3 up to the 4th order were fitted successively to 
the data. Hence, second-order curves are parabolic, 
third-order curves are ‘S’ shaped, and fourth-order 
curves are double-peaked (bimodal). With each fitted 
polynomial, the correlation coefficients (Pearson’s ‘r’), 
regression coefficients, standard errors of the mean 
(SEM), values of t, and the residual mean square were 
obtained. At each stage, the reduction in the sums of 
squares (SS) was tested for significance. A polynomi-
al was accepted as the best fit using the procedure 
described by Snedecor and Cochran [49], viz. when 
either a  non-significant value of F was obtained or 
there was little gain in explained variance. The dis-
tributions of the Aβ deposits across the cortex were 

classified initially into three groups: 1) a single den-
sity peak was present (unimodal distribution), peak 
density being located in either upper or lower layers, 
2) two density peaks were present (bimodal distri-
bution), density peaks occurring in upper and low-
er layers, and 3) there was no significant change in  
density across the cortex, Aβ deposits not being  
confined to particular layers. Bimodal distributions 
were then classified further according to whether 
the density peaks in the upper and lower layers were 
of similar or different magnitude. To study the effect 
of Apo E genotype, cases were classified into two 
groups: those not expressing allele ε4, i.e., genotypes 
ε2/3 and ε3/3, and those expressing at least one allele 
ε4, i.e., genotypes ε3/4 and ε4/4. In addition, the loca-
tion of peak density and the maximum density of 
deposits were compared in EO-FAD, LO-FAD, and SAD. 
Hence, the point of maximum density (peak density) 
was identified for each deposit type for each gyrus 
while location of the peak was determined as the 
distance from the pia mater to that of the maximum 
density of Aβ deposits, expressed as a percentage of 
the total distance from the pia mater to the edge of 
the white matter. 

Results

Examples of the distribution of Aβ peptide depo
sits across the SFG are shown in Figures 1 and 2. In 
a case of EO-FAD (Fig. 1) (PSEN1 mutation), Aβ depo
sits occurred across the cortex with a greater density 
of larger deposits in the upper layers. By contrast, in 
a case of SAD (Fig. 2), Aβ deposits occur largely in the 
lower layers. 

Examples of the laminar distribution of the dif-
fuse, primitive, and classic Aβ deposits in the SFG 
of a  single EO-FAD case (case 2, APP mutation) is 
shown in Figure 3. The distribution of the diffuse 
deposits was fitted by a  first-order (linear) regres-
sion (r = 0.82, p < 0.01) consistent with greater 
densities of diffuse deposits in the upper layers and 
a  linear decrease in density across the cortex from 
pia mater to white matter. The distribution of the 
primitive Aβ deposits was fitted by a  third-order 
polynomial (r = 0.91, p < 0.001) with a large density 
peak in the upper layers, while the classic deposits 
were also fitted by a third-order polynomial (r = 0.82, 
p < 0.01) with slightly higher densities adjacent to 
the pia mater and in the lower layers.

A  comparison of the laminar distributions is 
shown in Table II. In FAD, diffuse Aβ deposits exhib-

Fig. 1. Distribution of β-amyloid (Aβ) peptide 
deposits (arrowhead) in the superior frontal 
gyrus (SFG) in a case of early-onset familial Alz-
heimer’s disease (EO-FAD) (PSEN1 mutation). 
Aβ deposits occur across the cortex in all layers 
but with a greater density of larger-sized depos-
its in the upper layers. Aβ immunohistochemis-
try, haematoxylin, bar = 0.75 mm.
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ited a density peak in the upper layers in 6/10 cas-
es, and the primitive deposits did so in 9/10 cases.  
The distribution of the classic deposits was more 
variable; in 6/10 cases there was either a  density 
peak in lower cortex or a bimodal distribution was 
present with density peaks in upper and lower layers. 
In SAD, diffuse and primitive Aβ deposits exhibited 
a density peak in the upper cortex in 7/10 cases and 
9/10 cases respectively. Distribution of the classic Aβ 
deposits was more variable, a  density peak in the 
lower layers or a bimodal distribution being present 
in 5/10 cases. The frequency of the various types 
of distribution of the diffuse (c2 = 3.74, p > 0.05), 
primitive (c2 = 0.71, p > 0.05), and classic (c2 = 11.18,  
p > 0.05) Aβ deposits was similar in EO-FAD, LO-SAD, 
and SAD.

Comparison of the mean location of maximum 
density and peak density of deposits among the 
three groups of cases is shown in Table III. Although 
there were significant differences in the layers at 
which peak density occurred among Aβ deposit sub-
types (F = 4.44, p < 0.01), there were no significant 
differences among EO-FAD, LO-FAD, or SAD (F = 0.89, 
p > 0.05). In addition, there were no significant dif-
ferences in peak density of Aβ deposits (F = 3.28,  
p > 0.05) among patient groups. 

A  comparison of the distributions exhibited by 
the Aβ deposits in cases classified according to Apo E 

genotype groups is shown in Table IV. There were 
no significant differences in distribution of diffuse  
(c2 = 2.55, p < 0.05), primitive (c2 = 0.003, p < 0.05), 
or classic (c2 = 3.41, p < 0.05) Aβ deposits in cases 
expressing Apo E genotypes ε2/3 and ε3/3, compared 
with those expressing genotypes ε3/4 and ε4/4.

Discussion

The objective of this study was to determine 
whether genetic factors were associated with a spe-
cific pattern of cortical degeneration, as revealed 
by the deposition of Aβ deposits in the frontal cor-
tex in AD. The data confirm the need for quantita-
tive assessment of Aβ deposition in different layers 
of cortex as deposits often occur over many layers 
with variation in abundance across the cortex. This 
study demonstrated: 1) laminar distributions of 
diffuse, primitive, and classic Aβ deposit subtypes 
were essentially similar in EO-FAD, LO-FAD, and SAD,  
2) within FAD, laminar distributions were similar in 
APP/PSEN1 cases compared with LO-FAD, and 3) lam-
inar distributions were similar in cases expressing 
Apo E ε4 alleles compared with cases expressing ε2 
or ε3 alleles.

The data suggest no significant differences in Aβ 
deposit density in EO-FAD, LO-FAD, and SAD or when 
cases were classified according to Apo E genotype. 
Previous quantitative studies comparing SP or Aβ 

Fig. 2. Distribution of β-amyloid (Aβ deposits) 
(arrowhead) across the superior frontal gyrus 
(SFG) in a case of sporadic Alzheimer’s disease 
(SAD). Aβ deposits occur largely in the lower lay-
ers. Aβ immunohistochemistry, haematoxylin, 
bar = 0.75 mm.
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Fig. 3. Examples of the laminar distribution of 
the diffuse, primitive, and classic β-amyloid (Aβ 
deposits) in frontal lobe of a case of early-onset 
familial Alzheimer’s disease (EO-FAD) (case 2, 
amyloid precursor protein (APP) gene mutation).
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deposit abundance in FAD and SAD have been con-
troversial [16,18,24,36]. Hence, no significant differ-
ences in severity scores of SP were observed in FAD 
and SAD [36], and Aβ ‘load’ in the frontal cortex and 
temporal isocortex was similar in SAD and FAD cas-
es linked to the APP717 mutation [16]. Nevertheless, 
cultured cells expressing a double mutation in APP 
produced six times more Aβ than normal cells [18]. 
In addition, other studies have reported increased 

amyloid deposition in individuals expressing allele ε4 
[24]. However, it is possible that Aβ deposition could 
be more widely distributed across the cortical layers 
of the SFG in FAD, but with similar peak densities. 

In the SFG of both SAD and FAD, maximum densi-
ty of the diffuse and primitive Aβ deposits occurred 
most frequently in the upper layers. By contrast, the 
distribution of the classic deposits was more vari-
able, peak densities occurring either in the lower lay-

Table II. Comparison of the frequencies of different types of laminar distribution of β-amyloid (Aβ) deposits 
in superior frontal gyrus (SFG) in three groups of cases: early-onset familial Alzheimer’s disease (EO-FAD), 
late-onset familial AD (LO-FAD), and sporadic AD (SAD). Data are the number of cases in which a particular 
type of laminar distribution is present

Group Deposit type Type of laminar distribution

UL LL B NS

EO-FAD Diffuse 3 0 1 0

Primitive 4 0 0 0

Classic 2 0 2 0

LO-FAD Diffuse 3 1 1 1

Primitive 5 0 0 1

Classic 0 4 0 2

SAD Diffuse 7 1 0 2

Primitive 9 0 0 1

Classic 2 4 1 3

Comparison of frequencies between groups: c2 contingency tables: diffuse deposits c2 = 5.09 (6 DF, p > 0.05), primitive deposits c2 = 0.74 (2 DF, p > 0.05), classic 
deposits c2 = 11.26 (6 DF, p > 0.05)
UL – maximum Aβ deposit density occurred in upper cortical layers, LL – maximum Aβ deposit density occurred in lower cortical layers, B – bimodal distribution 
with peaks of density in upper and lower layers, NS – no significant change in density of Aβ deposits across the cortex

Table III. Comparison of mean peak location, i.e., percentage distance from the pia mater at which max-
imum density of β-amyloid (Aβ) deposits occurred expressed as a percentage of the width of the gray 
matter, and mean peak density, i.e., the actual density of deposits at the peak (mm2) in the superior frontal 
gyrus (SFG) in three groups of cases: early-onset familial Alzheimer’s disease (EO-FAD), late-onset familial 
AD (LO-FAD), and sporadic AD (SAD). Standard errors of the mean (SEM) are in parentheses 

Group Aβ deposit subtype

Diffuse Primitive Classic

EO-FAD Peak location 32.5 (12.11) 21.3 (5.98) 40.0 (12.54)

Peak density 36.5 (6.39) 86.5 (21.85) 12.3 (2.19)

LO-FAD Peak location 39.5 (9.89) 31.7 (4.88) 51.7 (10.24)

Peak density 28.0 (5.22) 70.3 (17.84) 8.17 (1.79)

SAD Peak location 32.0 (9.66) 27.20 (3.69) 55.10 (6.09)

Peak density 20.8 (3.20) 38.3 (10.76) 10.3 (1.50)

Analysis of variance (ANOVA): 1) Peak location: patient group F = 0.89 (p > 0.05), deposit type F = 4.44 (p < 0.01), interaction F = 0.22 (p > 0.05); 2) Peak density: 
patient group F = 3.28 (p > 0.05), deposit type F = 18.73 (p < 0.001), interaction F = 1.36 (p > 0.05)
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ers, or in both upper and lower layers. Similar results 
have been reported in studies of the laminar distri-
bution of SP [15,19], Apo E-immunoreactive SP [53], 
neuritic plaques (NP) [42], and Aβ deposits in AD [2], 
which are frequently abundant in layers II and III. In 
addition, in a  transgenic mouse model expressing 
the APP717 mutation, Aβ deposits were most abun-
dant in layers II and III, similar to AD [51]. However, 
aged dogs often show a different distribution of Aβ 
deposits to humans, being usually abundant in the 
deep cortical layers but with evidence of spread to 
superficial cortical layers with increasing age [43].

Various hypotheses could explain the laminar 
distribution of Aβ deposits in the SFG in AD. First, 
mRNA of APP is preferentially expressed by the large 
pyramidal neurons in layers III and V [13]. Degenera-
tion of these neurons could then result in increased 
secretion of APP and formation of Aβ deposits within 
these layers [4]. Second, interleukin-immunoreactive 
microglia (IL-Mg) have a similar laminar distribution 
as APP-immunoreactive NP [46]. Hence, the laminar 
distribution of microglia could be a factor determin-
ing the distribution of the Aβ deposits. Third, the 
laminar distribution of the classic deposits could be 
spatially related to blood vessels [2,37]. Large blood 
vessels often exhibit a  bimodal distribution in the 
cortex, whereas smaller capillaries occur at max-
imum density in the deeper layers [2]. In addition, 
Akiyama et al. [1] found that Aβ deposits accumu-
lated vertically in columns, with blood vessels often 
occurring perpendicular to the column and pene-

trating its centre. Previous studies suggest, howev-
er, that although classic Aβ deposits are clustered 
around blood vessels in SAD [6], there are fewer spa-
tial associations with blood vessels in FAD [7].

Laminar distributions of Aβ deposits in frontal 
lobe AD are essentially similar in the FAD and SAD 
cases examined and similar whether Apo E allele 
ε4 was present or not [31]. In addition, among FAD 
cases, there was no evidence that a specific type of 
laminar distribution was influenced by genetic sub-
type. Hence, neither APP/PSEN1 mutations nor the 
presence of Apo E allele ε4 uniquely determines Aβ 
deposition and therefore the pattern of frontal lobe 
degeneration in AD. Uchihara et al. [53] found that 
Apo E labelled a subset of deposits in lamina III with 
more Apo E-immunoreactive diffuse deposits in the 
deeper layers. However, only a  proportion of the 
diffuse deposits were Apo E-immunoreactive, sug-
gesting that Apo E was not involved in the process 
of cortical degeneration but immunoreactivity was 
acquired by certain deposits later in the disease. 
Hence, pathological changes initiated by the various 
genetic changes in FAD and, by other causes in SAD, 
appear to follow a parallel course resulting in very 
similar patterns of cortical degeneration in the SFG.

In conclusion, there were no essential differences 
in the laminar distribution of the Aβ deposits in the 
SFG between FAD and SAD, or between different sub-
types of FAD. Hence, APP and PSEN1 mutations and 
the presence of Apo E genotype ε4 appear to have 
little influence on laminar distribution. Although the 

Table IV. Comparison of frequencies of different types of laminar distribution of Aβ deposits in superior 
frontal gyrus (SFG) of Alzheimer’s disease (AD) cases divided into two groups according to apolipoprotein 
(Apo E) genotype, i.e., those expressing genotypes ε2/3 and ε3/3 compared with those expressing gen-
otypes ε3/4 and ε4/4. Data are the number of cases in which a particular type of laminar distribution is 
present

Group Aβ deposit  
subtype

Laminar distribution

UL LL B NS

ε2/3, ε3/3 Diffuse 8 0 2 1

Primitive 10 0 0 1

Classic 3 4 2 2

ε3/4, ε4/4 Diffuse 7 0 0 0

Primitive 7 0 0 0

Classic 1 5 0 1

Chi-square (c2) contingency tables: diffuse deposits c2 = 2.29 (2 DF, p > 0.05), primitive deposits c2 = 0.006 (1 DF, p > 0.05), classic deposits c2 = 2.69 (3 DF, p > 0.05)
UL – maximum Aβ deposit density occurred in upper cortical layers, LL – maximum Aβ deposit density occurred in lower cortical layers, B – bimodal distribution 
with peaks of density in upper and lower layers, NS – no significant change in density of Aβ deposits across the cortex
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mechanism of generating fibrillogenic species of Aβ 
may differ among disease subtypes, gene expres-
sion appears to have little effect on the pattern of 
degeneration of the frontal lobe in AD.
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A b s t r a c t

The MTHFR gene has been reported as a susceptibility locus for sporadic Parkinson’s disease (sPD). The functional vari-
ant rs1801133 has been linked to hyperhomocysteinemia and dopaminergic cell death. Among different populations, 
Mexican-Mestizos (most present-day Mexicans) have the highest frequency of this variant. Therefore, we sought to 
determine a possible association of rs1801133 with SPD. In total, 356 individuals were included: 140 patients with PD, 
diagnosed according to the Queen Square Brain Bank criteria, and 216 neurologically healthy controls. Genotyping 
was performed using TaqMan probes for rs1801133 and real-time PCR. Logistic regression analysis with adjustment 
for smoking and gender was used to test for an association between genotype and SPD. The CC genotype was asso-
ciated with SPD; exp(β) = 2.06; 95% CI: 1.101-3.873, p = 0.024. No association with age at onset, cognitive impair-
ment or gender was found in our study group. Our data suggest an important role of MTHFR gene variants in SPD.

Key words: rs1801133, MTHFR, Parkinson’s disease, common variants, C677T, Mexico.

Introduction 

Parkinson’s disease (PD) is a multifactorial neuro­
degenerative disease that affects about 1-2% of peo­
ple older than 65 years [23], sporadic cases (sPD) 
being more frequent than familial ones. Among 
genetic factors influencing PD, rare variants in PARK 

genes such as LRRK2 (PARK8) and SNCA (PARK1) [2,5] 
are known to play a major role in PD pathogenesis 
(rare variant common disease hypothesis) [3,14]. 
However, it is possible that common variants in other 
genes account for part of the unrevealed heritability 
of PD (the common variant common disease hypoth­
esis) [16]. In this regard, the MTHFR gene has been 
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recently proposed as a candidate risk gene for PD by 
two independent meta-analyses [24,25].

The enzyme MTHFR (EC 1.5.1.20) catalyzes the 
transformation of 5,10-methylenetetrahydrofolate to 
5‑methyltetrahydrofolate, a co-substrate for homo­
cysteine remethylation to methionine. The T allele 
of the functional rs1801133 variant in this gene gen­
erates a thermolabile enzyme with reduced activity. 
The homozygous state of this variant (TT) has been 
linked to elevated plasma homocysteine (Hcy) levels 
[9], although optimal folate and vitamin B12 intake 
can counteract the effect of genotype [12]. Elevat­
ed Hcy may hasten dopaminergic cell death through 
oxidative stress and excitotoxicity [7,18]. 

Variants in the MTHFR gene may also influence 
the response to treatment, since impaired trans­
methylation potential has been detected in hyper­
homocysteinemic L-dopa-treated PD patients [6].

Among different populations, Mexican-Mestizos 
(most present-day Mexicans) have the highest fre­
quency of the T allele [20]; therefore we sought to 
determine whether rs1801133 is associated with SPD 
in our population.

Material and methods

Patients and controls

We conducted a case-control study that included 
140 SPD patients and 216 neurologically healthy con­
trols. Institutional Committees approved the study 
and informed written consent was obtained from 
participants. Patients were recruited from February 
2009 to June 2010, from four tertiary-care level hos­
pitals in Mexico (Neurology Departments from Cen­
tro Médico Nacional “20 de Noviembre” – ISSSTE, 
Centro Médico Nacional Siglo XXI-IMSS, Instituto 
de Ciencias Médicas y de la Nutrición “Salvador 
Zubirán”, Mexico City; and División de Genética, 
Centro de Investigación Biomédica de Occidente- 
IMSS, Jalisco, Mexico). Diagnosis was performed 
according to Queen Square Brain Bank criteria [15]. 

The threshold for early-onset Parkinson’s disease 
(EOPD) was considered as onset earlier than 40 years 
old. Cognitive impairment was assessed using the 
Folstein Mini Mental State Examination Test. We did 
not measure plasma Hcy levels because most PD 
patients could show elevated levels derived from 
pharmacological therapy with L-dopa. Controls were 
healthy blood bank donors or patients’ spouses who 
agreed to participate in an additional neurological 
evaluation; they were Mexican-Mestizos without 
family history of neurodegenerative disorders.

DNA isolation and genotyping

DNA was extracted from peripheral blood sam­
ples by the DTAB CTAB method [13]. Genotyping was 
performed by real-time PCR using TaqMan probes 
(Hydrolysis probes) using the C_1202883_20 assay 
(Applied Biosystems, Foster City, CA, USA). Real-time 
PCR was performed on a LightCycler 480 II (Roche 
Diagnostics GmbH, Switzerland); PCR reactions were 
conducted according to the manufacturer’s instruc­
tions. Random samples were confirmed by high 
resolution melting curves (Fig. 1). The samples were 
previously screened for common variants in six PARK 
genes, including A30P of SNCA and G2019S and 
G2385R of LRRK2; the prevalence of DNA changes 
was low [10].

Statistical analysis

Statistical analysis was performed using SPSS 
software v. 18.0 (SPSS Inc., Chicago, IL, USA) for the  
χ2 test, logistic regression and ANOVA. Hardy-Wein­
berg equilibrium (HWE) was estimated in both groups 
using the χ2 test (http://ihg.gsf.de/cgi-bin/hw/hwa1.
pl [20/08/2013]). Statistical power was calculated 
a posteriori using Quanto Software Version 1.2.

Results 

In total, 356 individuals were genotyped, 140 pa­
tients with SPD (95 males and 45 females, aged: 
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Fig. 1. Melting curves for the MTHFR rs1801133 showing CC and CT genotypes.
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65.46 ± 11.5 [mean ± standard deviation] years old), 
age at onset 58 ± 13.66), whereas 216 healthy indi­
viduals constituted the control group (140 males 
and 76 females, aged: 63.68 ± 8.8 years old). Hardy- 
Weinberg equilibrium test showed that alleles were 
distributed according to expected frequencies in 
both groups (corrected p-values, controls p = 0.13, 
cases p = 1.00). Distribution of genotypes between 
groups is shown in Table I.

The association test showed that the C allele was 
associated with PD only under the recessive mod­
el (OR = 2.02, CI: 1.08-3.77, p = 0.02); after logistic 
regression for known confounding factors, the asso­
ciation remained significant (exp(β) = 2.06, CI: 1.101-
3.873, p = 0.024). There was no association of any 
allele and cognitive impairment (p = 0.33). One-way 
ANOVA showed no differences between genotypes 
and age at onset (p > 0.05). Additionally, when age 
at onset was categorized (EOPD), the χ2 test did not 
show an association of any allele or genotype and 
EOPD (p > 0.05) (TT group n = 31).

Discussion

In contrast to the hypothesis that the TT geno­
type of rs1801133 in the MTHFR gene leads to ele­
vated levels of Hcy, cell death and therefore a higher 
risk of neurodegeneration [25], our data suggest that 
the CC genotype is associated with PD. This may be 
explained by the fact that the TT genotype has the 
greatest influence on Hcy levels in populations with 
low folate and high B12 vitamin plasma concentra­
tion such as Africans but not Mexican-Mestizos, in 
whom folate and B12 levels were high and moder­
ate respectively [11]. Thus the TT genotype does not 
always imply high Hcy levels; in fact, a  protective 
effect of the TT genotype against preeclampsia was 
reported in Maya-Mestizo women [1].

Others have also suggested that homozygosis of 
the T allele may confer a survival advantage in pop­
ulations with sufficient dietary folate consumption 
[11,17,19]. Therefore, it is expected that in some pop­

ulations such as Mexican-Mestizos, the T allele even 
when linked to an impaired biochemical function 
(elevated Hcy) may represent the wild-type allele, 
since an advantage may fix an allele within a pop­
ulation under particular environmental conditions. 
A  presumptive advantage may exist, as described 
previously in an intervention where folate sources 
and dosages where controlled [4]. In contrast to its 
counterpart, the TT genotype showed only a slight 
decrease in global DNA methylation after folate 
depletion; conversely, under low folate basal levels, 
the TT genotype has shown significantly diminished 
global DNA methylation [8]. Thus, the finding that 
the derived CC genotype has the greatest decrease 
in DNA methylation after folate depletion may repre­
sent a different mechanism linked to neurodegenera­
tion, besides the known effect of hyperhomocystei­
nemia on neuronal cytotoxicity [4].

The ancestral C allele may be considered the 
risk variant for PD in the Mexican-Mestizo popula­
tion. Although it is speculative, hypomethylation 
as observed with the CC genotype under folate 
depletion may potentially impact epigenetic regula­
tion of other genes such as LRRK2 and SNCA [21]. 
SNCA protein is also involved in the arrest of DNMT1 
(a major element in epigenetic regulation) in post­
mortem brains of PD patients, worsening in this 
way the hypomethylation phenomenon [21]. Inter­
estingly, another study found this same genotype 
(CC of rs1801133) related to earlier age at onset of 
PD [22]. Our data do not replicate the observation, 
probably because in our group patients with EOPD 
were uncommon. Larger studies documenting age at 
onset and MTHFR genotype may confirm this find­
ing. To our knowledge this is the first report on asso­
ciation of the CC genotype of MTHFR and SPD. Other 
studies in different populations with larger samples 
may add support to our hypothesis in which conver­
gent pathways between common and rare variants 
may potentially affect complex neurodegenerative 
disorders such as PD. 

Table I. Genotype frequencies of rs1801133 in cases and controls

Genotypes Controls
n = 216 

Patients
n = 140

OR (95% CI) p-value*

CC 37 (0.17) 38 (0.27) 2.02 (1.081-3.779)  0.026

TC 118 (0.55) 71 (0.51)

TT   61 (0.28) 31 (0.22)
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Limitations of the study

Some of the limitations of the present study were 
that since a considerable proportion of patients were 
treated with L-dopa among other anti-parkinsonian 
drugs, homocysteine levels or global methylation 
were not measured and therefore the genotype-phe­
notype correlation could not be explored to support 
our hypothesis. The presence of essential hyper­
tension could not be assessed accurately, since the 
study was not intended to do so. The statistical pow­
er reached was 72% (lower than the expected 80%).
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A b s t r a c t

In the present study, primary mesencephalic cell cultures prepared from embryonic mouse mesencephala were used 
to investigate the neuroprotective effect of cabergoline, an ergoline D2 receptor agonist, against the pesticide and 
neurotoxin rotenone relevant to Parkinson disease (PD). Treatment of cultures with cabergoline alone significantly 
increased the number of tyrosine hydroxylase immunoreactive (THir) neurons and reduced the release of lactate 
dehydrogenase (LDH) into the culture medium compared to untreated controls. Against rotenone toxicity, cabergoline 
significantly rescued degenerating THir neurons, reduced the release of LDH into the culture medium and improved 
the morphology of surviving THir neurons. The neuroprotective effects afforded by cabergoline were independent of 
dopaminergic stimulation as blocking of dopamine receptors by the dopamine receptor antagonist sulpiride did not 
prevent them. Furthermore, rotenone-induced formation of reactive oxygen species (ROS) was significantly reduced 
by cabergoline. Although cabergoline increased the glutathione (GSH) content in the culture, the protective effect 
for dopaminergic neurons seemed not to be predominantly mediated by increasing GSH, as depletion of GSH by 
L-buthionine-(S,R)-sulfoximine (BSO), a  GSH biosynthesis inhibitor, did not prevent cabergoline-mediated neuro-
protection of THir neurons in rotenone-treated cultures. Moreover, cabergoline significantly increased the ATP/pro-
tein ratio in primary mesencephalic cell cultures when added alone or prior to rotenone treatment. These results 
indicate a neuroprotective effect of cabergoline for dopaminergic neurons against rotenone toxicity. This effect was 
independent of dopamine receptor stimulation and was at least partially mediated by reducing ROS production and 
increasing the ATP/protein ratio.

Key words: cabergoline, dopamine agonist, rotenone, dopaminergic cell culture, neuroprotection, Parkinson’s disease.

Introduction

Parkinson disease (PD) as the second most com-
mon neurodegenerative disease affects up to 10 mil-
lion people worldwide [8]. Its specific symptomatol-
ogy results primarily from progressive degeneration 

of dopaminergic neurons in the substantia nigra pars 
compacta (SNpc) and subsequent depletion in stria-
tal dopamine levels [3]. Thus dopamine denervation 
leads to the classic motor symptoms of PD, most 
notably tremor, rigidity, bradykinesia and postural 
instability [30]. 
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Since the 1960s, dopamine replacement therapy 
using levodopa has been the most effective choice 
for treatment of PD. However, as the disease pro-
gresses, the medication becomes increasingly inad-
equate in controlling motor complications such as 
dyskinesia, wearing off and on-off motor fluctua-
tion [31]. In addition to these disabling side effects, 
there is also serious concern about possible toxic 
actions of levodopa on the remaining dopaminergic 
neurons [13].

Dopamine receptor agonists are clinically indicat-
ed in PD to postpone the onset of levodopa therapy, 
and to delay and minimize levodopa-related motor 
complications [20]. They exert their antiparkinsonian 
effects through direct activation of dopamine recep-
tors mimicking the endogenous neurotransmitter 
dopamine [21]. Unlike levodopa, dopamine receptor 
agonists are not metabolized by an oxidative path-
way and so do not lead to the cytotoxic free radical 
formation that is associated with the metabolism of 
dopamine [25]. Besides providing symptomatic relief 
of PD, data from in vitro and in vivo studies indicated 
potential neuroprotective effects of some dopamine 
agonists [24].

Cabergoline is an ergot-derived dopamine ago-
nist with high affinity for the dopamine D2 receptor, 
but also possesses significant affinity for the D3 and 
D4 receptor. It has the longest half-life among relat-
ed dopamine agonists [15]. Although physicians will 
nowadays avoid prescribing cabergoline as first-line 
therapy, since it has been shown to cause valvular 
heart disease in a  subset of patients [34], there is 
still a considerable amount of patients treated with 
the agonist. Cabergoline was reported to elicit neu-
roprotection in in vitro and in vivo models of neu-
rodegeneration. In this context, Ohta et al. found 
that cabergoline increased concentrations of nerve 
growth factor (NGF), brain-derived neurotrophic fac-
tor (BDNF), and glial cell line-derived neurotrophic 
factor (GDNF) in primary cultured mouse astrocytes 
[19]. Miglio et al. reported that cabergoline protect-
ed SH-SY5Y cells from ischemia-induced cell death 
[16]. Yoshioka et al. reported that cabergoline nor-
malized the dopamine turnover in the striatum of 
6-OHDA-treated mice [32]. Finally, in cultures of cor-
tical neurons cabergoline prevented H2O2-induced 
neuronal cell death by reducing excitotoxicity [18].

To date, there are no investigations exploring the 
direct neuroprotective effect of cabergoline towards 
dopaminergic neurons. Accordingly, in the current 

study primary mesencephalic cell cultures were used 
to investigate the potential neuroprotective effects 
of cabergoline for dopaminergic neurons in a  rote-
none toxicity model.

Material and methods

Preparation of primary mesencephalic 
cell culture

Mice (C57Bl/6 mice from Charles River Wiga, 
Sulzfeld, Germany) were cared for and handled in 
accordance with the guidelines of the European 
Union Council (86/609/EU) for the use of laborato-
ry animals. The killing of mice for scientific purpos-
es was officially approved by the Landesdirektion 
Dresden (State Directorate)/Free State of Saxony. 
Primary mesencephalic cell cultures were prepared 
according to Gille et al. [6] with some modifications. 
Cultures were not sex-segregated. In brief, embryonic 
mouse mesencephala were dissected on the 14th day 
of gestation and cut into small pieces in a drop of 
Dulbecco’s Phosphate Buffered Saline (DPBS; Invitro-
gen, Germany), 2 ml of 0.2% trypsin solution (Invit-
rogen, Germany) and 2 ml of 0.02% DNase I solution 
(Roche, Germany) were added, and the tissue was 
subsequently incubated in a water bath at 37°C for 
7 min. Then, 2 ml of trypsin inhibitor (0.25 mg/ml) 
(Invitrogen, Germany) were added, the tissue was 
centrifuged at 100 g for 4 min and the supernatant 
was aspirated. The tissue pellet was triturated 2-3 
times with a fire-polished Pasteur pipette in 3 ml of 
Dulbecco’s Modified Eagle’s Medium (DMEM; Invitro-
gen, Germany) containing 0.02% DNase I. Dissociat-
ed cells were plated in 4-well culture dishes (NUNC, 
Germany) at a density of 257,000 cells/cm2 in DMEM 
supplemented with 4 mM glutamine (Sigma, Germa-
ny), 10 mM HEPES buffer (Sigma, Germany), 30 mM 
glucose (Sigma, Germany), 100 IU/ml penicillin,  
0.1 mg/ml streptomycin (Roche, Germany) and 10% 
heat-inactivated Fetal Calf Serum (FCS; Sigma, Ger-
many). When 8-well glass chamber slides (BD Biosci-
ences, Germany) were used for fluorescence micros-
copy, cells were plated at a density of 365,600 viable 
cells/cm2. Two thirds of medium was changed on the 
1st day in vitro (DIV). On the 3rd DIV the medium was 
changed completely. On the 5th DIV half of the medi-
um was replaced by serum-free DMEM containing 2% 
B-27 supplement (Invitrogen, Germany). Serum-free 
supplemented DMEM was used for feeding from the 
6th DIV and was subsequently replaced every 2nd day.
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Treatment of cultures with cabergoline 

A 4 mM stock solution of cabergoline (kindly pro-
vided by Pfizer) was prepared and further diluted in 
ethanol and DMEM. Each final cabergoline concen-
tration used for treatment contained 0.25% ethanol. 
To investigate the effect of cabergoline on the sur-
vival of dopaminergic neurons, cultures were treated 
with cabergoline (0.001, 0.01, 0.1, 1, 10 µM) from 
the 6th DIV for eight consecutive days. During the 
treatment period, culture medium containing caber-
goline was changed every two days. On the 14th DIV 
cultures were fixed and stained.

Treatment of cultures with cabergoline 
and rotenone 

To investigate the neuroprotective effect of cab-
ergoline against rotenone (Sigma, Germany) toxicity, 
cultures were treated with cabergoline (0.001, 0.01, 
0.1, 1, 10 µM) on the 6th DIV for 6 consecutive days. 
During the treatment period, culture medium con-
taining cabergoline was changed every two days. On 
the 10th DIV rotenone (80 or 100 nM) was concomi-
tantly added to the cultures for 48 h. On the 12th DIV 
cultures were fixed and stained.

Treatment of cultures with sulpiride, 
cabergoline and rotenone

Sulpiride (Tocris, UK), a  dopamine D2/D3 recep-
tor antagonist, was diluted to 10 mM in ethanol. On 
the 8th DIV, culture medium was completely removed 
and cultures were incubated with 40 µM sulpiride 
in 375 µl of fresh culture medium for 10 min. After 
10 min, 375 µl of fresh medium containing different 
concentrations of cabergoline (0.001, 0.02, 2 µM) 
were additionally added to the cultures, so that the 
final concentration of sulpiride was 20 µM and that 
of cabergoline 0.0005, 0.01 and 1 µM, respectively. 
On the 9th DIV, the culture medium was replaced 
with medium containing 80 nM rotenone and the 
cultures were grown to the 11th DIV.

Identification of tyrosine hydroxylase 
immunoreactive neurons

Dopaminergic neurons were identified immuno-
cytochemically by tyrosine hydroxylase staining. Cul-
tures were rinsed carefully with phosphate buffered 
saline (PBS, pH 7.2) at the end of each treatment, 
placed on ice and fixed for 30 s in Accustain (Sigma,  

Germany) pre-cooled to 4°C. After washing with PBS, 
cells were permeabilized with 0.4% Triton X-100 (Flu-
ka, Switzerland) for 15 min at room temperature. 
Then, 30% H2O2 (Merck, Germany) was diluted with 
50% methanol (Merck, Germany) to 1% and added 
for 15 min to the cultures in order to saturate endog-
enous peroxidases. Cultures were washed 3 times 
with PBS and incubated with 5% horse serum (Vec-
tastain ABC Elite kit; Vector Laboratories, USA) for  
60 min to block nonspecific binding sites. To deter-
mine the number of tyrosine hydroxylase immu-
noreactive (THir) neurons in cultures, cells were 
sequentially incubated with anti-TH primary antibody 
(Chemicon, UK) overnight at 4°C, biotinylated sec-
ondary antibody (Vectastain ABC Elite kit) and avidin- 
biotin-horseradish peroxidase complex (Vectastain 
ABC Elite kit) for 90 min each at room temperature 
and washed with PBS between stages. The reaction 
product was developed with a peroxidase substrate 
kit (Vector VIP purple; Vector Laboratories, USA). 
Stained cells were counted with an inverted micro-
scope (Axiovert 35, Carl Zeiss AG, Germany) in 20 ran-
domly selected fields per well at 100x magnification 
(1.302 mm2/field). The average number of THir cells 
in controls on the 12th DIV was 1000-1200 cells/well.

Measurement of lactate 
dehydrogenase activity

Cellular injury was quantitatively assessed by 
measuring the activity of LDH released from dam-
aged cells into the culture medium. Lactate dehy-
drogenase (LDH) activity was measured with the 
Cytotoxicity Detection Kit (Roche, Germany) accord-
ing to the manufacturer’s instructions. Briefly, LDH 
catalyses the conversion of lactate to pyruvate with 
a  concomitant reduction of NAD+ to NADH + H+. 
The protons of NADH + H+ are transferred to the 
yellow tetrazolium salt 2-[4-iodophenyl]-3-[4-nitro-
phenyl]-5-phenyltetrazolium chloride (INT) by dia-
phorase, resulting in red formazan, which was mea-
sured spectrophotometrically (ELISA-reader Tecan 
Sunrise, Germany) at 490 nm with a reference at 688 
nm. Supplemented medium was used as a blank and 
subtracted as background.

Measurement of reactive oxygen species 
with CM-H2DCFDA fluorescent dye

To investigate the effect of cabergoline on reac-
tive oxygen species (ROS) production following rote-
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none treatment, cultures were treated with 0.01 µM  
cabergoline from the 8th to the 9th DIV and 80 nM 
rotenone on the 9th DIV. Production of ROS was 
detected using 5-(and-6)-chloromethyl-2’,7’-dichloro
dihydrofluorescein diacetate acetyl ester (CM-H2D-
CFDA; Molecular Probes, Invitrogen, Germany). Stock 
solutions of CM-H2DCFDA (1 mM) were prepared in 
dimethylsulfoxide (DMSO) and further diluted in PBS. 
Cultures were loaded with a  final concentration of 
0.75 µM CM-H2DCFDA for 15 min, washed and further 
incubated in colorless M 199 (GIBCO, Germany) with 
low autofluorescence. CM-H2DCFDA is believed to 
diffuse passively into cells, where its acetate groups 
are cleaved by intracellular esterases and subse-
quent oxidation by ROS yields a  green fluorescent 
adduct that is trapped inside the cells. Images were 
taken with a  computer-driven digital camera (Leica 
DC350 FX, Wetzlar, Germany) on an inverted micro-
scope (Leica DM IRE2 HC FLUO, Wetzlar, Germany) 
equipped with an incubator and temperature control 
for live cell experiments. The green fluorescence was 
visualized with the MS 2 filter [excitation 430–510 
Band Pass (BP)/emission 482–562 Band Pass (BP)]. 
Visualization of nuclei was performed with Hoechst 
33342 with the DAPI filter [excitation 340–380 Band 
Pass (BP)/emission 425 Long Pass]. The fluorescence 
intensity of ROS was always normalized to the densi-
ty of nuclei representing cellular density. Semi-quan-
titative image analysis was performed densitometri-
cally with Adobe Photoshop (Munich, Germany). 

Glutathione measurement 

To investigate the effect of cabergoline on gluta-
thione (GSH) synthesis in cultured cells, cultures were 
treated with cabergoline (0.001, 0.01, 0.1, 1, 10 µM) 
on the 8th DIV for 24 h. On the 9th DIV, GSH concen-
trations were determined using a GSH detection kit 
(Chemicon International, Temecula, CA, USA) follow-
ing the protocol of the manufacturer. Cultures were 
grown in 4-well culture dishes as usual and two wells 
of lysed cells were pooled for measurement. After 
centrifugation the supernatant was transferred into 
a  96-well plate (flat bottom, black) and monochlo-
robimane (MCB), a  dye with high affinity for GSH 
that fluoresces in its bound state, was added. The 
fluorescence intensity was analyzed using a  Tec-
an Genios plate reader with excitation at 380 nm  
and emission at 460 nm. To investigate whether 
increasing GSH concentrations played a  role in cab-

ergoline’s neuroprotective effect against rotenone, 
cultures were treated with 10 µM buthionine sulfox-
imine (BSO; Sigma, Steinheim, Germany), a GSH bio-
synthesis inhibitor, on the 8th DIV for 2 h. Then, caber-
goline (0.0005, 0.01, 1 µM) was additionally added to 
the cultures for 24 h and rotenone (80 nM) on the 9th 
DIV for 48 h. On the 11th DIV, cultures were fixed and 
stained immunohistochemically against TH antibody. 

ATP measurement

The total ATP content of individual wells was 
determined with the CellTiter-Glo Luminescent Cell 
Viability Assay (Promega, WI, USA) according to the 
manufacturer’s instructions. The test principle is 
based on the ATP-dependent mono-oxygenation of 
luciferin to oxyluciferin by firefly luciferase leading 
to a luminescent signal that is directly proportional 
to the quantity of ATP. The luminescence signal was 
measured with a microplate reader (TECAN GENios, 
Crailsheim, Germany) and a run with PBS was sub-
tracted as background.

ATP was measured in cultures that were treated 
either with cabergoline or cabergoline and rotenone, 
respectively. In the former case cabergoline (0.0005, 
0.01, 1 µM) was added on the 8th DIV for 24 h. Then, 
cultures were kept in fresh medium from the 9th to 
the 11th DIV. Alternatively, cabergoline (0.0005, 0.01, 
1 µM) was added on the 8th DIV for 24 h and rote-
none (80 nM) on the 9th DIV for 2 consecutive days. 
The measured ATP values were correlated with the 
protein contents in the treated cultures.

Protein measurement

Cellular protein was measured using the BCA 
protein assay reagent kit (Pierce, Rockford, IL, USA). 
Briefly, the assay is based on the reduction of Cu2+ to 
Cu1+ by protein in an alkaline medium (biuret reac-
tion) and the formation of a red-violet chelate com-
plex of 2 molecules of bicinchoninic acid (BCA) with 
one Cu1+ ion. The photometrically measured absor-
bance of the formed complex at 562 nm is directly 
proportional to the total protein concentration (µg/
ml). A  run with PBS instead of a sample was used 
as a blank. Absorbance was measured with a Tecan 
Sunrise absorbance reader (Crailsheim, Germany).

Statistics

Data were expressed as mean values ± standard 
error of the mean (SEM). Statistical differences were 
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determined using the Mann-Whitney U-test or Kru-
skal-Wallis (H) test followed by the χ2 test. Differ-
ences with p < 0.05 were regarded as statistically 
significant. 

Results 

Cabergoline increased the survival  
of tyrosine hydroxylase immunoreactive 
neurons in primary mesencephalic cell 
culture and protected against rotenone-
induced cell death

Treatment of cultures with cabergoline on the 6th 
DIV for 8 consecutive days significantly increased 
the number of THir neurons by up to 31% (0.1 µM 
cabergoline) (Fig. 1A). On the other hand, at an 
unphysiological high concentration of 10 µM, caber-
goline reduced the number of THir neurons by 26% 
(Fig. 1A).

Treatment of cultures with 100 nM rotenone on 
the 10th DIV for 48 h reduced the number of THir neu-
rons by 71% compared to control cultures (Fig. 1B). 
Surviving neurons after rotenone treatment showed 
fewer, shortened and dysmorphic neurites (Fig. 2C,D)  
compared to control cells (Fig. 2A,B). Treatment with 
cabergoline from the 6th DIV for 6 consecutive days 

rescued THir neurons from degeneration when rote-
none (100 nM) was concomitantly added on the 
10th DIV for 48 h. The number of THir neurons was 
increased significantly by up to 20% (0.001 and  
0.01 µM cabergoline) (Fig. 1B). Moreover, the morpho-
logic deteriorations induced by rotenone were also 
ameliorated by cabergoline treatment (Fig. 2E,F).

Cabergoline reduced lactate 
dehydrogenase release in primary 
mesencephalic cell culture

Cabergoline significantly reduced the release of 
LDH when mesencephalic cell cultures were treated 
with cabergoline alone or together with rotenone. 
Treatment with cabergoline from the 6th DIV for six 
consecutive days significantly reduced the release 
of LDH into the culture medium by 66-50% at con-
centrations of 0.001-10 µM as measured on the 12th 
DIV (Fig. 3). When control cultures were incubated 
with 80 nM rotenone on the 10th DIV for 48 h, the 
release of LDH was increased by 73% compared to 
untreated cultures (Fig. 3). Concomitant addition of 
rotenone on the 10th DIV for 48 h during cabergoline 
treatment revealed that cabergoline significantly 
reduced the release of LDH by 60-36% at concentra-

Fig. 1. A) Effect of cabergoline treatment on the number of tyrosine hydroxylase immunoreactive (THir) 
neurons. One hundred percent corresponds to the total number of THir neurons after 14 days in vitro (DIV) 
in untreated control cultures. Values represent the mean ± SEM of three independent experiments with four 
wells in each treatment. In each well 10 randomly selected fields were counted for tyrosine hydroxylase (TH) 
immunocytochemistry. *p < 0.0001, significance compared with untreated controls using Kruskal-Wallis test 
followed by χ2 test. B) Effect of cabergoline on the survival of rotenone-treated THir neurons. One hundred 
percent corresponds to the total number of THir neurons after 12 DIV in untreated control culture. Values 
represent the mean ± SEM of three independent experiments with four wells in each treatment. In each well 
10 randomly selected fields were counted for TH immunocytochemistry. #p < 0.0001, significance compared 
with untreated controls using Mann-Whitney test; *p < 0.001, significance compared with rotenone-treated 
control cultures using Kruskal-Wallis test followed by χ2 test.
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Fig. 2. Representative micrographs of tyrosine hydroxylase immunoreactive (THir) neurons in primary mes-
encephalic cell cultures after 12 days in vitro (DIV). A, B) Untreated control cultures show intact THir neurons 
with long and branched processes. C, D) Surviving neurons after rotenone exposure appear few in number 
with shortened and dysmorphic neurites with bead-like structures (arrows). E, F) Cabergoline improves the 
number and morphology of THir neurons compared to rotenone-treated cultures.
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tions of 0.001-10 µM, compared to cultures treated 
with rotenone only (Fig. 3).

The protective effect of cabergoline 
against rotenone was not dopamine 
receptor-dependent

The dopamine receptor antagonist sulpiride did 
not antagonize the neuroprotection afforded by 
cabergoline in rotenone-treated cultures. When cul-
tures were treated with cabergoline together with 
sulpiride on the 8th DIV for 24 h and treatment with  
80 nM rotenone was started on the 9th DIV for 48 h, 
no reduction in the protective effect of cabergoline on 
the number of THir neurons could be detected (Fig. 4). 
Treatment with sulpiride alone had no effect on the 
number of dopaminergic neurons (data not shown).

Cabergoline inhibited the production 
of reactive oxygen species in primary 
mesencephalic cell culture

Since the production of ROS is a  central mech-
anism of rotenone toxicity, it was tested whether 
cabergoline could counteract the effect of rotenone- 
induced ROS production. The treatment of cultures 
with 80 nM rotenone on the 9th DIV significantly ele-
vated overall ROS production by 224% after 24 h as 
measured by CM-H2DCFDA fluorescence compared 
to untreated control cultures (Fig. 5A). Pre-treatment 
with cabergoline (0.01 µM) significantly reduced 

Fig. 3. Release of lactate dehydrogenase (LDH) in primary mesencephalic cell cultures. One hundred percent 
corresponds to the amount of LDH in the culture medium after 12 days in vitro (DIV). Values represent the 
mean ± SEM of three independent experiments with four wells in each treatment. #p < 0.0001, signifi-
cance compared with untreated controls using Mann-Whitney test; *p < 0.001, significance compared with 
untreated and rotenone-treated control cultures using Kruskal-Wallis test followed by χ2 test.
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Fig. 4. Effect of different concentrations of caber-
goline with and without sulpiride on the survival 
of rotenone-treated tyrosine hydroxylase immu-
noreactive (THir) neurons. One hundred percent 
corresponds to the total number of dopami-
nergic neurons after 11 days in vitro (DIV) in 
untreated control cultures. Values represent the 
mean ± SEM of three independent experiments  
with four wells in each treatment. In each well  
10 randomly selected fields were counted for 
tyrosine hydroxylase (TH) immunocytochemistry.  
#p < 0.0001, significance compared with untreat-
ed controls using Mann-Whitney test; *p < 0.001, 
significance compared with rotenone-treated 
control cultures using Kruskal-Wallis test fol-
lowed by χ2 test.
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rotenone-induced ROS production by about 100% 
when added on the 8th DIV for 24 h (Fig. 5A). Dif-
ferent fluorescence intensities could be detected 
microscopically in control, rotenone-treated and rote-
none-cabergoline-treated cultures (Fig. 5B).

Cabergoline increased the content  
of glutathione in primary 
mesencephalic cell culture

The antioxidant GSH is essential for the cellular 
detoxification of reactive oxygen species in brain 

cells. Therefore, it was investigated whether caber
goline might confer protection for dopaminergic 
neurons against rotenone toxicity by increasing 
the production of GSH. Treating the cultures with 
cabergoline from the 8th DIV for 24 h stimulated the 
content of GSH by up to 35% (0.01 µM cabergoline) 
when measured on the 9th DIV (Fig. 6A). When cul-
tures were treated with the GSH synthesis inhibitor 
BSO on the 8th DIV for 24 h, GSH was significant-
ly reduced to 44% (from 2.57 µmol/mg protein to 
1.13 µmol/mg protein) of control values (data not 
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Fig. 5. A) Measurement of reactive oxygen species (ROS) production in primary mesencephalic cell cultures 
using CM-H2DCFDA fluorescence staining. One hundred percent corresponds to the fluorescence intensity 
after 10 days in vitro (DIV) in untreated control cultures. Values represent the mean ± SEM of four indepen-
dent experiments. Fluorescence intensity was determined densitometrically from a  total of 80 randomly 
selected micrographs (20 photos in each experiment). #p < 0.0001, significance compared with untreated 
controls using Mann-Whitney test; *p < 0.0001, significance compared with rotenone-treated control cul-
tures. B) Representative micrographs of primary mesencephalic cell cultures after staining with CM-H2DCFDA 
fluorescence dye on the 10th DIV.
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shown). However, when 80 nM rotenone was add- 
ed to the GSH depleted cultures from the 9th to 
the 11th DIV, the protective effect for dopaminergic 
neurons afforded by cabergoline was not prevented  
(Fig. 6B), indicating that GSH increase is not decisive 
in cabergoline-induced neuroprotection. 

Cabergoline significantly increased 
the content of ATP in primary 
mesencephalic cell culture

As an inhibitor of the mitochondrial respiratory 
chain, rotenone is known to reduce the intracellu-
lar content of ATP. It was therefore studied wheth-
er cabergoline influenced the content of ATP in 
the culture with and without rotenone treatment.  
The treatment of cultures with cabergoline from  
the 8th DIV for 24 h significantly increased the con-
tent of ATP by 37% at 0.0005 µM compared to con-
trol cultures when measured on the 11th DIV (Fig. 7). 
Addition of 80 nM rotenone significantly reduced 
the ATP content by 53% when added on the 9th DIV 
for 48 h (Fig. 7). On the other hand, pretreatment 
of cultures with cabergoline significantly increased 

the ATP content by 33 and 28% at concentrations of 
0.0005 and 0.01 µM, respectively, compared to rote-
none-treated control cultures (Fig. 7).

Discussion 

In the present study, cabergoline was found to 
promote the survival of THir neurons when added to 
primary mesencephalic cell cultures (Fig. 1A). Such 
a stimulatory effect is not exhibited by all ergoline 
dopamine agonists, since it was for example demon-
strated for lisuride [6], but not for pergolide [5] or 
α-dihydroergocryptine [4] when analogously used 
under the same treatment conditions. Similarly to 
these ergoline agonists, cabergoline reduced the 
number of dopamine neurons at an unphysiological 
high concentration (10 µM).

Remarkably, cabergoline was able to protect THir 
neurons against the potent mitochondrial complex I 
inhibitor rotenone (Fig. 1B). The pesticide is well 
known to increase the risk for PD during long-term 
use [27]. In the tested concentration range, caber-
goline rescued a significant number of THir neurons 
and improved their morphology under rotenone 

Fig. 6. A) Effect of cabergoline on glutathione (GSH) synthesis in primary mesencephalic cell cultures. One 
hundred percent corresponds to GSH content after 9 days in vitro (DIV) in untreated control cultures and 
amounts to 2.57 µmol/mg protein. Values represent the mean ± SEM of three independent experiments with 
four wells in each treatment. *p < 0.001, significance compared with untreated control cultures using Krus-
kal-Wallis test followed by χ2 test. B) Effect of cabergoline with and without L-buthionine-(S,R)-sulfoximine 
(BSO) on the survival of rotenone-treated tyrosine hydroxylase immunoreactive (THir) neurons. One hundred 
percent corresponds to the total number of dopaminergic neurons after 11 DIV in untreated control culture. 
Values represent the mean ± SEM of three independent experiments with four wells in each treatment. In 
each well, 10 randomly selected fields were counted for tyrosine hydroxylase (TH) immunocytochemistry.  
#p < 0.0001, significance compared with untreated controls using Mann-Whitney test; *p < 0.05, significance 
compared with rotenone-treated control cultures using Kruskal-Wallis test followed by χ2 test.
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Fig. 7. Effect of cabergoline on ATP content in pri-
mary mesencephalic cell cultures. One hundred 
percent corresponds to the ATP content after  
11 days in vitro (DIV) in untreated control cul-
tures and amounts to 3.5 nmol/mg protein. 
Values represent the mean ± SEM of three inde-
pendent experiments with four wells in each 
treatment. *p < 0.01, significance compared with 
untreated control cultures using Kruskal-Wallis 
test followed by χ2 test; #p < 0.0001, significance 
compared with untreated control cultures using 
Mann-Whitney test; +p < 0.01, significance com-
pared with rotenone-treated control cultures 
using Kruskal-Wallis test followed by χ2 test. 

treatment (Fig. 2). Protection against rotenone tox-
icity by dopamine agonists has been only sparsely 
reported in the literature. In mice treated with rote-
none the non-ergoline agonist pramipexole saved 
dopaminergic neurons in the substantia nigra from 
degeneration [11]. Ropinirole, also belonging to the 
non-ergoline agonists, prevented rotenone-induced 
apoptosis in the dopaminergic cell line SH-SY5Y via 
caspase- and JNK-dependent pathways [2]. Recently, 
we detected protective properties of the non-ergo-
line dopamine agonist rotigotine for dopaminergic 
neurons in primary mesencephalic culture [22]. To 
our knowledge, this is the first report of neuropro-
tective properties of an ergot agonist against rote-
none toxicity for dopaminergic neurons.

Neuroprotection by cabergoline has been report-
ed previously in different cellular and animal models  
of neurodegeneration. For instance, Lombardi et al. 
[14] and Miglio et al. [16] reported that cabergoline  
protected SH-SY5Y human neuroblastoma cells aga-
inst tert-butylhydroperoxide (t-BOOH)- and ischemia- 

induced cell death, respectively. In vivo, Yoshioka 
et al. [32] found that cabergoline reduced the cell 
death of striatal dopaminergic neurons provoked by 
6-hydroxydopamine (6-OHDA) in mice. In our study 
we found an overall protective effect of cabergoline 
on the primary mesencephalic cell culture. Cabergo-
line significantly reduced the release of LDH when 
applied either alone or together with rotenone (Fig. 3).  
Cabergoline was similarly reported to reduce LDH 
release induced by ischemia in SH-SY5Y cells [16].

Neuroprotective effects exerted by dopamine 
agonists are often mediated via stimulation of dopa-
mine receptors. For instance, blocking of dopamine D2  
receptors by the dopamine receptor antagonist sul
piride prevented dopaminergic neuroprotection by 
lisuride and α-dihydroergocryptine against gluta-
mate and dopamine, respectively [4,17]. Sulpiride 
also abolished the protection of dopaminergic neu-
rons by ropinirole against 6-OHDA [9]. In SHSY-5Y 
cells expressing D2 receptors the protective effect of 
cabergoline against paraquat toxicity was partially 
reduced by inhibition of the D2 receptor with cloza
pine [1], and recently it was shown that in cortical 
neurons cabergoline prevented cell death induced 
by H2O2 through a  D2 receptor-mediated mecha-
nism [18]. In contrast, the protection of THir neurons 
against rotenone toxicity by cabergoline appears 
independent of dopamine receptor stimulation. The 
pretreatment of cultures with sulpiride did not atten-
uate the rescuing effect of cabergoline for THir neu-
rons in primary mesencephalic cell culture (Fig. 4).  
Since sulpiride has almost equal affinity to dopa-
mine D2 and D3 receptors (Ki~15 nM for the dopa-
mine D2 receptor and Ki~13 nM for the dopamine D3 
receptor) [26], stimulation of the D3 receptor is not 
decisive for the neuroprotective effect of cabergo-
line either. In this respect cabergoline resembles the 
non-ergot dopamine agonist pramipexole, which has 
been shown to protect SHSY-5Y cells against apop-
totic cell death induced by rotenone or 1-methyl- 
4-phenylpyridinium (MPP+) independent of dopa-
mine receptor stimulation [7]. In contrast, neuropro-
tective effects against oxidative stress in rat mes-
encephalic cultures provided by the ergot agonist 
bromocriptine depended on dopamine receptor 
stimulation and the synthesis of radical scavenging 
proteins [23]. 

Recently, it was shown that male dopaminergic 
neurons were slightly more sensitive towards rote-
none, and estrogen exerted a moderate protective 
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effect towards both genders [28]. Therefore, it might 
be of interest in future experiments to investigate 
the neuroprotective efficacy of cabergoline towards 
male and female dopaminergic neurons.

Oxidative stress is believed to contribute to the 
degeneration of dopaminergic neurons in PD [29]. 
We therefore tested whether cabergoline was able 
to reduce rotenone-induced oxidative stress in the 
cultures. Pre-treatment of the cultures with caber-
goline was found to reduce overall ROS production 
elicited by subsequent rotenone addition as mea-
sured by CM-H2DCFDA fluorescence (Fig. 5). Simi-
larly, cabergoline was reported to relieve oxidative 
stress in different experimental models of PD and in 
PD patients. For example, Chau et al. reported that 
cabergoline diminished dihydroethidium (DHE) oxi-
dation in SHSY-5Y cells exposed concomitantly to 
paraquat [1]. Since DHE is predominantly a  super-
oxide indicator, we detected that cabergoline is also 
able to reduce general oxidative stress induced by 
rotenone even when the culture is only pre-incubat-
ed with the agonist. Isobe et al. found that caber-
goline scavenged peroxynitrite induced by levodopa 
in PD patients [12]. Although cabergoline increased 
GSH synthesis in mesencephalic cell cultures, its 
neuroprotective effect against rotenone toxicity 
was not dependent on GSH synthesis, as pre-treat-
ment of mesencephalic cell cultures with the GSH 
biosynthesis inhibitor BSO did not prevent protec-
tion of dopaminergic neurons afforded by cabergo-
line (Fig. 6). In contrast, Chau et al. postulated that  
the increased GSH level induced by cabergoline in 
SHSY-5Y cells may at least partially explain the pro-
tection against paraquat [1].

Depletion of ATP was reported to be among the 
major consequences of complex I inhibition in differ-
ent in vitro and in vivo PD models. For instance, Im 
et al. [10] and Zaitone et al. [33] found that rotenone 
reduced ATP levels in PC12 cells and Sprague-Dawley 
rats, respectively. In accordance with these results, 
treatment of primary mesencephalic cell culture 
with rotenone resulted in a significant decrease in 
the ATP/protein ratio compared to untreated cul-
tures (Fig. 7). On the other hand, cabergoline not 
only significantly increased the ATP content in the 
culture, but even attenuated rotenone-induced ATP 
depletion, which might contribute to cabergoline’s 
neuroprotective effect. To our knowledge, this is 
the first report demonstrating protection against 
rotenone-induced ATP loss by a dopamine agonist. 

These results imply that cabergoline might exert its 
neuroprotective properties also at and via the mito-
chondrial level.

Conclusions

Cabergoline protected dopaminergic neurons 
against rotenone-induced cell death in primary 
mesencephalic cell culture. This effect was indepen-
dent of dopaminergic stimulation and did not pre-
dominantly depend on increased GSH production. 
Cabergoline could reduce excessive ROS formation 
and restore the ATP/protein ratio. Moreover, its ben-
eficial effect for the whole culture was detected by 
reduced LDH release. These results undermine the 
neuroprotective potential of dopamine agonists and 
demonstrate that ergot agonists may exert their 
protective action independently of dopamine recep-
tor stimulation.
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A b s t r a c t

Trauma in spinal cord injury often results in massive damage to the white matter and in damage to myelin that 
results in a severe phagocyte-rich infiltration apparently directed at removing immunologically toxic myelin debris. In 
the epidural balloon crush injury to the rat cranial thoracic spinal cord, the dorsal column was crushed, which at one 
week post-op resulted in its obliteration by a severe infiltration by a virtually pure population of macrophages that 
internalized all damaged myelin. A week-long subdural infusion of dexamethasone, a stable synthetic corticosteroid, 
resulted in remarkable inhibition of the macrophage infiltration of the crush cavity and in the lack of removal of 
myelin debris by phagocytosis. In this study we demonstrated that spinal cord injury results in a severe inflammatory 
response directed at massively damaged myelin, and we inhibited this response with a subdural infusion of a power
ful anti-inflammatory drug, dexamethasone.

Key words: spinal cord injury, leukomyelitis, macrophages, subdural infusion, dexamethasone. 

Introduction

Acute damage to the tissue in spinal cord inju-
ry (SCI) results in mechanical disruption, haemor-
rhages and ischaemia, which after 48 h (Kwiecien, 
unpublished) are followed by a  severe inflamma-
tory infiltration [57] that soon becomes directed 
primarily against damaged myelin and is primarily 
represented by macrophages [11,12,27,49,58]. This 
secondary inflammation in the spinal cord white 
matter is known as leukomyelitis, and is a well-rec-
ognized pathological process whose mechanisms 

are not well understood. Neuropathological evi-
dence indicates that leukomyelitis is a chronic, tissue 
destructive process, probably sustained by a  mech-
anism of a  vicious cycle where massively damaged 
myelin acts in a  potently pro-inflammatory fashion 
[33], attracting a  large number of blood-borne mac-
rophages which when activated, phagocytise dam-
aged myelin and, in the process release a  variety  
of pro-inflammatory factors that cause additional tis-
sue damage involving more myelin damage and mac-
rophage chemotaxis [3,18,19,29,30,39,48,50,56,60]. 
Although actively expanding leukomyelitis in the rat 
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runs well beyond 2 months [33], its total duration is 
not known in experimental animals and in human 
patients, but this severe inflammatory process is 
self-limiting, indicating unknown anti-inflammatory 
factors in the surrounding tissue. Since the long dura-
tion of leukomyelitis is associated with an expanding 
volume of irreversibly destroyed tissue of the spinal 
cord [18] and with progressive loss of neurologic func-
tion, the inhibition of this process was attempted in 
this study.

Methylprednisolone succinate (MPS), a  power-
ful synthetic glucocorticoid derivative, is currently 
the only approved treatment of spinal cord injury 
patients. In the standard treatment, an SCI patient 
follows the National Acute Spinal Cord Injury Study 
(NASCIS) recommendation and is given an intrave-
nous bolus injection of 30 mg/kg body weight (b.w.) 
of MPS that is followed by 24-48 hours of intrave-
nous infusion at 5.4 mg/kg b.w./hour [6,7]. This 
treatment is widely considered as not successful in 
improving the outcome in the treated SCI patients 
versus non-treated individuals [17,45]. Severe side 
effects related to very high doses of MPS have been 
described in human patients; they include wound 
infection, pneumonia, sepsis and steroid myopathy 
and add to the problematic therapeutic value of this 
treatment [40]. In a study performed on cats, a 30 mg/ 
kg b.w. intravenous (i.v.) bolus of MPS was found to 
translate into 1.3 mg/g (or 0.004% of total injected) of 
wet tissue of the spinal cord [8]. The authors of this 
study determined that the half life of MPS in the spi-
nal cord tissue was 3 h and recommended a 15 mg/ 
kg b.w. injection i.v. every 3 hours to maintain this 
tissue level. These data indicate that intravenous 
administration of large quantities of MPS may not 
translate into its therapeutic effectiveness in the SCI 
at the tissue level. In addition, since leukomyelitis is 
a chronic inflammatory process, for an anti-inflam
matory therapy to be effective, it should likely be 
administered in a  sustained fashion, well beyond 
a  single intraperitoneal (i.p.) injection of 30 mg/
kg b.w. [32,42,53-55], or multiple i.p. injections over  
48 h [24], or single intravenous (i.v.) injection of  
30 mg/kg b.w. [13,15,23,28,41] or multiple i.v. injec-
tions within 24 h [43], or 30 mg/kg b.w. bolus i.v. 
followed by maintenance 5.4 mg/kg b.w. per hour 
for 24 h [25]. A  short-term intrathecal administra-
tion [62] as performed in some experiments on SCI 
rats or a single i.v. injection of 30 mg/kg b.w. [64] or 
a bolus i.v. injection of 30 mg/kg b.w. followed by i.v. 

injections of 5.4 mg/kg b.w. every 2.5 h [37] in rab-
bit models of SCI, or single or multiple doses of 15- 
60 mg/kg b.w. i.v. in a cat model of SCI [1,9], were 
also attempted. The NASCIS 24-48-hour intravenous 
protocol is available to human patients [6,7,63], but 
it is not considered efficacious. 

In the present study we adopted an epidural 
spinal cord injury method with a crush effected by 
a temporarily inflated balloon [61] to create an inju-
ry and initiate leukomyelitis. We infused the crush 
lesion subdurally with dexamethasone, a stable and 
more powerful substitute for MPS, delivered over 
a  period of 1 week, which resulted in a  virtually 
absent infiltration by macrophages that we interpret 
as inhibition of leukomyelitis. 

Material and methods

Experiments on rats were conducted at the 
Central Animal Facility, McMaster University, after 
approval by the Animal Research Ethics Board 
according to the guidelines by the Canadian Council 
on Animal Care.

Balloon compression spinal injury

A total of 13 mature Long Evans rats of both sex-
es were induced and maintained under isoflurane 
anaesthesia. Balloon crush injury was adopted from 
Vanicky et al. [61,62]. Laminectomy was performed 
over the lumbar region of the spinal cord and a 3F 
embolectomy catheter (ZTS Hagmed, Poland) was 
inserted epidurally over the dorsal spinal cord to 
place the balloon in the rostral thoracic segment 
of the spinal cord. The sleeve of the catheter was 
filled with saline, and the balloon was inflated with  
0.2 ml of saline using a Hamilton syringe (VWR Inter-
national) for 5 s. After the compression evidenced by 
sudden movement of the hind legs, the balloon was 
deflated and the catheter carefully removed. 

Subdural infusion

Immediately after the balloon crush, in the lami
nectomy site in the lumbar spine the dura was cut 
with a 25 gauge needle and a rat intrathecal cath-
eter (Alzet, Durect Corporation, Cupertino, CA) was 
carefully inserted into the subdural space over the 
dorsal spinal cord to approximate the end of the 
catheter with the site of the balloon crush. After the 
steel wire was removed from the catheter, the free 
end was attached to a 2 ml osmotic pump with infu-
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sion time of 1 week (Alzet) that was pre-loaded with 
2 ml of dexamethasone (Dexamethasone 2, 2 mg/
ml, Vetoquinol N-A. Inc, Lavartrie, Quebec, Canada) 
in 5 rats (dexamethasone treatment group, n = 5) 
or 2 ml of phosphate buffered saline (PBS) pH 7.2 in  
5 rats (control treatment group, n = 5). The attached 
pump was placed subcutaneously on the flank of the 
rat. The surgery rats were injected subcutaneously 
with 5 ml of saline and 0.3 ml of ketoprofen (10 mg/
ml, Anafen, Merial Canada, Inc., Baie d’Urfe, Quebec, 
Canada) for analgesia prior to recovery from anaes-
thesia. The injections of analgesic were repeated 
once daily for 2 more days, and administration of 
saline was performed 1-2 times daily as indicated 
by the hydration status. Three additional rats were 
subjected to the balloon crush and perfused at 2 h 
post-surgery to serve as acute controls.

Clinical observations

All 13 rats with the balloon crush injury recover
ed well and had marked paresis or complete para
lysis of the hind end throughout the 1 week of sur-
vival. Rats treated with dexamethasone were doing 
progressively poorly after post-op day 4. They were 
lethargic, dehydrated, the food intake was markedly 
reduced or nil, and the body condition was dete-
riorated. Rats treated with PBS remained in good 
health except for motor neurologic deficits. At 
post-op day 6, open field behavioural testing was 
attempted on the rats, but it was deemed incon-
clusive due to pronounced weakness in dexametha
sone-treated rats.

Perfusions

At post-op day 7, the surgery rats were overdosed 
with 100 mg/kg b.w. sodium barbital (Ceva, France), 
the chest was opened and 100 IU sodium heparin 
intracardiac injection was administered. The blood 
was washed out by lactated Ringer’s solution (Bax-
ter, Canada) via the left cardiac ventricle with the out-
flow created by cutting the right heart auricle [34]. 
The animals were perfusion-fixed in 10% buffered 
formalin, carcasses post-fixed at 4°C for 1-3 hours 
and the spinal cord removed carefully and post-fixed 
in 10% formalin. Other routine tissues – the brain, 
mandibular salivary glands, thyroid glands, trachea, 
oesophagus, lung, heart, diaphragm, liver, spleen, 
kidney, pancreas, duodenum, caecum, colon, testis, 
epididymis, sexual glands, ovary, uterus, cervix and 

urinary bladder – were also sampled for histological 
analysis. 

Histology, immunohistochemistry

The length of the spinal cord was sectioned 
transversely into 2 mm thick segments with the 
cranial face placed down in the tissue cassette.  
The tissues were treated by raising concentrations 
of ethyl alcohol and xylene, embedded in paraffin, 
cut 4 mm thick and mounted on glass slides. Histo-
chemical stains used included the routine haema-
toxylin and eosin (H&E) stain, periodic acid-Schiff 
(PAS) to stain intracellular carbohydrates indicative 
of active phagocytosis [59] and Luxol fast blue (LFB) 
for myelin [59]. For immune stains, the glass-mount-
ed sections were heated at 58°C overnight and 
deparaffinised in a  Target Retrieval Solution, pH 
buffer (DAKO) at 97°C for 20 min in a DAKO PT Link 
Pre-Treatment Module for Tissue Specimens PT101 
apparatus. Antibodies against the CD68 antigen 
and against the glial fibrillary acidic protein (GFAP) 
were obtained from DAKO Corp., were applied at  
a 1 : 50 dilution, and the positive reaction was visu-
alized with DAKO EnVision+System-HRP (DAB+).  
The histological analysis was performed under 
a Nikon Eclipse 50i microscope and the abnormalities 
in the spinal cord and in other tissues photographed.

Results

Clinical observations

All rats recovered well from the surgery and had 
hind end paralysis. Some of the rats developed paral-
ysis of the urinary bladder requiring manual expres-
sion of urine from a  distended bladder 3-4 times 
a day. Although the untreated rats did well until the 
end of the study, rats treated with dexamethasone 
did poorly after day 4 post-op and were treated with 
subcutaneous saline 10 ml, 1-2 times a day until the 
sacrifice.

Although open field testing of the rats was at
tempted at post-op day 6, it was inconclusive, since 
the dexamethasone rats were remarkably weak and 
the motor function could not be assessed in relation 
to the spinal cord injury.

Histology, immunohistochemistry

In rats perfused 2 hours after the balloon crush 
surgery there was a  tear of a  large proportion of 
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the dorsal column (Fig. 1) resulting in its separation 
from the surrounding tissue of the spinal cord. The 
separation contained discontinuous haemorrhages, 
but there was no evidence of active demyelination  
(Fig. 1B,E) or of infiltration by phagocytic cells  
(Fig. 1C,F).

In untreated rats at 1 week post-op the dorsal 
column was obliterated by a  severe inflammatory 
exudate directly connected with the subdural space  
(Fig. 2A-C) composed predominantly of mononuclear 
cells containing an oval or round nucleus surround-
ed by abundant, often microvacuolated cytoplasm  
(Fig. 2D) staining positively with LFB (Fig. 2E) for inter-
nalized myelin debris and often staining positively 
with PAS (Fig. 2F), which indicates active phago-
cytosis [59]. Free, un-phagocytized red blood cells  
and LFB-positive debris were not apparent in the 
inflammatory exudate (Fig. 2D-E). The phagocyt-
ic cells were interpreted as macrophages, some of 
which stained or stained weakly with anti-CD68 anti-
body (Fig. 2G) even though this antibody labelled well 
numerous monocytes in the lumen of blood vessels 
in the adjacent tissue (Fig. 2H). The area of inflam-
mation was called leukomyelitis, inflammation of the 
white matter of the spinal cord, and it was surround-
ed by remarkable astroglial reaction with GFAP-posi-

tive, enlarged, hypertrophied astrocytes in the band 
of tissue 100-150 mM thick surrounding the leukomye
litis (Fig. 2I-J). 

In rats treated for 1 week with subdural infusion 
of 4 mg dexamethasone, the cavity of the crush was 
directly connected to the subdural space (Fig. 3A) and 
contained many free, un-phagocytized red blood cells 
(Fig. 3B) and debris that were positive on the LFB stain 
(Fig. 3C) and considered damaged myelin. There were 
rare phagocytic cells positive on the PAS stain and 
rare cells labelled positive with CD68 antibody scat-
tered throughout (Fig. 3D-E). In the tissue surrounding  
the cavity of the crush, the GFAP stain revealed  
a  band of astrogliosis, approximately 100-150 mM 
wide (Fig. 3F), with apparently increased numbers of 
markedly hypertrophied astrocytes (Fig. 3G).

In both dexamethasone-treated and un-treated 
rats in areas of the spinal cord at a distance, caudal to 
and separate from the lesion cavity, there were foci of 
haemorrhage in the dorsal column (Fig. 4A) surround-
ed by phagocytic cells with brown, finely granular 
material in the cytoplasm interpreted as haemosider-
in (Fig. 4B). Although haemorrhages were not accom-
panied by loss of myelin (Fig. 3C), many scattered cells 
had PAS-positive cytoplasm (Fig. 4D), and there was 
astrogliosis in the surrounding tissue (Fig. 4E).

A
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F

H&E LFB PAS

Fig. 1. Cross sections of the thoracic spinal cord from a rat with balloon crush injury perfused 2 h post-op. 
Large round area in the dorsal column appears separated from the surrounding tissue (arrowheads in A) 
and is surrounded by haemorrhages (D). Luxol fast blue (LFB) stain reveals tissue disruption around the 
dorsal column (B, E) but no evidence of myelin loss. Periodic acid-Schiff (PAS) stain reveals no active phago-
cytosis in the area of the disruption and haemorrhage (C, F). Bar 600 mm – A-C; 120 mm – D-F.
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Fig. 2. Cross sections from the thoracic spinal cord 1 week after the balloon crush. The dorsal column is 
obliterated by leukomyelitis (LM) whose severe inflammatory infiltrate is delineated by arrowheads from 
the surrounding tissue of the spinal cord (sc) and is rich in macrophages that internalize LFB-positive myelin 
debris (E) and a large proportion of which are positive on PAS stain (F). A proportion of macrophages in 
the area of leukomyelitis are positive or weakly positive on anti-CD68 antibody staining (G), but there is 
strong positive staining of cells in the lumen of blood vessels in the adjacent tissue (H) that are interpreted 
as monocytes. Band-like astrogliosis is evidenced by anti-GFAP antibody (I-J) in the tissue surrounding the 
cavity of the LM. Bars, A-C – 600 mM; D-H, J – 60 mM; I – 200 mM.
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Fig. 3. The thoracic spinal cord 1 week after the crush, with 4 mg dexamethasone infused throughout the 
post-op period subdurally in the vicinity of the crush lesion. The dorsal column is obliterated by the crush 
cavity (Cc) delineated by arrowheads, which apparently is connected with the subdural space (arrow in A) 
and contains scattered haemorrhages and proteinaceous material that stains positively with eosin on the 
H&E stain (A, B), and on the LFB stain (C), indicating widespread presence of damaged myelin that is not 
internalized by phagocytes. Scattered throughout there are rare individual PAS-positive cells (arrows in D) 
interpreted as macrophages. A proportion of cells scattered in the crush cavity stain positively with anti-
CD68 antibody (E). The tissue of the spinal cord surrounding the crush contains a band of astrogliosis evi-
denced by anti-GFAP antibody (double headed arrow in F, G). Bars, A – 600 mM; B-E, G – 60 mM; F – 200 mM.
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Fig. 4. In an untreated rat surviving the balloon crush for 1 week, the thoracic spinal cord at a distance from 
the crush lesion contains a large area of haemorrhage in the dorsal column, arrow in A. The haemorrhage 
is surrounded by scattered cells with elongated, sometimes subcleaved nucleus and finely granular brown 
material in the cytoplasm (small arrows in B). The phagocytic cells are interpreted as macrophages or micro
glia and the brown material as hemosiderin. The haemorrhage is not accompanied by loss of myelin (C). 
There are scattered cells with cytoplasm positive for PAS stain (D) that infiltrate the hemorrhagic area (H) 
that is delineated by arrowheads and surrounded by astrogliosis in E. Bars, A – 600 mM; B-E – 60 mM.
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Histological analysis of extraneural tissues in rats 
treated with dexamethasone revealed remarkable 
organ pathology including splenic lymphoid atrophy, 
hepatic degeneration, kidney calcinosis, atrophying 
myopathy, colitis, degenerative changes in the islets 
of Langerhans in the pancreas and hemorrhagic cys-
titis. Analysis of extraneural tissues in the un-treat-
ed rats was not remarkable.

Discussion

In this study we successfully inhibited a severe 
phagocyte-rich inflammatory reaction to a  spinal 
cord injury. Leukomyelitis, inflammation of the white 
matter in the spinal cord, was initiated by massive 
damage to the white matter in the dorsal column 
by means of crushing by an inflated catheter bal-
loon placed epidurally. Subdural infusion of dexa-
methasone, a  powerfully anti-inflammatory, stable, 
synthetic analogue of glucocorticoids, allowed for 
circumvention of the blood-brain barrier and appar-
ently for achieving a sufficiently high concentration 
of this drug in the cerebrospinal fluid in proximity 
of the crush lesion to prevent severe, phagocyte-rich 
inflammation. Since the crush cavity was directly 
connected with the subdural space, it is considered 
that dexamethasone diffused from the subdural 
space into the crush cavity and thus inhibited mas-
sive infiltration by macrophages, therefore effec-
tively arresting destruction of the neural tissue sur-
rounding the cavity of the crush by the inflammatory 
process of leukomyelitis.

Although methylprednisolone has previously 
been used to treat spinal cord injury [6,7], this drug 
is unstable in an aqueous solution beyond 24 hours, 
and in this study we used a more stable and 7 times 
more powerful [20] glucocorticoid analogue, dexa-
methasone. Anti-inflammatory activities of dexa-
methasone are powerful and multifactorial [20]. In 
vitro, dexamethasone can suppress phagocytosis by 
activation of murine peritoneal macrophages [4,5], 
which parallels reduction in the lysosomal secretion 
[22], with the reduced secretion of the lysosomal 
elastase [14], arachidonic acid [5], prostaglandins 
[10], thromboxane B2 and leukotriene B4 [21]. Dexa
methasone inhibited the proliferation of macro-
phages after their activation by oxidized low-den-
sity lipoprotein, which coincided with the reduction 
in the levels of the granulocyte/macrophage colony 
stimulating factor in one study [52], and inhibited 
the differentiation of macrophages into multinucle-

ated osteoclasts, bone-lysing cells, in another [46]. 
Other in vitro studies determined that a lipopolysac-
charide-activated macrophage ability to kill masto-
cytoma tumours was inhibited by dexamethasone 
in parallel with the reduced glucose uptake by treat-
ed macrophages [44], the latter observation having 
been confirmed in another study [51]. Dexametha-
sone inhibits the toxicity of macrophages by reduc-
ing their nitric oxide production [36], and by related 
inhibition of inducible nitric oxide synthase [31]. In 
an in vivo study using a  balloon injury of femoral 
arteries in the rabbit, daily administration of intra-
muscular 1 mg/kg b.w. dexamethasone resulted in 
a remarkable reduction of the macrophage accumu-
lation in the wall of the damaged arteries coincident 
with the reduced expression of monocyte chemoat-
tractant protein-1 [47]. This treatment did not, how-
ever, affect the levels of circulating monocytes, the 
adhesion of monocytes to the vascular endothe-
lium or their ability to migrate [47], indicating that 
although anti-inflammatory activities of dexameth-
asone are powerful and multifactorial, there are 
a number of mechanisms of inflammation that this 
drug does not affect.

In our model of leukomyelitis, dexamethasone 
inhibited accumulation of macrophages in the cav-
ity of the crush by mechanisms we did not inves-
tigate. In rats not treated with dexamethasone we 
observed widespread phagocytic activity of mac-
rophages with the internalization of LFB-positive 
myelin debris. Free, LFB-positive, myelin material 
was not observed in the lesion cavity in the untreat-
ed rats. In contrast, large amounts of LFB-positive 
material remained free in the cavity of injury in the 
dexamethasone-treated rats, presumably because 
it was not removed by macrophage phagocytosis. 
Given the severity of the inflammatory response 
following the massive myelin damage in our model 
of the spinal cord injury and complete internaliza-
tion of myelin debris by macrophages, the notion of 
severe pro-inflammatory activity of damaged myelin 
appears appropriate. Therefore, inhibiting its inter-
nalization by macrophage phagocytosis in dexa-
methasone-treated rats allowed us to postpone the 
onset of leukomyelitis for 1 week but not to elimi-
nate it. Clearly, potent pro-inflammatory activity of 
non-phagocytized myelin debris in the crush lesion 
will need to be addressed in future studies where an 
effective but non-toxic anti-inflammatory treatment 
is administered for a  longer period of time to SCI 
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rats, allowing perhaps for elimination of damaged 
myelin by mechanisms not requiring phagocytosis 
with the associated tissue destruction.

Although the mouse anti-human CD68 antigen 
antibody used in this study labelled well intravas-
cular monocytes in the neural tissue surrounding 
the cavity of injury, only a  proportion of mononu-
clear cells in the cavity of injury were labelled. This 
antibody was selected due to its reliable labelling of 
macrophages in formalin-fixed and paraffin-embed-
ded tissues [16]. Since a virtually uniform population 
of cells internalizing the LFB-positive material had 
a round to oval nucleus, and abundant, microvacu-
olated cytoplasm that often stained positive on the 
PAS reaction, we consider them macrophages and 
suggest that the patchy labelling with the anti-CD68 
antibody may be indicative of dynamic changes in 
the surface epitopes of macrophages potently acti-
vated by damaged myelin. 

The evidence of reactive astrogliosis in the spinal 
cord tissue surrounding the cavity of leukomyelitis 
is consistent with astrogliosis around stroke lesions 
[2,38]. Although the role of astrogliosis in progres-
sion of leukomyelitis is unknown, old lesions in the 
spinal cord, also known as syringomyelia, that are 
filled with clear cerebrospinal fluid and do not con-
tain inflammatory cells, are invariably surrounded by 
a wall of hypertrophied astrocytic processes [26,35]. 
Interestingly, the high dose of dexamethasone used 
in this study did not appear to have an inhibitory 
effect on astrogliosis despite being potently inhibi-
tory to phagocytosis.

Evidence of acute haemorrhages in areas isolat-
ed from the site of the injury is indicative of fragility 
of blood vessels of the spinal cord in post-traumatic 
rats. Although the precise mechanism of acute hae-
morrhages is unknown, it is important to emphasize 
that the movement of the rats was not restricted 
post-operatively and the potential for movement 
of the spinal cord remained. This observation may 
serve as supportive evidence for the need to immo-
bilize the spine of the traumatized patients, appar-
ently to prevent additional haemorrhages after the 
initial spinal cord injury.
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A b s t r a c t

Glioblastoma multiforme (GBM), a highly aggressive brain cancer characterized by uncontrolled proliferation, resis-
tance to cell death, angiogenesis, and vascular edema, remains one of the deadliest types of cancer. The subventricu-
lar zone (SVZ) harbors cells with great proliferative potential, and the microenvironment within the SVZ is permissive 
to growth and proliferation. This neurogenic niche is suspected to be a vulnerable site for the origin of subtypes of 
GBM. The aim of our study was to determine the immunohistochemical expression of mIDH1 and YKL40 in rela-
tionship to the SVZ of GBMs. YKL40, also known as chitinase-like protein 1, is included as a mesenchymal marker 
and associated with a poor prognosis. The protein is a secreted inflammatory molecule with no chitinolytic activity. 
However, the mutation of IDH1 (mIDH1) has been found in the cytoplasm and peroxisomes of 70-80% of secondary 
GBMs. In our study we found that YKL40-positive GBM is significantly linked to SVZ types IV and V (p < 0.0001). 
Our results show the diversity among GBMs related to the SVZ, which should be considered in the design of future 
targeted therapies. There was a significant impact of patient age, mIDH1 positivity, SVZ type III, and chemoradio-
therapy on overall survival.

Key words: glioblastoma, isocitrate dehydrogenase 1 mutation, YKL40 expression.

Introduction

Glioblastoma multiforme (GBM), a highly aggres­
sive brain cancer characterized by uncontrolled pro­
liferation, resistance to cell death, angiogenesis, 
and vascular edema, remains one of the deadliest 
types of cancer [2,17,21]. The current standard of care 
involves aggressive surgery, radiation and chemothe­

rapy, yet provides only a modest survival benefit [16, 
27,37].

Based on cancer stem cell theory, and images 
of GBMs, recently there has been advanced a  rele­
vant classification related to the subventricular zone 
(SVZ) and its survival impact [18,22,24]. Since the 
SVZ harbors cells with great proliferative potential 
and the microenvironment within the SVZ is permis­
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sive to growth and proliferation, this neurogenic 
niche is suspected to be a  vulnerable site for the 
origin of subtypes of GBM [13]. Recently, there has 
been a consensus about the subpopulation of can­
cer cells with stem cell characteristics, including self- 
renewal and multipotentiality; these cancer stem 
cells can propagate tumors in vivo [8,12]. Recent evi­
dence suggests that tumor location plays an import­
ant role in prognosis and is likely related to the 
genetic profile of tumor cells of origin [18,30]. Fur­
thermore, some authors have constructed prognos­
tic models and analyzed probabilistic radiographic 
atlases of GBM phenotypes [11,13]. 

The GBM heterogeneity has motivated several 
studies to evaluate factors that predict prolonged 
survival for patients with GBM [4,18,20,24,38]. Such 
heterogeneity could be related, according to some 
authors, to the stem cell-like characteristics [24]. 
Lim et al. proposed a  classification scheme that 
divides the GBMs into four groups by the spatial 
relationship of the contrast-enhancing lesion with 
the subventricular zone and cortex: type I – tumor 
in which the contrast-enhancing lesion contacts 
both the SVZ and the cortex; type II – tumor con­
tacts the SVZ but not the cortex; type III – tumor 
contacts the cortex but not the SVZ; and type IV 
– tumor contacts neither the SVZ nor the cortex. 
Regarding the multifocal and/or multicentric GBMs 
there are many theories showing a  close associa­
tion with group I given the findings consistent with 
high migratory and invasiveness of cells, according 
to Willis’ theory [24,33].

Based on recent studies [39], YKL40, also known 
as chitinase-like protein 1, is included as a mesen­
chymal marker and associated with a poor progno­
sis. The protein is a secreted inflammatory molecule 
with no chitinolytic activity [15] YKL40 has been pos­
tulated as a potential serum marker in glioblastoma 
[4,19] since it was found to have elevated levels in  
the serum of patients with GBM. However, the muta­
tion of IDH1 (mIDH1) has been found in the cyto­
plasm and peroxisomes of 70-80% of secondary 
GBMs. mIDH1 is a  selective marker for secondary 
glioblastoma supplementing clinical judgment to dis­
tinguish it from primary glioblastoma. There are few 
reports related to the mutated IDH1 expression and 
its subventricular zone relationship [11]. The aim of 
our study was to determine the immunohistochemi­
cal expression of mIDH1 and YKL40 in relationship to 
the SVZ of GBMs.

Material and methods

A  retrospective study was performed on 204 
GBMs operated on at the Neurosurgical Unit of 
Asturias Hospital, Spain, between December 2005 
and September 2011. We divided the GBMs into five 
groups. The first four groups were selected accord­
ingly to the Lim [24] classification. We then selected 
multifocal or multicentric presentation of GBMs as 
a fifth group. 

Detailed data regarding clinical presentation, 
imaging features, surgical procedure, pathological 
analysis, oncological treatment, progression-free 
survival (PFS), and overall survival (OS) outcome 
were recorded. The extent of resection was deter­
mined by early postoperative MRI (within 48 hours). 
Subtotal and total resection were defined as those 
tumors with residual and no residual enhancement, 
respectively, achieved by comparing pre- and post­
operative MRI. Extent of resection was classified 
as either total (> 95%), subtotal (< 95%) or biopsy 
by a neuroradiologist blinded to patient outcomes. 
Patients were informed of the investigational nature 
of this study and written informed consent was 
obtained from each patient in accordance with insti­
tutional guidelines. Patients with a  Karnofsky Per­
formance Scale (KPS) score ≥ 70 and age < 60 were 
included to receive conventional radiotherapy and 
chemotherapy after surgical resection: 1.8-2.0 Gy 
per day, over a period of 6 weeks, for a  total dose 
of 60 Gy and temozolomide therapy at a  dose of  
75 mg/m2 per day, seven days a week for 42 con­
secutive days during radiotherapy (as used in the 
EORTC study by Stupp et al.) [3,23,36].

The pathology was determined by a senior neu­
ropathologist in all instances, and the grading cri­
teria were based on the World Health Organization 
(WHO) classification system.

All statistical analyses were performed with 
SPSS Statistics version 20 (IBM) with a significance 
level of p = 0.05. Fisher’s exact test was used for 
evaluation of the association between YKL40 and 
mIDH1 (with positive and negative expression) and 
covariates. Survival analysis was carried out with the 
Kaplan-Meier method and a log rank test. For multi­
variate analysis of OS and PFS, a Cox proportional 
hazards model was performed using age (< 65 vs.  
≥ 65), gender, initial KPS score (< 70 vs. ≥ 70), hemi­
sphere, subventricular relationship, extent of resec­
tion, and first line therapy as covariates. All tests 
were two-sided, and a  p value of < 0.05 was con­
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sidered significant. The confidence intervals were 
calculated at the 95% level.

Results

The population of our study consisted of a total of 
204 patients harboring GBMs. The baseline clinical 
data are summarized in Table I. Among the patients 
in the study, the median age was 63 ± 10.86 years. 
Most patients were male (115). The median initial 
KPS score was 80. Overall, for surgical resection,  
44 patients underwent gross total resection (GTR), 

119 patients underwent subtotal resection (STR), 
and 41 patients underwent biopsy. Although sta­
tistically significant (p < 0.05), there was not 
a greater extent of resection or more radiotherapy 
combined with chemotherapy, among mIDH1-pos­
itive GBMs.

In 94 patients, YKL-positive cells were identified. 
YKL40 expression was found predominately in the 
cytoplasm. YKL40 was strongly stained in all positive 
samples. One hundred and ten were YKL40 negative. 
In 42 patients the mIDH1 was positive. One hundred 
sixty-two were IDH1 negative.

The median OS was 34.64 weeks ± 45.5 and the 
median PFS was 15.35 ± 26.93 weeks. Kaplan-Meier 
estimates for OS by subventricular relationship are 
shown in Figures 2 and 3. The median OS (more 
than 54 weeks) after pathological diagnosis was 
higher in patients with mIDH1-positive GBMs 
(55.4%) than in those with YKL40-positive GBMs 
(23.2%) (p > 0.001 and p > 0.05, respectively). 
Long-term survival (LTS) was identified in 4 (66.7%) 
IDH1-positive GBMs. Long-term survival was iden­
tified in 1 (16.7%) YKL40-positive GBM (Table II). 
The median PFS among those with mIDH1-positive 
GBMs was higher than those with YKL40-positive 
GBMs (1 and 0, respectively).

Tumor location

All tumors were supratentorial in location. We  
did not find statistically significant differences 
between the right and left hemisphere linked to 
YKL40 and mIDH1 immunoexpression. Of 204 pa­
tients, 12 YKL40-positive GBMs and 3 mIDH1-positive 
GBMs had type I  tumors; 16 YKL40-positive GBMs 
and 2 mIDH1-positive GBMs had type II tumors;  
17 YKL40-positive GBMs and 33 mIDH1-positive 
GBMs had type III tumors; 29 YKL40-positive GBMs 
and 2 mIDH1-positive GBMs had type IV tumors, 
and 20 YKL40-positive GBMs and 2 mIDH1-positive 
GBMs had type V tumors. 

Multivariate analysis

A multivariate proportional hazards model ana­
lysis, based on the forward stepwise selection 
technique, was used. The covariates significantly 
associated with improved OS were: younger age at 
diagnosis (hazard ratio [HR] = 1.44; 95% CI: 1.03-
2.01, p = 0.031), type III and type I GBMs (HR = 0.46;  
95% CI: 0.25-0.84, p = 0.013), and chemoradiothera­

Table I. Patient characteristics

Factor All patients  
(N = 204), n (%)

Median age at diagnosis (years) ± SD 63 ± 10.86

Range 26-85

Sex

Male 115 (56.4)

Female 89 (43.6)

Karnofsky Performance Scale score

< 70 30 (14.7)

≥ 70 174 (85.3)

Hemisphere 

Right 115 (56.4)

Left 89 (43.6)

Subventricular relationship

Group I 18 (8.8)

Group II 35 (17.2)

Group III 75 (36.8)

Group IV 42 (29.6)

Group V 34 (16.7)

Surgery

Gross total resection 44 (21.6)

Subtotal resection 119 (58.3)

Biopsy 41 (20.1)

First-line therapy

Radiotherapy 36 (17.6)

Chemotherapy 1 (0.5)

Radiotherapy and chemotherapy 123 (60.3)

Therapeutic absention 44 (21.6)
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Fig. 1. Magnetic resonance imaging (B) and photomicrographs (A and C) of glioblastoma multiformes (GBM) 
in the present study. A) Immunohistochemical staining of mIDH1 showing classic histological features of 
GBM. mIDH1 has been found linked to group 3 in a large proportion of cases. B) Classification of GBM into 
groups I-IV [18,24], based on MRI, and the multifocal (V) group considered in our series. C) Immunohisto­
chemical staining of YKL40.

A B C

Fig. 2. Kaplan-Meier survival curves of overall 
survival categorized according to the subven­
tricular zone relationship (log rank p = 0.00).
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Fig. 3. Kaplan-Meier survival curves of progres­
sion-free survival categorized according to the sub­
ventricular zone relationship (log rank p = 0.00).
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Progression free survival

py (HR = 0.20; 95% CI: 0.12-0.33, p = 0.000) were the 
most independent factors linked to OS. The results 
of this model are given in Table III. In regards to PFS, 
good performance status (KPS) (HR = 0.48; 95% CI: 
0.31-0.75, p = 0.001), mIDH1 (HR = 0.60; 95% CI: 0.40-

0.90, p = 0.015), and chemoradiotherapy (HR = 0.33; 
95% CI: 0.21-0.52, p = 0.000). Significantly more 
mIDH1- positive GBMs showed a relation with type 
III (n = 33; 44%) compared to YKL40-positive GBMs 
(n = 17; 22.7%).
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Table II. Patient characteristic of the study population compared to YKL40 and mIDH1

Factor YKL40+ YKL40– Mutated IDH1+ Mutated IDH1– p value  
YKL40/mIDH1

Age < 0.0001

< 65 45 (38.1) 73 (61.9) 37 (31.4) 81 (68.6)

≥ 65 49 (57) 37 (43) 5 (5.8) 81 (94.2)

Sex 0.26/0.22

Male 57 (49.6) 58 (50.4) 20 (17.4) 95 (82.6)

Female 37 (41.6) 52 (58.4) 22 (24.7) 67 (75.3)

Karnofsky Performance Scale score 1.00/0.14

< 70 14 (46.7) 16 (53.3) 3 (10) 27 (90)

≥ 70 80 (46) 94 (54) 39 (22.4) 135 (77.6)

Hemisphere 0.11/0.60

Right 47 (40.9) 68 (59.1) 22 (19.1) 93 (80.9)

Left 47 (52.8) 42 (47.2) 20 (22.5) 69 (77.5)

Subventricular relationship < 0.0001/< 0.0001

Group I 12 (66.7) 6 (33.3) 3 (16.7) 15 (83.3)

Group II 16 (45.7) 19 (54.3) 2 (5.7) 33 (94.3)

Group III 17 (22.7) 58 (77.3) 33 (44) 42 (56)

Group IV 29 (69) 13 (31) 2 (4.8) 40 (95.2)

Group V 20 (58.8) 14 (41.2) 2 (5.9) 32 (94.1)

First-line therapy 0.005/< 0.0001

Radiotherapy 21 (58.3) 15 (41.7) 1 (2.8) 35 (97.2)

Chemotherapy 0 (0) 1 (100) 0 (0) 1 (100)

Radiotherapy and  
chemotherapy

45 (36.6) 78 (63.4) 40 (32.5) 83 (67.5)

Therapeutic absen-
tion

28 (63.6) 16 (36.4) 1 (2.3) 43 (97.7)

Surgery 0.003/0.03

Gross total resection 13 (29.5) 31 (70.5) 12 (27.3) 32 (72.7)

Subtotal resection 54 (45.4) 65 (54.6) 27 (22.7) 92 (77.3)

Biopsy 27 (65.9) 14 (34.1) 3 (7.3) 38 (92.7)

Overall survival (weeks)  0.097/0.001

≤ 54 81 (55.1) 66 (44.9) 11 (7.5) 136 (92.5)

> 162 1 (16.7) 5 (83.3) 4 (66.7) 2 (33.3)

Progression-free survival (weeks) 1.000/0.174

≤ 54 90 (49.2) 93 (50.8) 31 (16.9) 152 (83.1)

> 162 0 (0) 1 (100) 1 (100) 0 (0)
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Discussion

Patients diagnosed with GBM have a dismal prog­
nosis [5]. Even though median survival is poor, indi­
vidual survival is heterogeneous, with some patients 
surviving for several years [5,9,34]. Age at diagnosis, 
KPS score, and extent of resection have been the 
most well-documented predictors of survival. Age 
has consistently been shown to be one of the most 
powerful prognostic factors for survival in patients 
with GBM, with younger patients living much longer 
than older patients. Furthermore, the poor tolerance 
of older patients to aggressive toxic systemic che­
motherapy often results in either treatment-related 
complications and/or suboptimal tumor treatment 
[10,28,31]. In the present study, we found a particu­
larly strong tendency among young adults to harbor 
mIDH1-positive GBMs. Furthermore, Cox’s regres­
sion model showed that younger patients were 
associated with better OS, consistent with previ­
ous published series [2,6,7,26]. Nevertheless, extent 
of resection remains a  topic of debate, particularly 
for incomplete resections. The most comprehensive 

work to date on the value of extent of resection sug­
gests that ≥ 98% is necessary to impact survival in 
patients with GBM [31,40]. In our study the extent 
of resection was not a prognostic factor in the Cox’s 
regression model and in the characteristics linked to 
YKL40 and mIDH1 expression, judging by postopera­
tive enhancing MRI rather than by the neurosurgeon 
himself may be the reason.

In the present study we found that YKL40-positive 
immunoexpression, reflecting the mesenchymal GBM 
subgroup [9,15,39], was not significant in the OS and 
PFS Cox’s proportional hazards model. Interestingly, our 
data showed more YKL40-positive expression among 
subventricular contacting GBMs than mIDH1-positive 
GBMs. The expression of mIDH1 is associated with pro­
longed OS and PFS in a Cox’s regression model, con­
sistent with other population-based studies of GBMs 
[14,29,32,35,41]. The gross total resection and the 
radiotherapy combined with chemotherapy associa­
tions were not of prognostic value for either OS or PFS. 

Recent evidence suggests that GBMs with both SVZ 
and cortical involvement and SVZ contact alone result 

Table III. Multivariate analysis of factors associated with overall survival (OS) and progression-free survival 
(PFS) Cox’s proportional hazards model with a forward stepwise approach

Factor OS PFS

p HR (95% CI) p HR (95% CI)

Age (< 65 vs. ≥ 65) 0.031 1.44 (1.03-2.01) 0.265 1.18 (0.87-1.60)

Karnofsky Performance Scale score  
(< 70 vs. ≥ 70)

0.207 1.32 (0.85-2.04) 0.001 0.48 (0.31-0.75)

Gross total resection 0.390 0.248

Subtotal resection 0.211 1.27 (0.87-1.86) 0.142 1.31 (0.91-1.89)

Biopsy 0.262 1.36 (0.79-2.32) 0.889 0.96 (0.54-1.69)

YKL40 (no vs. yes) 0.999 1.00 (0.71-1.40)

Mutated IDH1 (no vs. yes) 0.028 0.62 (0.41-0.95) 0.015 0.60 (0.40-0.90)

Group I 0.011

Group II 0.607 0.84 (0.45-1.59)

Group III 0.013 0.46 (0.25-0.84)

Group IV 0.886 1.04 (0.57-1.90)

Group V 0.858 0.94 (0.49-1.79)

Radiotherapy 0.000 0.000

Chemotherapy 0.005 0.46 (0.27-0.79) 0.640 1.63 (0.21-12.66)

Radiotherapy and chemotherapy 0.000 0.20 (0.12-0.33) 0.000 0.33 (0.21-0.52)

Therapeutic absention 0.000 1.09 (0.53-0.17) 0.002 2.39 (1.38-4.14)

http://rcin.org.pl 



58 Folia Neuropathologica 2015; 53/1

Kelvin Manuel Piña Batista, Ivan Fernandez Vega, Sayoa Alvarez de Eulate-Beramendi, Julio Cesar Gutierrez Morales, Almaz Kurbanov, Dorisme Asnel, 
Angela Meilan, Aurora Astudillo

in shorter PFS and OS [13,18]. Interestingly, we found 
significantly more type III GBMs than the remaining 
groups among mIDH1-positive GBMs. mIDH1 positivi­
ty was more frequent in secondary GBMs than in pri­
mary GBMs (37 and 5, respectively). Of note, among 
YKL40-positive GBMs there were more type IV and V 
than type III GBMs. The main reasons for a less favor­
able outcome in GBM patients with SVZ involvement 
are not yet completely understood. Type IV and V were 
particularly linked to YKL40-positive GBMs. In our 
series we identified 34 (16.7%) type V GBMs. In the 
literature, the incidence of multiple lesions at the time 
of diagnosis ranged anywhere from 0.5 to 20% [14].

To the best of our knowledge, the immunoexpres­
sion of YKL40 has never been assessed in the GBMs 
associated with the subventricular zone. Since 2002 
there have been published fewer papers address­
ing YKL40 and its expression in GBM, even though 
it seems related to radiotherapy resistance [15] and 
mesenchymal subtype, and inversely associated with 
EGFR. Additional studies concluded that patients with 
tumors adjacent to the SVZ were more likely to be 
multifocal at diagnosis and to have noncontiguous 
tumor recurrences [24]. YKL40 positivity contributes 
to progression of GBM through invasion, anchor­
age-independent growth and drug resistance [23]. 

Conclusions

According to the findings in the present study and 
the review of the literature, GBM is a  highly aggres­
sive tumor. Despite modest improvement in the OS 
of patients with GBM in the last decade, the outcome 
remains poor. Therefore, the need for more effective 
novel treatments in this neoplasm is urgently welcomed. 

We demonstrate for the first time that YKL40 
GBMs are significantly linked to SVZ types IV and V  
(p < 0.0001). However, it will be necessary to gain 
more information about its mechanisms of action 
in order to move forward with the use of YKL40 for 
potential application in glioma therapy. Our results 
show the diversity among GBMs related to the SVZ, 
which should be considered in the design of future 
targeted therapies. Age less than 65 years, mIDH1 
positivity, type III GBMs, and temozolomide therapy 
are factors that independently predicted a prolonged 
OS. These results, however, may be limited by an 
inherent bias in patient selection, which may favor 
patients with more superficial tumors. We attempted 
to minimize the limitations by using strict inclusion 
criteria and Cox’s proportional hazard model analysis. 

Therefore, despite this potential source of bias, these 
findings may help to guide treatment paradigms, 
prognosticate survival, and provide more information 
for GBM patients through the identification of these 
prognostic factors. 
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A b s t r a c t

Hydrocephalus is a common neurological disease in humans, but a uniform and particularly effective hydrocephalic 
animal model amenable to proper appraisal and deep study has not yet been established. In this study, we attempt-
ed to construct a high-efficiency model of hydrocephalus via intraventricular kaolin injection. Adult male Sprague- 
Dawley rats were randomly divided into 2 groups: the control group (n = 15) and the experimental group (n = 30). 
Kaolin was injected into the lateral ventricle of experimental animals. Control rats underwent the same procedure 
but received sterile saline injection instead of kaolin. All animals with kaolin injection into the lateral ventricle devel-
oped hydrocephalus according to magnetic resonance imaging (MRI) results (success rate up to 100%). Also, the 
Morris water maze (MWM) test demonstrated disturbed spatial learning and memory. Furthermore, there were sig-
nificant differences between groups with respect to the histological changes in the periventricular tissue. Our results 
indicate that experimental hydrocephalus induced by lateral ventricle injection of kaolin in adult rats is feasible and 
may be widely used. 

Key words: kaolin, hydrocephalus, animal model, MRI, Morris water maze.

Introduction

Hydrocephalus is a  common neurosurgical dis-
ease that is often the result of intracranial hemor-
rhage, tumor, intracranial infection and brain injury. 
Abnormalities of cerebrospinal fluid (CSF) secretion, 
circulation and absorption cause excessive accumu-
lation of CSF in the ventricular system and expan-
sion of the ventricular system, which may cause 
damage of surrounding brain tissue and persistent 

neurological deficits, leading to the development of 
hydrocephalus. 

The sustained enlargement of cerebral ventricles 
can result in compression and distortion of brain 
tissue. Compression and distortion of brain tissue 
give rise to deleterious effects, such as inflammatory 
responses, gliosis, fiber stretching, damage to neu-
rons and cellular pathways, destruction of periven-
tricular axons, demyelination, reduced cerebral 
blood flow and oxygen levels, and altered clearance 

Communicating author:

Wang Zhanxiang, Department of Neurosurgery, The First Affiliated Hospital of Xiamen University, No. 55 ZhenHai Road, Xiamen 361003, 

China, phone: +86 5922139815, fax: +86 5922139315, e-mail: wangzx1166@163.com

http://rcin.org.pl 



61Folia Neuropathologica 2015; 53/1

Hydrocephalus induced via intraventricular kaolin injection in adult rats

of proteins and toxins [8-10,22,25,33], that may be 
associated with neurological deficits in hydroceph-
alus patients, including low intelligent quotient (IQ) 
scores, learning disabilities, memory loss, mental 
retardation, impaired gait, and urinary incontinence 
[12,13]. These deleterious effects of hydrocephalus 
on the brain depend on the magnitude and duration 
of ventriculomegaly and degree of compression of 
brain tissue, which are also modified by the age of 
onset [9].

Many animal models of hydrocephalus have 
been established, but most models mimic “obstruc-
tive” hydrocephalus by blocking CSF flow at the 
4th ventricle outlets [21,26,27,29,34]. Communi-
cating hydrocephalus has been difficult to model 
in rodents because the subarachnoid spaces are 
extremely small and difficult to access. Transge- 
nic models [15], growth factors such as TGF-β1 and 
FGF-2 [24,30], neurotoxins [14], and viral [6] and bac-
terial inoculations [32] have also been used to pro-
duce communicating hydrocephalus. However, these 
methods have not been widely applied because of 
complexity, costliness, low success rate and high 
acute mortality, etc.

Although hydrocephalus can be experimentally 
induced through a variety of techniques [1,15,29,30], 
the most widely used method of experimental 
hydrocephalus involves induction by injection of 
kaolin into the cistern magna in neonatal, juvenile 
and adult rodents [16,21]. Ventricular enlargement 
occurs as a  result of the inflammatory scarring, 
which causes an obstruction of the CSF pathways 
near the 4th ventricle outlets [16,21,23]. This meth-
od is long-term and widely used; however, there are 
also many deficiencies (such as high acute mortality 
rates, low success rate, difficulty to form a commu-
nicating hydrocephalus and uncontrollable hydroce-
phalic severity) [2,4,21,29].

It is well known that communicating hydroceph-
alus, clinically, is more universal than obstructive 
hydrocephalus. For a long time, the lack of appropri-
ate animal models of communicating hydrocephalus 
has clearly restricted investigative progress of this 
disease. Recently, communicating hydrocephalus 
with suspension of 25% kaolin injections into the 
basal cisterns or the cortical subarachnoid space 
of adult rats has been reported [18,23]. So, theoreti- 
cally, if low concentration kaolin injections into the 
lateral ventricle may induce hydrocephalus, it should 
be communicating hydrocephalus.

Thus, we attempted to explore and develop a uni-
form, particularly effective and low mortality animal 
model of hydrocephalus. 

Material and methods

Animals

Adult male Sprague-Dawley rats (240-260 g) were 
purchased from the Slac Laboratory Animal Co. Ltd. 
(Shanghai, China). The animals were kept in a tem-
perature- and humidity-controlled room, allowed 
food and water freely, and housed in the same animal 
care facility during a 12-h light/dark cycle throughout 
the protocol. The rats were randomly divided into  
2 groups: the experimental group (n = 30) with kaolin 
injection; and the control group (n = 15) with saline 
injection. All animal care and experimental proce-
dures were licensed and carried out by the Local 
Institutional Animal Care and Use Committee accord-
ing to the Institutional Animal Care and Use Commit-
tee guidelines. 

Surgical induction 

Rats were anesthetized by intraperitoneal injec-
tion of 10% chloral hydrate (0.4 ml/100 g), and were 
placed in a  stereotaxic frame. The scalp was ster-
ilized and incised, and the bregma was exposed.  
The injection coordinates, which were measured 
from the bregma to the lateral cerebral ventricles, 
were 0.8 mm posterior, 1.6 mm lateral and 3.7 mm 
deep. A  50 μl syringe with 30-gauge needle was 
inserted into the lateral ventricle (depth: 3.7 mm), 
and a 30 μl sterile suspension of 3% kaolin (ultra-
sonic emulsification about 15 minutes) in saline 
was injected slowly into the lateral ventricle at 
a rate of approximately 10 μl/min. The skin incision 
was sutured, and the animal was replaced to its 
cage and was monitored daily for the duration of 
the experiment. Control group rats underwent the 
same procedure but received sterile saline injection 
instead of kaolin.

Morris water maze test 

Ten days later, spatial learning and memory was 
examined with the Morris water maze (MWM) test. 
The water maze consisted of a black pool (1.5 m in 
diameter, 50 cm high, bottom 45 cm above floor 
level) filled with water (made opaque with ink) and 
a  black platform (10 cm in diameter, 30 cm high) 
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submerged 2 cm below the water surface. The quad
rant in which the platform was placed and the re
maining quadrants, clockwise from the former, 
were designated “1”, “2”, “3” and “4”, respective-
ly. The water was maintained at 21 ± 1°C, and the 
platform was placed in the “1” quadrant of the four 
virtual quadrants 30 cm away from the sidewall.  
The movements of rats were recorded with a video 
camera connected to a  computer. Data were ana-
lyzed using a  tracking program (DigBehv-MWM, 
Shanghai Jiliang Software Technology Co. Ltd., 
Shanghai, China). The experimental room (2.4 × 2.4 
× 3.2 m) contained cues: a pole, maze, door, com-
puter, air conditioning, and researcher. A quiet and 
constant environment (including temperature and 
humidity) of the laboratory was maintained during 
the experiment. 

For maze performance, a  5-day protocol was 
used (day 1: visual cue trial; days 2-4: 3 trials per 
day, hidden platform; day 5: probe trial with plat-
form removed). On the cue and training days, each 
rat was placed at one of the other three starting 
points, which were used in a random order so that 
each position could be used once. A 1 h interval 
was imposed before the beginning of the next 
trial. If the rat did not find the hidden platform 
within 60 seconds, it would be guided to find the 
platform and remain for 15 seconds. The platform 
location was immovable during the cue and learn-
ing period. The time that rats spent in finding the 
submerged platform (escape latency) was record-
ed in each trial. On the probe day, the platform 
was removed from the pool and each rat was giv-
en one 60-second trial in which the starting point 
was quadrant 3 located in the most distant posi-
tion to the former platform. The number of times 
of crossing the former platform position and the 
swimming time in each quadrant of the pool with-
out the platform were recorded and analyzed as 
the score. All the experiments were performed at 
08:00 AM.

Magnetic resonance imaging  
and assessment of ventricular size

All MRI experiments were performed on a Varian 
7.0 T small animal scanner with a 63/95-mm-quad 
birdcage coil. The imaging parameters were as fol-
lows: T2-weighted spin-echo imaging; three orien-
tations (coronal, axial, sagittal); section thickness: 
1 mm; number of slices were enough to cover the 

ventricle system area; TR: 5000 ms; TE: 50 ms; field-
of-view: 5.0 × 5.0 cm; matrix size: 128 × 128; num-
ber of signals acquired: 1. The total imaging time 
was 17 min. Magnetic resonance imaging (MRI) was 
performed on all animals 15 days after the injection 
(after the MWM test).

The maximal width of the ventricles at the level 
of the foramen of Monro was taken as the cerebral 
ventricle diameter because these images had the 
widest ventricular space and were common in these 
MRI series. Ventricular volumes were measured 
from the coronal MRI scans of the saline control and 
hydrocephalic brains. The volumetric calculations of 
the ventricle were semiautomated by image anal-
ysis software (NIH Image) as follows: an appropri-
ate intensity threshold was first chosen to exclude 
background tissue and to highlight the bright ven-
tricles. This was followed by careful inspection of 
each image, and manual tracing was used to correct 
any areas of the ventricle that had been incorrectly 
deleted, or to delete non-ventricular regions that 
had been incorrectly included. This process resulted 
in a binary mask of ventricular pixels, which when 
multiplied by the volume of each pixel and summed 
over all slices produced the net ventricular volume 
in milliliters.

Sacrifice and histological analyses

On post-injection day 16 following MRI, rats were 
anesthetized with 10% chloral hydrate (0.4 ml/100 g 
i.p.) and perfused with 0.9% saline by left atrial per-
fusion. For histological analysis, the brains were 
removed from the skull, fixed in 10% formalin for 24 h 
at 4°C and then embedded in paraffin. The brain was 
sliced coronally into a thickness of 5 μm at the level 
of the lateral ventricle and then stained with hemato
xylin and eosin (H&E).

Statistical analysis

All data were analyzed using GraphPad Prism 
(GraphPad, Inc., La Jolla, CA, USA) software to com-
pare differences between groups. The data from the 
MWM were expressed as mean ± SEM and the ven-
tricular volume was expressed as the median value 
(range). Statistical analysis of these MWM data was 
performed by two-way analysis of variance (ANOVA), 
and the ventricular volume was assessed by the 
Mann-Whitney U test. Statistical values of p < 0.05 
were considered to be significant.
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Results

Mortality, success rate, behavior  
and general changes

Rats were monitored and weighed daily. Two rats 
(hydrocephalic animals: 1 rat; controls: 1 rat) died 
from anesthesia or surgical trauma within 2 days 
after the operation. Forty-three rats (hydrocephalic 
animals: 29 rats; controls: 14 rats) participated in 
the entire course of the experiment. In the experi-
mental group, 29 rats successfully developed moder-
ate to severe hydrocephalus according to MRI exam-
ination (success rate up to 100%). Most rats of the 
hydrocephalus group exhibited coughing, irritability, 
emaciation, unsteady gait, increased urine, hunched 
back, hind legs weak and nasal and/or orbital secre-
tions of blood and clear fluid after 1 post-operative 
day. These signs disappeared spontaneously within 
a few days. Weight growth of hydrocephalic animals 
was significantly slower than that of control animals.

Morris water maze test

Figure 1 shows the results of the MWM test.  
The hydrocephalus group tended to require more time 
to find the platform than the control group, and there 
was a significant difference between the two groups 
on the 3rd day and the 4th day (p < 0.05) (Fig. 1A). 
The control group spent a greater proportion of their 
swimming times in quadrant 1 that contained the 
hidden platform (27.86 ± 3.195 s), and there was 
a  significant difference compared with the others  
(p < 0.05). In contrast, the mean swimming time 
of the hydrocephalus group in quadrant 1 was only 
20.26 ± 3.166 s, and there was only a significant dif-
ference compared with quadrant 2 (Fig. 1B). The num-
ber of times of crossing the former platform posi-
tion of hydrocephalic rats was higher than that of 
controls, but statistical significance was not reached 
(data not shown). All results reflected a decline of 
spatial learning and memory in hydrocephalic rats. 
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Fig. 1. A) Graph showing the mean escape latencies for finding the hidden platform. The mean escape 
latency in hydrocephalic rats was markedly longer compared with control rats, and there was a significant 
difference between the two groups on the 3rd and 4th day. B) Graph showing the swimming time in each 
quadrant of the pool without the platform. 1 is the quadrant in which the platform was initially placed, and 
2, 3 and 4 are the remaining quadrants. The control rats spent a greater proportion of their swimming times 
in quadrant 1 (27.86 ± 3.195 s) than the hydrocephalus group (20.26 ± 3.166 s). *p < 0.05.
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Magnetic resonance imaging  
and the enlarged ventricular system

Animals with saline injection into the lateral ven-
tricle did not develop hydrocephalus; however, all 
rats with kaolin injection developed hydrocephalus. 
In these animals, MRI confirmed ventriculomegaly 
involving all ventricles (including the cerebral aque-
duct, the third ventricle and the frontal horns and 
temporal horns of the lateral ventricle, etc.), and 
compression and thinning of the cortical tissue  
(Fig. 2A). Row 1 shows control rats at 16 days after 
saline injection. Row 2 shows hydrocephalic rats  
(16 days after kaolin injection). In comparison to the 
controls, there was obvious enlargement of all portions 
of the cerebral ventricles. General specimens show 
that control rats presented the normal configuration 
of the ventricular system, but experimental animals 
displayed significant expansion in the anterior horns 
and temporal horns of the lateral ventricle, midbrain 
aqueduct and fourth ventricle, and compression, thin-

ning, fracture and distortion of the callosum and cor-
tical tissue after kaolin injection (Fig. 2B). The lateral 
ventricles and the cerebral aqueduct were enlarged 
at the different sections and positions, and the 
fourth ventricle outlets remained open. Therefore, it 
corresponded to the classification of communicating 
hydrocephalus. The ventricular volume was detect-
ed in all the control rats (median value: 15.65 mm3;  
range: 8.78-31.52 mm3; n = 14), but in all the hydroce-
phalic rats (median value: 147.95 mm3; range: 58.51-
222.27 mm3; n = 29). The ventricles were significantly 
dilated in the hydrocephalic rats compared to the 
controls (p < 0.05) (Fig. 3).

Histopathological findings 

There was a  significant difference between 
groups with respect to the histopathological chang-
es in the vicinity of the lateral ventricle. Compared 
with the controls, the hydrocephalic animals showed 
advanced periventricular reactive astrogliosis with 

Control

Hydrocephalus

Control

Hydrocephalus

A

B

Fig. 2. A) Representative magnetic resonance imaging (T2-weighted) of rat brains in the horizontal plane 
(first column), in the mid-sagittal plane (second column) and at the coronal level of the lateral ventricle 
frontal horn (third column), optic chiasm (fourth column), lateral ventricle temporal horn (fifth column), 
cerebral aqueduct (sixth column) and basal cistern (seventh column). Row 1 shows control rats; the ventri-
cles, cerebral aqueduct and cisterna magna are barely visible. Row 2 shows hydrocephalic rats at the 16th 
day after kaolin injection; the ventricles, cerebral aqueduct and cisterna magna show significant enlarge-
ment. B) General specimens of rat cerebral tissue with consecutive coronal sections. Row 1 – control group 
specimens showing no expansion of the ventricular system. Row 2 – experimental group represents sig-
nificantly expanded lateral ventricle anterior horns (first column) and temporal horns (second column), 
midbrain aqueduct (third column) and fourth ventricle (fourth column), and compression, thinning, fracture 
and distortion of the corpus callosum and cortical tissue.
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proliferation of hypertrophic astrocytes and disorder 
of organization  structure; the ventricular wall was 
completely deprived of ependymal cells, which were 
lying loosely in the ventricular lumen (Fig. 4).

Discussion

The basic research on hydrocephalus has not 
experienced a breakthrough since the early 20th cen-
tury. One of the main causes may be that we have 
not established a uniform and particularly effective 
animal model. Most studies have remained at the 
stage of animal model establishment. Regarding 
hydrocephalic animal model establishment, there 
are too many methods. This method of kaolin injec-
tion into the lateral ventricle to induce communicat-
ing hydrocephalus has a lot of advantages theoreti-
cally, but has not yet been widely applied. Therefore, 
we tried to construct and optimize the model of 
hydrocephalus after intraventricular kaolin injection 
for use in adult rats and provide a  description of 
behavioral and histological changes.

Excluding unexpected death in the process of 
anesthesia or surgical trauma, all rats with kaolin 
injection into the lateral ventricle developed mod-
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Fig. 3. Ventricular volumes were measured by NIH 
Image. Hydrocephalic rats exhibited significant 
ventricular dilation compared to controls (hydro-
cephalus – median value: 147.95 mm3, range: 
58.51-222.27 mm3; controls – median value: 
15.65 mm3, range: 8.78-31.52 mm3). The asterisk 
indicates p < 0.05 (Mann-Whitney U test).

Control

Periventricular tissue

Hydrocephalus

A B

Fig. 4. Representative images of H&E staining of the lateral ventricle. Compared with the controls, the hydro
cephalic animals showed advanced periventricular reactive astrogliosis with proliferation of hypertrophic 
astrocytes and disorder of organization structure; the ventricular wall was completely deprived of ependymal 
cells, which were lying loosely in the ventricular lumen (magnification, ×400).

http://rcin.org.pl 



66 Folia Neuropathologica 2015; 53/1

Zhang Shaolin, Wang Zhanxiang, Xu Hao, Zhang Feifei, Huang Caiquan, Chen Donghan, Bao Jianfeng, Liu Feng, Shen Shanghang

erate to severe hydrocephalus according to MRI 
assay, and they could maintain long-term survival. 
However, using the technique of kaolin injection 
into the cistern magna of rodents, the acute mor-
tality of animals was up to 10-50% [21,26,29]; and 
Bloch et al. reported that they had an about 20% 
acute mortality rate and 80% of the survivors died 
by 10 days [2]. The lower concentration kaolin sus-
pensions after ultrasonic emulsification for about  
15 minutes are less viscous, spread more easily 
through the CSF pathways and easily form a  com-
municating hydrocephalus. Compared to kaolin injec-
tion into the cistern magna, the low concentration 
kaolin suspension injection into the lateral ventricle 
does not cause comprehensive adhesion of the cis-
tern magna, facilitating CSF sample collection from 
the cistern magna, and does not lead to brain stem 
injury or a sharp rise of intracranial pressure, so the 
acute mortality rate is low. If we want to obtain more 
severely hydrocephalic animals and reduce animal 
death simultaneously, the method can be used again 
one week after injection. In addition, hydrocephalic 
animals exhibited a  significant lag in weight gain, 
and severely hydrocephalic rats gradually lost weight. 
This phenomenon is in agreement with a  previous 
report [21].

Magnetic resonance imaging and general spec-
imens of rat cerebral tissue revealed that animals 
with severe hydrocephalus exhibited obvious expan-
sion of ventricles, and thinning, distortion and com-
pression of the cortical tissue and the corpus callo-
sum. Hematoxylin and eosin (H&E) staining revealed 
that the hydrocephalic samples had high levels of 
glial cell hyperplasia, cell edema and liquefaction 
and organization structure disorder in the vicinity 
of the lateral ventricle. These changes in the hydro-
cephalus may directly cause deleterious effects and 
clinical symptoms such as dizziness, headache, 
gait disturbance, urinary incontinence and cogni-
tive deficits/dementia that seriously threaten the 
patient’s quality of life and the prognosis [5,7,9,20]. 
Impairments of gait and balance are the most com-
mon and the earliest symptoms of hydrocephalus. 
Patients may initially complain about dizziness, diffi-
culty in walking on a slope or stairs, and difficulty in 
getting up from or sitting down on a chair; in the late 
stage of hydrocephalus, motor deficits are very com-
mon. Urinary incontinence in hydrocephalus results 
from detrusor hyperactivity owing to the partial or 
total absence of central inhibitory control. Patients 

initially suffer from increased urinary frequency; lat-
er developments are urge incontinence and, finally, 
permanent urinary incontinence. The cognitive defi-
cits of hydrocephalus are mainly due to sub-cortical 
frontal dysfunction. The main clinical manifestations 
of cognitive deficits/dementia are as follows: psy-
chomotor slowing, impaired attention and concen-
tration, slowing and reduced precision of fine motor 
performance, changes of mood and personality, 
short-term memory impairment, indifference and 
bradyphrenia, etc. About one-third of children with 
hydrocephalus have been reported to have an IQ of 
< 70 and another third to have an IQ in the low nor-
mal range of 70-85 [19]. It has also been shown that 
children with congenital hydrocephalus have diffi-
culties in learning and memory, problems that are 
not explained by low IQ scores alone. The decline of 
these above-mentioned functions is deemed “fron-
to-subcortical dementia” due to dysfunction of the 
frontal lobe and subcortical structures [3,31], and 
was partly observed in the course of our experiment, 
suggesting that the frontal cortex is severely affect-
ed in hydrocephalus [17]. In this study, disturbed 
spatial learning and memory were observed using 
the MWM test, which is consistent with the findings 
of previous studies [28].

The concentrations of kaolin reported in the lite
rature were 25%, 20%, 10%, etc., and 25% kaolin 
was widely applied [11,18,21,29]. To determine the 
experimental concentration of kaolin, several dif-
ferent concentrations of kaolin (1%, 3%, 5%, 10%, 
20%, 25%, 40% and 50%) were used in a small-sam-
ple experimental design in the preliminary experi-
ment. The results showed that the high concentra-
tion kaolin suspensions were difficult to dissolve in 
saline, and tended to deposit more readily in the 
lateral ventricle in general specimens and spread 
with more difficultly through the CSF pathways, 
which may create a physical obstruction; moreover, 
they had a relatively low success rate and high acute 
mortality. However, the lower concentration kaolin 
suspensions, which can be dissolved and emulsified 
in saline by ultrasonic dissolution and did not jam 
the microsyringe, were less viscous and spread more 
easily through the CSF pathways, and had high suc-
cess rates, low mortality rates and fewer complica-
tions. It seemed that the concentrations of 3% and 
5% kaolin showed no significant difference in suc-
cess rate. So we chose the 3% kaolin. In addition, we 
also attempted to use injection of autologous blood 
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from the caudal artery into the lateral ventricle to 
construct a model of hydrocephalus, but the success 
rate was very low.

Based on our experience, we conclude that this 
experimental hydrocephalus model, in which kaolin 
is injected into the lateral ventricle of adult rats, is 
viable because of its many advantages (including 
simplicity, cheapness, high success rate, low mortal-
ity, success in developing a  communicating hydro-
cephalus and controllable hydrocephalic severity, 
etc.) and may be widely used. At the same time, we 
also provide a description of behavioral and histo-
logical changes, etc.

Conclusions

In summary, we have provided detailed informa-
tion on the use of kaolin injection into the lateral 
ventricle to induce hydrocephalus in adult rats, and 
this model is similar to the clinical disease. In the 
next stage, we will explore further the biochemical 
changes in the cerebral tissue and CSF.
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A b s t r a c t

Stress induces structural and behavioral impairments. The changes in dendrites and neurons are accompanied by 
impairments in the tasks mediated by the medial prefrontal cortex (mPFC). The present study was conducted to 
evaluate the structural changes of the dendrites and neurons of the mPFC after stress using stereological methods. 
In addition, the effects of a natural and a synthetic substance, i.e., curcumin and sertraline, were evaluated. The rats 
were divided into 7 groups: stress + distilled water, stress + olive oil, curcumin (100 mg/kg/day), sertraline (10 mg/
kg/day), stress + curcumin, stress + sertraline, and control groups. The animals were submitted to chronic variable 
stress for 56 days. The results showed an average 15% reduction in the length of the dendrites per neuron in the 
mPFC after stress (p < 0.004). The total spine density was reduced by 50% in the stress (+ olive oil or + distilled water) 
groups in comparison with the control group (p < 0.01). The main reduction was seen in the thin and mushroom 
spines, while the stubby spines remained unchanged. Mean volume and surface area of the neurons were decreased 
by 14% and 10% on average in the stress (+ distilled water or + olive oil) rats in comparison to the control rats, 
respectively (p < 0.01). The data revealed that treatment of stressed rats with curcumin or sertraline can prevent the 
loss of spines and reduction of dendrite length, volume and surface area of the neurons. Sertraline and curcumin can 
prevent structural changes of the neurons and dendrites induced by stress in the mPFC of rats.

Key words: stress, sertraline, curcumin, cortex, dendrite, neuron, stereology.

Introduction

Chronic stress is perceived and the response 
is coordinated by the brain. It has been well docu-
mented that uncontrollable stress induced dendritic 
remodeling in several brain regions [37,39]. It has 
been reported that chronic stress for 21 days reduced 

the length as well as the number of dendrites and 
spines in the hippocampus [5]. The chronic stress- 
induced morphological changes may be correlated 
with the specialized functions of the prefrontal cor-
tex (PFC) sub-regions in stress-related pathologies 
[30,31]. Alterations in spine shape (stubby, mushroom 
or thin shaped) and number have been reported in 
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neurodegenerative disorders, including depression 
[2,28]. Previous studies have shown morphological 
changes in the pyramidal neurons in the PFC follow-
ing chronic stress [30,31]. Our previous study showed 
that stress affected behavioral tests, such as spatial 
learning and memory, anxiety, and anhedonia [23]. 
These behavioral changes might be accompanied  
by structural remodeling of the neurons including 
their dendrites. It has been reported that the changes 
in dendritic length and spine density are accompa-
nied by impairments in the cognitive tasks selective-
ly mediated by the mPFC [18]. These reports suggest 
that stress-induced remodeling in the mPFC may 
have distinct functional consequences. Previous stud-
ies have also demonstrated that chronic restraint 
stress changed the morphology of the neurons in the 
mPFC [32]. It has been reported that the prefrontal 
cortex shows alterations in the cerebral structures in 
depressed patients [19]. In addition, previous investi-
gations have indicated reduced neuronal soma size in 
the prefrontal cortex [29,32]. In spite of these reports 
that reveal the possible chronic stress-induced mor-
phological changes of neurons in the mPFC, no stud-
ies have been carried out on the neuron volume, vol-
ume of neuron nuclei and neuron surface area.

Medial PFC plays a  key role in controlling the 
hypothalamic-pituitary-adrenal (HPA) axis and reg-
ulates the stress response of other structures [8]. 
Depression shows a good response to pharmacolog-
ical treatments, and among the various drug agents, 
selective serotonin reuptake inhibitors (SSRIs) and 
tricyclic antidepressants (TCAs) are widely used in 
adult patients [25]. Sertraline is an antidepressant 
which is used to treat major depression in adult 
patients. Its antioxidant and neuroprotective actions 
have also been reported in neurodegenerative dis-
eases [43]. Curcumin is the principal curcuminoid of 
the popular Indian spice turmeric. It has been used 
to manage stress and depression related disorders 
in China [35] and is known to have anti-inflammato-
ry, antioxidant, anti-carcinogenic, anti-microbial, and 
neuroprotective effects [3,16]. The previous studies 
showed that antidepressant like action of curcumin, 
its use in major depression, these including, inhibitor 
of monoamine oxidase (MAO) enzyme, regulations 
the level of various neurotransmitters, promotes 
hippocampal [17]. In another study, curcumin was 
shown to protect the dopamine-producing cells of 
the substantial nigra area of the brain in a rat model 
of Parkinson’s disease [17].

The present study aimed to evaluate and compare 
the effects of a natural and a synthetic substance,  
i.e., curcumin and sertraline, on stress in an animal 
model. Design-based stereological methods were 
used to estimate the total dendritic length per neu-
ron, density and morphology of the spines, mean 
volume of the neuron and nucleus and mean surface 
area of the neuron in the mPFC of rats. Mean volume 
was estimated using the nucleator method. Estima-
tion of the neuron surface area received less atten-
tion and here the surfactor method was used for the 
estimation. In the method of length estimation pre-
sented here, there is no need for the time-consum-
ing method of dendrite tracing using instruments 
such as the camera lucida. In addition, in the tracing 
method, some dendrites that are anterior or poste-
rior to the dendrite might not be identifiable by the 
researchers. 

Material and methods
Animals 

In this study, 42 adult male Sprague-Dawley rats 
(240 to 280 g) were obtained from the Laboratory 
Animal Center of Shiraz University of Medical Scienc-
es, Shiraz, Iran. The Ethics Committee of the Univer-
sity approved the animal experiment (Approval No. 
91-6124). The male rats were randomly assigned to 
experimental and control groups. Each group includ-
ed 6 rats that were housed under standard condi-
tions, room temperature (22-24ºC), and a 12 : 12 h 
light-dark schedule and had free access to water and 
food. The animals were divided into seven groups:  
(I) stress + water group daily receiving stress and dis-
tilled water, (II) stress + olive oil group daily receiv-
ing stress and olive oil, (III) curcumin group receiving 
curcumin (100 mg/kg/day) [23,24], (IV) sertraline 
group receiving sertraline (10 mg/kg/day) [43],  
(V) stress + curcumin group daily receiving stress 
and curcumin (100 mg/kg/day) [23,24], (VI) stress + 
sertraline group daily receiving stress and sertraline  
(10 mg/kg/day) [43], and (VII) the control group. All 
the animals received 1 ml of the medications by 
gavage. 

Stress model

The animals were submitted to a  chronic vari-
able stress (CVS) regime over a  56-day period or 
remained in their home cages without stress manip-
ulation [40]. The CVS is described in Table I.
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Tissue preparation

The rats were deeply anesthetized and quickly 
decapitated. Then, the brain was exposed by an inci-
sion along the midline of the skull. A small amount 
of fixative was poured on the exposed brain imme-
diately. Afterwards, the brains were removed and 
the left medial prefrontal cortex was dissected out 
4.70-2.70 mm ventral and 2.20-1.40 mm dorsal to 
the Bregma [26]. 

Estimation of total length of dendrite 
per neuron

Length estimation should be done on vertical 
uniform random sections [1,9-11,15]. Briefly, 9-10 cyl-

inders were punched out using a trocar with 1 mm 
diameter perpendicular to the pial surface of the 
mPFC cortex (Fig. 1). All the cylinders of each ani-
mal were randomly rotated along their vertical axes 
and embedded in one paraffin block. Then, 100 µm 
thickness slabs were obtained using a  microtome. 
The brain samples were transferred into freshly pre-
pared chromatin solution containing 3% potassium 
dichromate and 4% or 5% paraformaldehyde in 
either distilled water (i.e., not buffered) or PBS solu-
tions with pH of 5.8, 7.4, or 7.6. The chromatin solu-
tions also contained both 2% glutaraldehyde and 
2% chloral hydrate. All the chromatin solutions were 
daily changed with freshly prepared solutions. After 
being kept in chromatin for 48 hours, the brains 

Table I. Protocol for induction of chronic variable stress (CVS) in 56 days for the rat model

Day Stressor applied

1 Cold restraint (1.5 h)

2 Inclination of home cages (4 h)

3 Flashing light (2 h)

4 Restraint (2 h)

5 Isolation

6 Isolation

7 Isolation

8 Damp bedding (2 h)

9 Inclination of home cages (6 h)

10 No stressor applied

11 Flashing light (2 h)

12 Water deprivation (24 h)

13 Restraint (3 h)

14 Damp bedding (3 h)

15 Inclination of home cages (4 h)

16 Cold restraint (2 h)

17 Flashing light (3 h)

18 Restraint (2.5 h)

19 Damp bedding (3 h)

20 Isolation

21 Isolation

22 Isolation

23 Cold restraint (1.5 h)

24 Water deprivation (24 h)

25 Inclination of home cages (4 h)

26 Restraint (3 h)

27 Flashing light (3 h)

28 Restraint (1 h)

Day Stressor applied

29 Damp bedding (2 h)

30 No stressor applied

31 Water deprivation (24 h)

32 Inclination of home cages (6 h)

33 Flashing light (2 h)

34 Cold restraint (2 h)

35 Isolation

36 Isolation

37 Isolation

38 Flashing light (3 h)

39 Damp bedding (2 h)

40 Restraint (3 h)

41 Cold restraint (1.5 h)

42 Inclination of home cages (4 h)

43 Flashing light (2 h)

44 Restraint (2 h)

45 Isolation

46 Isolation

47 Isolation

48 Damp bedding (2 h)

49 Inclination of home cages (6 h)

50 No stressor applied

51 Flashing light (2 h)

52 Water deprivation (24 h)

53 Restraint (3 h)

54 Damp bedding (3 h)

55 Inclination of home cages (4 h)

56 Cold restraint (2 h)

http://rcin.org.pl 



72 Folia Neuropathologica 2015; 53/1

Ali Noorafshan, Mohammad-Amin Abdollahifar, Saied Karbalay-Doust, Reza Asadi-Golshan, Ali Rashidian-Rashidabadi

were washed several times with a 2% silver nitrate 
solution in distilled water before being incubated  
in silver nitrate for another 48 hours for heavy met-
al precipitation to occur. During the whole staining 
process, the brains were covered with aluminum foil 
to avoid light exposure [7]. Mean dendritic length  
per neuron was calculated using the following for-
mula [11]:

IN =     Total dendritic length in the population
          Total number of neurons in the population

To estimate the length, a  vertical section was 
considered. A  cycloid grid and a  counting frame 
were superimposed on the live images of the 
mPFC parallel to the vertical axis of the cylinder. 
Using a  microscope (Nikon E-200) equipped with 
an objective lens (100×, numerical aperture of 1.4) 
connected to a  computer, a fixed slab height of T  
(here 100 µm) was scanned inside the section 
thickness (Fig. 2). To estimate the dendrite length 
per neuron, two quantities were measured: i) the 
number (Q–) of cell bodies of the neurons using the 
optical disector method, and ii) the total number of 
intersections (I) between the dendrite axes and the 

Fig. 1. Vertical uniform random sectioning.  
A) The vertical cylinders were punched out from 
the mPFC cortex vertical to its pial surface.  
B-C) The cylinder was randomly rotated along 
its vertical axis. The cylinders were sectioned 
using a microtome and mounted on a slide.

A

CB

Microtome blade

A B C

Y

r

X

2r

Fig. 2. Estimation of dendrite length. A) Four cycloids were located at a rectangle. The length of each cycloid 
was equal to twice the length of its minor axis (r). The area associated with the cycloids was calculated by 
multiplying X by Y and dividing by the length of the four cycloids to achieve the area per length. B-C) When 
the sections were scanned, the number of cell bodies of the neurons was counted using the optical disector 
method and unbiased counting frame. The total number of intersections between the dendrite axes and 
the cycloid was counted (arrow head). The cycloid was positioned parallel to the vertical axis (arrow). 
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oriented cycloid (Fig. 2) [1,9-11,15]. The following 
formula was used:

IN = 2. a .  1  . M–1. ∑I
            l   asf          ∑Q–

Where “al” is the test area per cycloid test length, 
“asf” is the area associated with the cycloid grid 
divided by the area of the counting frame, and “M” 
is the final magnification at ×4000. 

Estimation of density and morphology 
of dendritic spines

To estimate the density and morphology of 
spines, the above-mentioned dendrites were con-
sidered. Dendritic spines were identified as small 
protrusion that extended less than 3 µm from the 
parent dendrite. Dendritic protrusion was classi-
fied as spines when they exhibited a characteristic 
enlargement at the tip, including stubby form or 
mushroom-type spines. The spines without enlarge-
ment were defined as thin filopodia-like protrusions 
[4]. Spines were counted only if they appeared con-
tinuous with the parent dendrite. Density and mor-
phology of spines were quantified and expressed as 
the number of spines per neuron [4].

Estimation of mean volume of neuron 
and nucleus

The volume was estimated using the nucleator 
method. The mPFC was cut into isotropic uniform 
random pieces using the orientator method [9,10]. 
They were embedded in a paraffin block, sectioned 
(25 µm thickness) and stained with cresyl violet. 
The neurons were sampled using an optical disector 
[9,10]. For each sampled nucleolus, two horizontal 
directions (intercept, ln) were considered from the 
central point within the nucleolus to the cell or nucle-
us borders (Fig. 3). From a series of these measure-
ments (120-200 intercepts in each group), the mean 
nucleus and cell volume in the number weighted dis-
tribution was estimated using [9, 10]: 

VN = 4π × l3n          3

Estimation of mean surface area  
of neuron

The mean surface area of the neurons was esti-
mated using the surfactor method. As mentioned ear-

lier, to estimate the mean cell volume, the isotropic 
intercept emanating from the nucleus to the border 
of the particle was measured on the sampled cells 
using the disector principle (ln) (Fig. 3). The acute  
angle β (0 < β ≤ π/2) between the intercept length and 
the tangent to the boundary of the cell at the point  
of the intersection was also measured. Finally, the 
surface area was measured using the following for-
mula: 

Sv = 4π × l2n × c(β), cβ = 1 + (π – β) × cotβ
                                               2

For the sake of simplicity, the angles were clas-
sified by the transparent protractor overlaid on the 
images. The protractor was a half circle which was 
divided into twelve 15° classes (Fig. 3) [13].  

Fig. 3. Nucleator and surfactor methods. A cell 
is sampled using an optical disector. For each 
sampled nucleolus, right and left horizontal 
directions are considered from the central 
point within the nucleolus (only right is pre-
sented here). The distance (intercept, ln) in 
both directions from the point to the bound-
ary of the nucleus and the neuron borders is 
recorded and used for volume estimation. For 
surface area estimation, the isotropic intercept 
emanating from the nucleolus to the border 
of the particle is measured on the sampled 
cells (ln). The acute angle “β” (curved arrow) 
between the intercept length and the tangent 
to the boundary of the cell at the point of the 
intersection is shown. The angle is classified 
by the protractor, which was divided into 
twelve 15° classes (here 5). 
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Statistical analysis

The data were analyzed using the Kruskal-Wal-
lis test and the Mann-Whitney U-test. P ≤ 0.05 was 
considered as statistically significant.

Results

Total length of dendrite per neuron

The results showed that dendritic length of the 
mPFC was reduced by 15% in the stress + olive oil in 
comparison with the stress + curcumin groups (p < 
0.004). Further analysis revealed a significant decrease 
of 16% in the stress + distilled water in comparison 
with the stress + sertraline groups (p < 0.004) (Fig. 4).

Density and morphology of spines

The analysis of dendritic spine densities in the 
mPFC showed that the stress reduced the spine den-
sities. The results showed that total spine density 
was reduced by 50% on average in the stress (+ olive 
oil or + distilled water) groups in comparison with 
the control group (p < 0.01) (Fig. 5). Analysis of spine 
morphology showed that density of the thin spines 
per neuron was reduced by 60% on average in stress 
(+ olive oil or + distilled water) rats in comparison to 
the control rats (p < 0.01) (Fig. 5). The density of the 
mushroom spines was reduced by 40% on average in 
stress (+ olive oil or + distilled water) rats in compar-
ison to the control rats (p < 0.01) (Fig. 5). The stub-
by spines of the mPFC remained unchanged (Fig. 5).  
The data revealed that treatment of the stressed rats 
with curcumin and sertraline prevents spine loss.  

Volume and surface area of neurons 

Mean volume of the neuron and nuclei in the 
mPFC was decreased by 14% on average in the stress 
(+ distilled water or + olive oil) rats in comparison to 
the control rats (p < 0.01) (Fig. 6). Mean surface area 
of the neuron was decreased by 10% on average in 
the stress (+ distilled water or + olive oil) rats in com-
parison to the control rats (p < 0.01) (Fig. 6). 

The data revealed that treatment of the stressed 
rats with curcumin or sertraline prevents reduction 
of the volume and surface area of the neurons.  

Discussion

The present study investigated the morphologi-
cal changes of the dendrites and neurons in mPFC 
as a result of chronic variable stress using stereolog-
ical methods. The results showed that chronic stress 
changes the morphology of dendrites and neurons 
in the mPFC. Moreover, this adverse stress effect was 
shown to be prevented by treatment with curcumin 
and sertraline.

Stress-induced remodeling in the mPFC has been 
suggested to have distinct functional consequences 
[18]. Therefore, evaluation of the dendritic morpholo-
gy is a valuable parameter. The reduction in the den-
dritic length per neuron, density and morphology of 
spine is in accordance with the studies conducted by 
Cook and Wellman [5], Izquierdo et al. [12], and Shan-
sky et al. [38,39] showing stress to induce significant 
changes in the morphology of the pyramidal neurons 
and decrease in length of dendrites or retraction of 
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Fig. 4. Length of dendrites. Dot plot showing the total length of the dendrites per neuron in different groups 
including control, distilled water, olive oil, curcumin, sertraline with or without stress treatment. 
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the apical dendritic arbor in the pyramidal cells in the 
PFC. These changes in the dendritic length, density 
and morphology of the spine have been shown to be 
accompanied by impairments in the cognitive func-
tions selectively mediated by the mPFC [18].

In general, the length estimation method mostly 
relies on tracing images of the dendrites. However, 
the technique presented here is a  design-based 
stereological method and does not require tracing, 
which is a  time-consuming procedure. In addition, 
tracing might be vulnerable to mistake when the 
branches cannot be traced on the obscure sides of 
the dendrites.

Our study revealed that chronic exposure to 
stress reduced the spine density in the mPFC and 
also reduced the thin and mushroom spines in 
mPFC, whereas stubby spines in the mPFC remained 
unchanged. However, it is hypothesized that thin 
and mushroom spines represent learning spines and 
memory spines, respectively. It is the result of their 
constant changing in response to neuronal activ-

ity (e.g., chronic stress) [36]. This is in accordance 
with our previous study showing that stress impairs 
learning and memory [23]. 

The present study also indicated that chronic 
exposure to stress reduced the volume of neurons, 
neuron nuclei and surface area of neurons in the 
mPFC. Furthermore, clinical studies showed that 
structural brain modifications in depressed patients 
are similar to those found in animal models of chron-
ic variable stress (such as decreased neuronal soma 
size and neuronal density) in the mPFC. The findings 
of this study are thus in line with previous reports 
of reduced neuronal soma size in the prefrontal cor-
tex. Reduced neuronal soma size is also described 
in major depressive disorder [29,32]. The surface 
area of the neuron is important in their functions 
and synaptic activities. However, this parameter has 
received less attention in histopathological research.  

The chronic stress-induced factors that lead 
to these changes are not fully understood. Never-
theless, previous studies have shown that repeat-

2500

2000

1500

1000

500

0

1400

1200

1000

800

600

400

200

0

800

700

600

500

400

300

200

100

0

600

500

400

300

200

100

0

To
ta

l n
um

be
r 

of
 s

pi
ne

s 
pe

r 
ne

ur
on

Th
in

 s
pi

ne
s 

pe
r 

ne
ur

on

M
us

hr
oo

m
 s

pi
ne

s 
pe

r 
ne

ur
on

St
ub

by
 s

pi
ne

s 
pe

r 
ne

ur
on

 Stress + distilled water          Stress + olive oil          Curcumin          Sertraline           Stress + curcumin          Stress + sertraline          Control

Fig. 5. Density of spines. The total density and the density of different spine types (thin, mushroom and 
stubby) per neuron of the mPFC in the different groups are shown. The significant difference between stress 
(+ olive oil and + distilled water) with the other groups is indicated. *p < 0.01. 

http://rcin.org.pl 



76 Folia Neuropathologica 2015; 53/1

Ali Noorafshan, Mohammad-Amin Abdollahifar, Saied Karbalay-Doust, Reza Asadi-Golshan, Ali Rashidian-Rashidabadi

640

620

600

580

560

540

520

	 Stress +	 Stress +	 Cur-	 Sertra-	 Stress +	 Stress +	 Control
	 distilled	 olive	 cumin	 line	 cur-	 sertra-
	 water	 oil			   cumin	 line

M
ea

n 
vo

lu
m

e 
of

 t
he

 n
eu

ro
n 

(µ
m

3 )

240

220

200

180

160

140

120

	 Stress +	 Stress +	 Cur-	 Sertra-	 Stress +	 Stress +	 Control
	 distilled	 olive	 cumin	 line	 cur-	 sertra-
	 water	 oil			   cumin	 line

M
ea

n 
vo

lu
m

e 
of

 t
he

 n
eu

ro
n 

nu
cl

eu
s 

(µ
m

3 )

3700

3600

3500

3400

3300

3200

3100

3000

	 Stress +	 Stress +	 Cur-	 Sertra-	 Stress +	 Stress +	 Control
	 distilled	 olive	 cumin	 line	 cur-	 sertra-
	 water	 oil			   cumin	 line

M
ea

n 
su

rf
ac

e 
ar

ea
 o

f t
he

 n
eu

ro
n 

(µ
m

3 )

Fig. 6. Volume and surface area. Dot plot showing mean volume of the neuron, mean volume of the neuron 
nuclei and mean surface area of the neuron of the mPFC in different groups.

http://rcin.org.pl 



77Folia Neuropathologica 2015; 53/1

Effect of sertraline and curcumin on stressed neurons

ed stress reduced dopamine [22,27], noradrenalin 
[14], and serotonin in the mPFC [20]. Experimental 
findings also emphasize that serotonin changes 
spine density and dendrite length in the mPFC by 
acting on 5-HT receptors [21]. The mPFC seems to 
be severely sensitive and reacts faster to stressful 
events [41]. Glucocorticoid receptors are present in 
the mPFC of rats. Also, catecholamines and glucocor-
ticoids are the key mediators of the stress response 
and release upon the nervous system [8,34]. The 
medial prefrontal cortex plays a  key role in con-
trolling the hypothalamic-pituitary-adrenal axis and 
regulates the stress response of other structures 
[8]. The present study also demonstrated that ser-
traline and curcumin had protective effects on the 
morphological changes of dendrites and neurons of 
the mPFC destroyed by stress. Selective serotonin 
reuptake inhibitors are the most widely prescribed 
antidepressants today and exert their antidepres-
sant-like effects by inhibiting the neuronal reuptake 
of serotonin and increasing the synaptic concentra-
tions of serotonin. Sertraline treatment also reduced 
acetylcholinesterase enzyme levels in all regions of 
the brain [43]. Previous studies showed that fluoxe-
tine (a selective serotonin reuptake inhibitor) could 
cause an increase in the total dendritic length in CA1 
but not in the dentate gyrus [25]. Our finding is also 
in accordance with these reports. The effect of cur-
cumin was also evaluated and compared with ser-
traline in the present investigation. This compound 
showed the same protective effects as sertraline on 
dendrite length after stress induction. Although the 
mechanism of the antidepressant effect of curcumin 
is not completely understood [16], previous studies 
have reported that antidepressant effects may be 
obtained by several mechanisms, such as inhibition 
of serotonin uptake [6,33]. In addition, curcumin is 
an antidepressant which is well proven in inhibiting 
the monoamine oxidase enzyme and modulating 
the release of serotonin and dopamine [16]. How-
ever, evidence has shown that curcumin adminis-
tration also increased hippocampal neurogenesis in 
chronically stressed rats by modulation of the hypo-
thalamic-pituitary-adrenal axis and regulation of 
5-HT1A receptors as well as the brain-derived neu-
rotrophic factor in the hippocampus [42]. This idea 
is supported by the finding that antidepressants can 
promote neurogenesis [42]. As it appears, different 
factors might be effective in curcumin’s mechanism 
of action. However, to our knowledge, no studies 

have been conducted on the effects of curcumin on 
the dendritic and neuron morphology after stress. In 
conclusion, the present findings demonstrate that 
curcumin and sertraline could protect against the 
adverse effects of stress on dendritic length, density, 
morphology of the spine, volume of neurons, volume 
of neuron nuclei and surface area of neurons of the 
mPFC. 
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A b s t r a c t 

We report a case of atypical teratoid/rhabdoid tumor (AT/RT) of the central nervous system (CNS) in an adult and its 
immunological phenotype and chromosomal DNA imbalance characteristics, as detected by comparative genomic 
hybridization (CGH). The immunohistochemical characteristics showed that atypical rhabdoid cells were positive for 
epithelial membrane antigen, vimentin, desmin, and glial fibrillary acidic protein, but there was no absence of INI1 
protein. The CGH results identified the imbalances of the case to be the loss of 1p, 5q, 12q, 15q, 19q and 22q and 
the gain of 9q. Our discovery raises the question whether INI1 is implicated in all cases and whether its deletion is 
necessary in the pathogenesis of AT/RT, and also whether additional genetic pathways might exist. These data will 
offer useful information for further research on AT/RTs.

Key words: atypical teratoid/rhabdoid tumor, comparative genomic hybridization, loss of 22q, INI1 protein.

Introduction 

Atypical teratoid/rhabdoid tumors (AT/RTs) are 
highly malignant brain tumors predominantly occur-
ring in young children [10], typically containing rhab-
doid cells, often with primitive neuroectodermal cells 
and with divergent differentiation along epithelial, 
mesenchymal, neuronal or glial lines. The INI1 gene 
locus on chromosome 22q11.2 was also called hSNF5 
or SMARCB1. It was thought that alterations of the 
INI1 gene which resulted in the protein expression 
loss were a possible novel pathogenesis of AT/RT [7]. 

However, to date, no clinical, histological or molecular 
prognostic factors have been clearly demonstrated. In 
the 1990s, it was observed that AT/RT often demon-
strates a loss of all or part of chromosome 22 [2,14]. 
But to our knowledge, AT/RTs have been reported in 
adults only in rare cases in the literature [11,13,15-17], 
and only a  few cases of AT/RTs have been investi-
gated by comparative genomic hybridization (CGH) 
[4,18]. Studies have shown that the wide absence of 
recurrent genomic alterations other than SMARCB1 
aberrations was recently confirmed in whole exome 
sequencing [9]. A small subset of these tumors dis-
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plays a loss of INI1 but has the atypical histopatho-
logical features of AT/RT [3]. The preservation and 
expression of the INI1 gene in a  small population 
of AT/RTs therefore exists. We report here one case 
of AT/RT of the central nervous system (CNS) with 
loss of some of 22q but no absence of INI1 protein 
expression in adults, which is rare for this tumor, 
and these data offer useful evidence concerning its 
unique clinical, histological and molecular biological 
features. 

Case report

A 38-year-old male patient complained of head-
ache and vomiting for 12 days. Magnetic resonance 
imaging (MRI) showed an iso/hypointense mass on 
T2WI and isointense on T1WI with strong contrast 
enhancement in the occiput (Fig. 1). Surgical resec-
tion of the mass was performed. Radiotherapy was 
applied after the operation. Unfortunately, the patient 
died after three months following tumor recurrence.

Fig. 1. Magnetic resonance (MR) images of one case of atypical teratoid/rhabdoid tumor. The fluid-attenuated 
inversion recovery (FLAIR) axial MR images show a temples-parietal-occipital borderline mass with a cystic 
component of hyperintensities and a solid contrast-enhanced component (A1-A4) and with peripheral edema.
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Material and methods 

INI1 antibody was obtained from DAKO (catalogue 
no. A-0150, Dako, Denmark), and other antibodies 
(include epithelial membrane antigen – EMA, vimen-
tin – Vim, desmin – Des, glial fibrillary acidic protein – 
GFAP) for immunohistochemical (IHC) staining were 
purchased from Beijing Zhongshan Golden Bridge 
Biotechnology Co. Ltd. The reagents for CGH were 
from Invitrogen and Roche companies.

Tumor samples were observed by hematoxylin  
and eosin staining and immunohistochemical stain-
ing. Comparative genomic hybridization was per-
formed according to the procedure described by 
Mohapatra et al. [12] to detect chromosomal DNA 
imbalances. The images then obtained for the analy-
sis of the signals were analyzed using Leica CW4000 
Karyo software.

Results

The hematoxylin and eosin (H&E) sections of 
the case showed that the histopathological features 
revealed rhabdoid cells which are characteristic fea-
tures of an AT/RT. The immunohistochemical profile 
revealed that the rhabdoid cells characteristically 

showed positive for EMA, Vim, Des, and GFAP, but 
also no absence of INI1 protein. The MIB-1 prolif-
eration index was 19.84% (Fig. 2). The results of 
the CGH analysis were obtained from high quality 
figures of CGH profiles. The common imbalances of 
this case were losses of 1p, 5q, 12q, 15q, 19q and 
22q and the gain of 9q (Fig. 3).

Discussion 

Atypical teratoid/rhabdoid tumors are rare, high-
ly aggressive tumors of childhood, particularly under 
the age of 3 years. They are extremely rare in adults. 
The diagnosis is challenging, as there may be sig-
nificant histological overlap with other embryonal 
tumors [1]. It usually occurs in very young children, 
although it has been reported in adults as well [11], 
but it rarely occurs in adults, and the true incidence 
of it is not yet known. Atypical teratoid/rhabdoid 
tumor is composed of rhabdoid cells entirely or in 
part with a combination of primitive neuroectoder-
mal, mesenchymal and epithelial cells. The appear-
ance of rhabdoid cells typically falls along a  spec-
trum ranging from this rhabdoid phenotype to cells 
with less striking nuclear atypia and large amounts 
of pale eosinophilic cytoplasm. These rhabdoid cells 
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Fig. 2. Hematoxylin and eosin stain (H&E) and immunohistochemical features of the case. The H&E sec-
tions show the histopathological feature being composed of rhabdoid cells (A). The immunohistochemical 
analysis demonstrated atypical rhabdoid cells partially positive for INI1 (B), partially positive for glial fibril-
lary acidic protein (GFAP) (C), positive for vimentin (Vim) (D), partially positive for epithelial membrane 
antigen (EMA) (E) and positive for desmin (Des) (F). 
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may be arranged in nests or sheets and often have 
a  jumbled appearance [10]. Rhabdoid tumors, in 
contrast, usually possess a  distinctive genetic sig-
nature that accompanies the rhabdoid morphology, 
the INI1 mutation, or a deletion at the 22q11.2 locus. 
Multiple studies have also demonstrated that a loss 
of INI1 protein expression caused by homozygous 
deletions or truncating mutations of INI1 is associ-
ated with rhabdoid tumors. 

In this case, light microscopy revealed a  tumor 
composed of diffuse sheets of typical “rhabdoid” 
cells with eccentric nuclei, brightly eosinophilic cyto-
plasm and microvascular proliferation. The immuno-
histochemical features supported the reliability of 

our original diagnosis of AT/RT, but the INI-1 protein 
immunostaining was positive. This result was con-
sistent with a  recent published case report which 
illustrated an INI1+ AT/RT case in a 9-month-old boy 
from Los Angeles, and which showed retained INI1/
SMARCB1 staining on immunohistochemical analy-
sis [6]. The cellular origin of AT/RT is still unknown, 
but inactivating mutations of the hSNF5/INI1 gene 
located on chromosomal region 22q11.2 are regarded 
as a crucial step in their molecular pathogenesis [5]. 
The reports in the literature have demonstrated that 
AT/RT is often associated with characteristic genetic 
abnormalities, which include either monosomy 22 or 
deletion involving the hSNF5/INI1 gene located on 
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Fig. 3. Results of comparative genomic hybridization (CGH) analysis. The figure of above the blue repre-
sented chromosomes by DAPI (4’,6-diamidino-2-phenylindole) staining (A). The green represented chromo-
somes by biotin-labeled tumor DNA generating green fluorescence (B). The red represented chromosomes 
digoxigenin-labeled normal reference DNA generating red fluorescence (C). Computer coincidence figure of 
A, B and C (D). The curve under represented the diagram auto-generated by the computer of the chromo-
somes gain or loss. Losses are indicated by the red line on the left of each chromosome scheme, whereas 
the green line on the right represents gains. The genomic DNA imbalances of both cases contain –1p, –5q, 
–12q, –15q, –19q, –22q and +9q.
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22q11.2, thus leading to the absence of INI1 protein 
[8]. However, inactivation of INI1 may not be specif-
ic for rhabdoid tumors. So far, only a few adult AT/
RTs cases have been investigated by CGH, showing 
the expected loss of 22q, as well as additional loss-
es on chromosomes 1p, 4p, 16p, 19p and 8p [4,18]. 
This case, as detected by CGH, indicated the losses 
of 1p, 5q, 12q, 15q, 19q and 22q and the gain of 9q. 
These divergent CGH results reflect the complicat-
ed pathogenesis of AT/RTs. Until now, most AT/RT 
studies have focused on DNA mutation or deletion.  
The posttranscriptional regulation of INI1 is still 
obscure. This case has 22q chromosomal deletion 
but no absence of INI1 protein. This similarly dis-
crepant result was indicated by both CGH and IHC 
results. Nevertheless, CGH is a molecular cytogenetic 
method that is capable of detecting and mapping the 
relative DNA sequence copy number and identifying 
fragment gains or losses of DNA, and can thereby 
act as a  screening method for chromosomal alter-
ations. In the present case of AT/RT, the CGH result 
indicated deletion of part of 22q, but the INI1 gene 
protein was positive according to IHC, so we think 
that it was not the fragment of INI1 gene location 
loss. This demonstrates that there is another gene 
related to the genesis of AT/RTs. Despite this assay 
being limited by the fact that there is not an ade-
quate number of cases of AT/RTs, only occasionally 
occurring, we hypothesized that these results should 
be regarded as an exception of INI1 expression and 
genetic background. Whether or not INI1 proves to 
be implicated in all cases, our data suggest that 
apart from monosomy 22q, a better understanding 
of additional genetic pathways and the clinical and 
biological roles of these genes is greatly needed, 
and our data will offer useful information for further 
research in AT/RT. We speculate that the molecular 
biological features occurring in adults will differ from 
those occurring in children. It is therefore necessary 
to conduct further research on AT/RTs.
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