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A b s t r a c t

An updated neuropathological protocol for the examination of the nervous system in case of unexplained stillbirth 
has been elaborated and presented in this review. It is focused on the examination of the nervous centers located 
in the brainstem, which are involved in monitoring the vital functions. Only through a deep analysis of the brain-
stem it is possible to highlight developmental alterations of these essential centers, and then provide a plausible 
explanation of the pathogenetic mechanism behind the death. The guidelines, drawn up on the basis of numerous 
researches performed by the authors, include a histopathological protocol, with an indication of standardized sam-
ples, and an immunohistochemical protocol for the study of biological markers, frequently involved in these deaths. 
The main risk factors that can be related to the neuronal alterations are also reported, together with the indications 
for the toxicological examination, which should be possibly applied. The authors hope that this protocol will be soon 
adopted in all the institutions where a fetal death, after a routine autopsy procedure, is diagnosed as “unexplained”, 
in order to make standardized investigations on stillbirth. Nowadays, preventive strategies to decrease the incidence 
of these very distressing events for both parents and clinicians are necessary.

Key words: neuropathology, unexplained stillbirth, fetal autopsy, histology, immunohistochemistry, endocrine dis-
rupting compounds. 
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Introduction

Inequality in use of fetal autopsy is poorly under-
stood, despite the importance of autopsy in estab-
lishing the cause of stillbirth for future prevention [1]. 
Fetal deaths are in fact the most common adverse 
pregnancy outcomes in developed countries [4]. 
Despite a  35% decline in neonatal mortality over 
the last decades, thanks to public health campaigns 
promoting back sleep position, the stillbirth rate has 
not equally decreased [4]. Recently, the World Health 
Organization (WHO) has communicated that in 2015, 

2.6 million stillbirths globally occurred, with more 
than 7178 deaths a day [4]. Obviously, parents want 
to know why their baby died in the womb and the 
chance of recurrence in future pregnancies. Therefore, 
the detection of the pathogenetic mechanism lead-
ing to stillbirth is very important, and not just to give 
an answer to parents, but above all to introduce pre-
ventive measures in order to lower prenatal mortality 
[1]. The value of a post-mortem examination, as the 
gold standard investigation following stillbirth, is well 
documented [18,19,23-26,29]. In particular, the impor-
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tance of an adequate fetal examination has been 
emphasized in a recent policy on the subject by the 
American Board of Pathology [3]. Nevertheless, the 
number of fetal autopsies performed worldwide not 
only has not increased, but it has even declined in the 
past years, when efforts to decrease stillbirth would 
just require policies to increase autopsy rates [1].  

By contrast, in our unit, the “Lino Rossi” Research 
Center of Milan University, thanks to Italian law no. 31 
“Regulations for diagnostic post mortem investigation 
in victims of sudden infant death syndrome (SIDS) 
and unexpected fetal death”, there has been a trend 
for increasing the number of stillbirth autopsy exam-
inations since 2006 [2]. Precisely, this law states that 
all fetuses, which suddenly died without any apparent 
cause after 25 weeks of gestation, must be submitted 
to a diagnostic post-mortem investigation, and that 
the findings of the in-depth autopsy, the data about 
pregnancy, fetal development and delivery, and the 
information related to risk factors, must be collected 
by the medical personnel (obstetricians, gynecolo-
gists, pathologists, etc.) and recorded in the National 
Data Bank. Researchers can then draw on all the col-
lected results in order to make reliable investigations 
on the etiology of stillbirth, and improve preventative 
strategies for these very distressing events for both 
parents and clinicians. The “Lino Rossi” Research 
Center has developed an appropriate investigative 
post-mortem protocol that includes, specifically, the 
in-depth examination of the autonomic nervous sys-
tem. The application of this protocol has proved to be 
greatly useful when a  routine fetal autopsy did not 
show a possible cause of death. It is well known, in 
fact, that, despite the identification and classification 
of possible causes of stillborn infants into maternal, 
fetal, placental and related to external factors, some-
times also combined together, the death remains 
unexplained in a percentage between 33% and 50% 
of cases [6]. However, a diagnostic orientation can be 
obtained from the careful examination, performed by 
an experienced neuropathologist, of the brain cen-
tres checking the vital functions, mostly sited in the 
brainstem. Detailed examinations of these structures 
performed in our Institution for several decades, even 
thanks to Italian law no. 31, in a cohort of over 500 
unexplained stillbirths, highlighted, in the great part 
of cases, their subtle developmental morphological 
and/or functional alterations, frequently related to 
environmental risk factors, such maternal smoking. 
The findings provide insight into the specific patho-

physiological process leading to prenatal death. Here, 
we describe the neuropathologic procedure applied in 
our Center and which should be adopted in all the 
anatomopathological institutions where a fetal death, 
after a  standard autopsy procedure, is diagnosed 
as “unexplained stillbirth” or, more appropriately, 
“sudden intrauterine unexplained death syndrome” 
(SIUDS) [20].

Preamble

Only the intact fetal brain (i.e. not macerated or 
liquefied) can be submitted to the protocol presented 
below. Then, in case of fetal death, the first assessment 
consists in the exclusion of cases with brain autolysis. 
Our previous studies have identified, in well-preserved 
fetal brains, the main brainstem nuclei and struc-
tures that should be examined, hitherto highlighted 
only in experimental animals. Given the impossibility 
to perform experiments in humans, the homologous 
human nuclei have been identified on the basis of 
morphological criteria of similarity with regard to the 
location, the cytoarchitecture and number of neurons 
and applying, when possible, immunohistochemical 
methods able to highlight the same neurotransmit-
ters expressed in specific nervous structures in rats. 

Through this original methodology, it was possible to 
recognize, in particular, the Kölliker-Fuse nucleus, the 
facial/parafacial complex, the pre-Bötzinger nucleus in 
the pons/medulla oblongata, and the intermediolater-
al nucleus in the rostral spinal cord, up to now uniden-
tified in humans [10,12,13,16]. These nervous centers, 
as demonstrated in experimental studies, are linked 
together via inter-neuronal synapses into the brain-
stem in a  “respiratory network”, able to modulate 
one another to maintain a regular breathing activity.  
It should be pointed that, while death related to 
improper breathing control is easily comprehensible 
as a possible cause of SIDS, it is difficult to understand 
how ventilatory alterations can lead to death during 
intrauterine life, when breathing is not yet a  vital 
condition. We propose, as explanation, that in the 
last weeks of pregnancy, advancing towards the time 
of birth, a general check of all the neuronal centers 
essential for extra-uterine life takes place [17]. Sud-
den unexpected prenatal deaths could therefore be 
ascribed to a selective process of self-suppression in 
the presence of developmental alterations particular-
ly of the respiratory centers, preventing an even more 
serious and stressful event of a neonatal death [11].
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Histopathological protocol

Figure 1 shows a  simplified methodology for the 
brainstem’s examination, consisting in the sampling 
of three specimens (Fig. 1). The first specimen, ponto- 
mesencephalic, includes the upper third of the pons 
and the adjacent portion of caudal mesencephalon. 
The second extends from the upper part of the medul-
la oblongata to the adjacent caudal portion of the 
pons. The third specimen encloses the obex. A fourth 
sample is taken from the rostral tract of the spinal cord  
(Fig. 1). Transverse serial sections of each sample are 
made at intervals of 60 µm. For each level, from eight 
to ten 5-µm-thick sections are obtained, two of which 
are stained using hematoxylin-eosin and Klüver-Barrera 
for histological examination, while the remaining sec-
tions are treated, according to the needs, with specific 
immunohistochemical techniques in order to evalu-
ate the expression of functional markers (as reported 
in the following paragraph). Any remaining sections 
are saved for further investigations and stained as 
deemed necessary. In Figure 2, a schematic represen-
tation of the typical histological sections obtained 
from the four specimens is reported, with the indi-
cation of the main nuclei and structures that can be 
examined (Fig. 2). Overall, they are: the hypoglossus, 
dorsal motor vagal, tractus solitarius, ambiguus, infe-

rior olivary, pre-Bötzinger, arcuate, dorsal and ventral 
cochlear, medial inferior vestibular, obscurus and pal-
lidus raphé nuclei in the medulla oblongata; the locus 
coeruleus, facial/parafacial complex, retrotrapezoid, 
superior olivary complex, superior and lateral vestib-
ular, Kölliker-Fuse, median and magnus raphé nuclei 
in the pons; the inferior colliculus, substantia nigra, 
dorsal and caudal linear raphé nuclei in the caudal 
mesencephalon. In the spinal cord, the interme-
dio-lateral nucleus is well recognizable. A  diagnosis 
of “hypoplasia” of a given nucleus is formulated when 
it shows a  significantly decreased number of neu-
rons and/or a decreased area in transverse histologi-
cal sections, compared to the mean values obtained 
in age-matched controls. Four of the aforementioned 
structures, the Kölliker-Fuse nucleus, facial/parafacial 
complex, pre-Bötzinger nucleus and the intermediolat-
eral nucleus, components of the “respiratory network”, 
are in particular of great interest, and must be always 
examined in SIUDS. They are entirely enclosed in the 
four samples taken (Fig. 3). These centers, all compo-
nents of the respiratory network, are able to coordi-
nate each other through excitatory and/or inhibitory 
connections, in relation to the need, to control the 
breathing activity before and after birth. Their eval-
uation can be speeded by examining a few selected 

Fig. 1. Schematic representation of the brainstem and spinal cord sampling in four (I, II, III, IV) transversal 
planes in the ventral (V) and dorsal (D) view. 
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histological sections. The corresponding specimens 
are easily recognizable on the basis of precise land-
marks that are the presence of the superior cerebellar 
peduncle decussation in the rostral pons (for the Köl-

Fig. 2. Schematic representation of the histological sections obtainable from the sampling illustrated  
in Figure 1, with an indication of the main nuclei and examinable structures.

Fig. 3. Schematic representation of the localiza-
tion of the main respiratory centers (Kölliker-Fuse 
nucleus, facial/parafacial complex, pre-Bötzinger 
nucleus and intermedio-lateral nucleus): they are 
totally included in the four samples obtained.

Intermedio  
lateral

Optic tract

Facial/Parafacial 
complex

Pre-Bötzinger 
nucleus

Intermedio-lateral nucleus

Kölliker-Fuse nucleus

Raphé obscurus
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Locus coeruleus

Substantia nigra

Red nucleus

Midbrain

Facial/Parafacial 
complex

Caudal pons

Medulla oblongata

Arcuate
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liker-Fuse nucleus analysis), of the medial nucleus of 
the superior olivary complex in the caudal pons (for 
the facial/parafacial complex), of the dorsal accessory 
of the inferior olivary nucleus in the medulla oblonga-
ta (for the pre-Bötzinger nucleus) and of dorsal and 
ventral horns, adjacent to the central canal, in the 
rostral spinal cord (for the intermediolateral nucleus).

Immunohistochemical protocol

The reserved sections for the immunohistochem-
ical analyses are treated according to standard pro-
cedures in order to evaluate functional parameters, 
whose altered expression can represent a very sig-
nificant finding in SIUDS. These biological markers 
are: neuronal nuclear antigen (NeuN), nicotinic ace-
tylcholine (nACh) receptors (Rs), serotonin (5-HT) Rs, 
somatostatin (SS) Rs, apoptosis and gliosis. 

NeuN

This antigen is strongly expressed in the nucleus of 
post-mitotic healthy neurons already in fetal life, with 
the inexplicable exception of several neuronal cell types 
(precisely, Purkinje cells and dentate nucleus neurons 
in the cerebellum, neurons of the inferior olivary nucle-
us in the medulla oblongata, and all the glial cells).  
By excluding these neurons, a decreased NeuN immu-
nopositivity or absolute negativity can be indicative of 
neuronal degeneration. In particular, immunoreactivity 
is significantly weakened after a severe injury, such as 

Rostral pons
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cerebral hypoxia/ischemia [33]. Then, it is very import-
ant to apply this technique in all SIUDS to obtain useful 
information about the physiological general status of 
neurons. The related detailed immunohistochemical 
technique is available in our previous article [9].

nACh Rs 

The nAChRs regulate critical aspects of brain mat-
uration during the intrauterine life, through neuro-
chemical transmission of acetylcholine among the 
neurons. These receptors are ion channels in the cyto-
plasmic membrane, consisting of a different combi-
nation of α and β subunits. To date, a total of 10 α 
and 4 β different subunits have been described [17].  

The nAChRs can be opened not only by the neuro
transmitter acetylcholine, but also by nicotine (hence 
the adjective “nicotinic”). Fetal brain damage caused 
by maternal smoking in pregnancy mainly results 
from the interaction of nicotine with nAChRs. We  
specifically suggest addressing the study on the 
α7-nAChR subtype, given its important involvement 
in neuronal differentiation, synaptogenesis and for-
mation of brain circuits in fetal life and its demonstrat-
ed high vulnerability to toxic effects of nicotine [7].

5-HT Rs

5-HT is a  neuromodulator transmitter above 
all involved in neurotrophic processes during brain 
development, deputy to the control of neural circuits, 
including the respiratory network in the ponto-med-
ullary brainstem. It is produced by the serotonergic 
neurons of the raphé system, a  complex of nuclei 
spread along the midline of the brainstem. In detail, 
they are the caudal linear raphé nucleus, the dorsal 
raphé nucleus, the median raphé nucleus, the raphé 
magnus nucleus, the raphé obscurus nucleus and 
the raphé pallidus nucleus. A  decrease in 5-HT Rs 
in medullary regions containing raphé neurons has 
been described by us in SIUDS [8].

SS Rs

SS is a neuropeptide with a wide distribution in 
the central nervous system. During fetal develop-
ment, in particular, SS-containing neurons are prev-
alently concentrated in the brainstem nuclei involved 
in the ventilatory regulation, as demonstrated by 
the high immunopositivity of their receptors [5]. This 
suggests that SS is normally deputy to the inhibition 
of breathing in utero, while the detection of SS-im-

munonegativity leads to presume a fatal intrauterine 
respiratory activity. For this reason, it is definitely rec-
ommended to study this transmitter in SIUDS; the 
related method can be retrieved from our previous 
works [14,15].

Apoptosis and gliosis

The immunostaining for the detection of apop-
tosis (TUNEL method) and glial fibrillary acid pro-
tein (GFAP) are also recommended to obtain further 
information about a possible abnormal increase of 
neuronal death, over the physiological levels, and 
the presence of reactive gliosis, a well-known mark-
er of neurodegenerative processes [19,21].

Toxicological protocol

It is important, for each case, to collect a  com-
plete clinical history, with particular reference to the 
maternal lifestyle, including information related to 
the main potential risk factors (such as maternal 
smoking, alcohol, drug abuse and air pollution). 

Nicotine

Among the risk factors, maternal smoking during 
pregnancy is worldwide recognized as highly associ-
ated to fetal death. The mothers must be asked for 
information about their smoking habit before and 
during pregnancy. Their reply should be possibly val-
idated through a  toxicological research in fetal hair 
of cotinine, the main metabolite of nicotine, char-
acterized by a  long half-life and great stability [32].  

The protocol generally includes a qualitative cotinine 
test to detect the presence or absence of the sub-
stance in the hair. A  quantitative testing by liquid 
chromatography-mass spectrometry (LC-MS) system 
can also be applied to evaluate the cotinine concen-
tration [32].

Pesticides

Recently, our original investigations have demon-
strated the adverse effects of persistent pollutants, 
such as pesticides and household insecticides, on brain 
development [30,31]. Exactly as nicotine, these harmful 
chemicals belong to the category of the “endocrine dis-
rupting compounds” (EDCs) [27,28]. Traces of highly tox-
ic substances, as organochlorine and organophosphate 
pesticides (α and γ-chlordane, chlorfenvinphos, chlorpy-
rifos, p,p-DDT, p,p-DDE, endrin, α- and β-endosulfans), 
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have been directly detected in the brain of fetuses,  
died in agricultural areas where pesticides are used [22].

Conclusions

The post-mortem examination, in case of intra-
uterine death, is worldwide recognized as important 
for determining the cause of stillbirth and direct-
ing management of subsequent pregnancy [1]. It 
is necessary, however, to point out that the lack of 
uniform post-mortem protocols applied in the differ-
ent centers has hindered significant studies in this 
field. Furthermore, in the routine fetal autopsy, the 
examination of the nervous system has received 
up to now poor attention. Here, we have proposed 
a neuropathological protocol for a concise and spe-
cific examination of the nervous system, and in par-
ticular of the brainstem, very useful when the rou-
tine autopsy does not reveal a precise cause of fetal 
death. The application of these guidelines, drawn up 
after many years of studies in this field, frequent-
ly allow to highlight developmental morphological 
and/or physiological neuronal alterations that could 
explain the pathogenesis of SIUDS, considering also 
their correlation with the exposure to environmen-
tal risk factors, such as EDCs. The core objective of 
our work has been to provide, in the simplest way, 
the steps for the accurate neuropathological exam-
ination of the brainstem. The protocol is the culmi-
nation of our pluriannual scientific experience in 
this field. We strongly hope that the examination of 
the central nervous system, following this protocol, 
becomes a specialized component of the fetal autop-
sy, above all when a clear cause of death is not found. 
The application of this procedure is furthermore the 
best way to collect a rich body of information about 
all possible neurological alterations in the fetal brain 
underlying SIUDS, in order to reduce its incidence 
and mitigate the surrounding social concern. Pathol-
ogists are then invited to adopt this protocol, making 
it a standardized universal procedure in unexplained 
stillbirths.
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A b s t r a c t

Transplantology experiences continuous growth and kidney transplantation is the most frequently transplanted solid 
organ. Metabolic, cardiovascular, infectious or kidney function-related aspects are widely recognised and are of key 
interest for transplant doctors. Neurological complications seen in these patients, although known, are less covered 
in the literature. According to some reports, neurologic symptoms are experienced by almost 9 per 10 transplant 
recipients. The intensity, severity and type of abnormalities may vary, and most frequently the complications seem to 
be associated with a direct or indirect effect of immunosuppressive medications, including their direct effect on cells, 
on blood vessels, and susceptibility to infections. Increasing age of transplant recipients and relaxation of transplan-
tation eligibility criteria enriches the population with patients already compromised, with a higher present risk of 
stroke, neuropathy, malignancy etc. Research on and introduction to clinical practice of new agents like belatacept, 
proteasome inhibitors, or modified release formulations of tacrolimus, changes the picture and type of abnormalities 
within the nervous or neuromuscular system but does not eliminate them. Thus, it seems justified to remind the 
society of the whole array of neurologic complications they can see in their practice despite advances in the field.
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Introduction

Kidney is the most widely transplanted solid 
organ associated with high survival rates, which 
makes renal transplant a  growing area of interest 
in the modern era of nephrology. One of the cru-
cial drawbacks in successful renal transplantation 
is allograft rejection. Survival rates among trans-
plant recipients have greatly improved due to better 
understanding of transplant biology and more effec-
tive immunosuppressive agents. In the US, less than 
30% of the approximately 615,000 patients that 
were diagnosed with end-stage renal disease (ESRD) 

have received a  kidney transplant and more than 
100,000 patients are on the waiting list for a donor 
kidney [189]. In some other countries, like Spain or 
the Netherlands, more than 50% of ESRD patients 
are treated with kidney transplantation [19]. Current 
immunosuppressive protocols tend to prevent acute 
rejection of renal allografts better than the old ones 
despite lower doses of immunosuppressive drugs 
used nowadays in general. Post-transplant immune 
monitoring and optimization of the immunosup-
pressive therapy using non-invasive biomarkers can 
effectively predict impending graft rejection and 
may spare the need for renal biopsy. However, drug 
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toxicity and the unfavourable effects of long-term 
immunosuppression are associated with significant 
morbidity and mortality. 

The goals of pharmacotherapy in kidney trans-
plantation are to prevent graft rejection, reduce 
morbidity, and prevent complications. Immunosup-
pressant drug classes include calcineurin inhibitors 
(CNIs), corticosteroids, antimetabolites, mammali-
an target of rapamycin (mTOR) inhibitors, and oth-
er immunosuppressants like depleting antibodies 
(Table I). Transplant recipients are maintained on an 
immunosuppression regimen based on 1-3 drugs. 
There is a number of regimens which can be used, 
including pre-transplantation induction therapy and 
simple postoperative maintenance therapy; the 
choice of regimen depends on the patient’s profile, 
training and experience of the transplantation cen-
tre, local standards, and reimbursement status of 
drugs. According to the report of the United States 
Renal Data System (USRDS) [207], the majority (90% 

in 2012) of kidney transplant recipients received 
antibody induction. While the use of anti-IL-2R 
(interleukin-2 receptor) antagonists has fallen in the 
US from a peak of 41% in 2002 to 25% in 2012, the 
use of T-cell depleting agents continues to increase, 
reaching 65% in 2012 [207] and this trend may con-
tinue due to weak data supporting the use of IL-2R 
antagonists [86,227,228]. However, in Europe, IL2RA 
induction was more widely used than rabbit anti-
thymocyte globulin (rATG) or other depleting agents 
[145]. Nearly all transplant recipients in 2012 received 
a  calcineurin inhibitor and an anti-metabolite as 
components of their initial immunosuppressive reg-
imen. 92% of these patients were prescribed tacroli-
mus (Tac) as their first-line CNI, and mycophenolate 
mofetil (MMF) has almost completely replaced aza-
thioprine (Aza) as the anti-metabolite of choice. Use 
of mTOR inhibitors, both initially and at one year fol-
lowing transplantation, has declined to 2% and 4%, 

Induction Maintenance treatment Treatment of rejections

Polyclonal and monoclonal antibodies Corticosteroids Corticosteroids

Polyclonal (ATG) Prednisone Polyclonal and monoclonal antibodies

Monoclonal anti-CD3 (OKT3/Muromonab), 
withdrawn

Calcineurin inhibitors Reversible 26S proteasome inhibitor 
(Bortezomib)

Monoclonal anti CD-52 (Alemtuzumab) Cyclosporine, Tacrolimus Anti-C5 antibody (Eculizumab)

Monoclonal anti-CD20 (Rituximab) Anti-metabolites/Anti-proliferative 
agents

 

Interleukin-2 receptor antagonists, 
monoclonal anti-CD25

Azathioprine  

Basiliximab Mycophenolate mofetil,  
Mycophenolic acid

 

Daclizumab, withdrawn Mizoribine  

Corticosteroids Leflunomide  

Methylprednisolone m-TOR inhibitors  

  Sirolimus, Everolimus  

  Co-stimulation blocker  

  Belatacept (fusion protein)  

  Protein kinase C inhibitor  

  Sotrastaurin  

  JAK 3 inhibitors  

  Tofacitinib  

  Alkylating agents  

  Cyclophosphamide  

Table I. Immunosuppressive agents used in organ transplant recipients*

*Including selected off-label, discontinued and/or currently developed products. Modified classification published by Kumar and Shrestha, 2016 [84,98,106]
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respectively, in 2012, while steroid use seems to be 
stabilizing at about 67% [207].

Immunosuppressive agents are known to show 
numerous side effects, including the ones affecting 
the nervous system directly or indirectly. Majority of 
solid organ transplant recipients experience neuro-
logic complications after transplantation, and only 
minority of cases (e.g. femoral neuropathy, stroke) 
can be attributed to the surgery or the pre-existing 
comorbidities (e.g. atherosclerosis, hypertension, 
diabetes) alone [67,160,212]. Immunosuppressive 
medications, can induce direct or indirect neurotox-
icity or increase the risk of central nervous system 
(CNS) infections and tumours. Neurotoxic effects can 
manifest either in the central or in the peripheral ner-
vous system (PNS). Immunosuppressive medications 
used in transplantation that have most frequently 
been associated with neurologic complications 
include cyclosporine (CsA), tacrolimus (Tac, FK506), 
corticosteroids, and muromonab (OKT3) [53,63, 
197,220,222,223]. In addition, frequent disturbances 
of hepatic and kidney metabolism may appreciably 
prolong the half-life of drugs and increase their plas-
ma levels. The use of various medications interfering 
with cytochrome CYP3A function may alter the levels 
of Tac and CsA [130] and affect their safety profile. 

Apart from a  potentially detrimental effect of 
immunosuppression, an impaired kidney function 
itself can be a cause of adverse neurologic outcomes. 
For example, changes in creatinine, eGFR, serum 
nitrogen, CRP, 1,25-(OH)2D3, intact parathyroid hor-
mone (iPTH), phosphorus were found to correlate 
with psychological and cognitive disorders in patients 
with treated chronic kidney disease [108].

Neurologic complications following kidney trans-
plantation are more common compared to the 
general population and the incidence of neurolog-
ic alterations is reported in up to 85% of recipients 
[21,71,177,230]. Somewhat contrary to this preva-
lent opinion, in a relatively small retrospective anal-
ysis of magnetic resonance imaging of transplant 
recipients in Charleston, SC Medical University, fre-
quency of posterior reversible encephalopathy syn-
drome, and both acute and chronic lesions/changes 
in brain did not differ significantly between patients 
before and after kidney transplantation [26]. They 
can be classified as several core groups: infection, 
drug toxicity, structural pathology (stroke, cancer, 
vasculitis), and metabolic abnormalities including 
those caused by graft dysfunction [230].

In a retrospective study, it was reported that most 
frequent neurologic complications following renal 
transplantation were focal neurologic deficits (20%), 
acute confusion (16%), seizures (15%) and head-
ache (13%) [21]. An increased frequency of stroke in 
kidney allograft recipients is attributable to the pro-
gression of pre-existing vasculopathy and hyperten-
sion [1,173]. Kidney transplantation surgery is also 
associated with an increased incidence of femoral 
and lumbosacral plexopathy [56]. 

This review, although focusing on kidney trans-
plantation is generally applicable to all solid organs 
as the medications used in e.g. heart or liver trans-
plantology are merely the same although some dif-
ferences exist when it comes to doses, regimes, and 
underlying diseases. In the review we analyse firstly 
the neurotoxicity from selected therapeutic agents 
perspective, and then we discuss selected most rel-
evant neurotoxicities. Because of volume limitations 
of the paper we have not been able to cover all rel-
evant topics, including e.g. neurologic complications 
related directly to an impaired kidney function, linked 
to use of other medications used in this population 
of patients, we have barely mentioned importance 
of genetics/epigenetics behind increased vulnera-
bility to immunosuppression, psychological impact 
of the transplantation itself, available treatment of 
the complications etc. We also acknowledge avail-
ability of a number of review papers on this subject 
in contemporary literature. However, we hope that 
our approach will provide a unique perspective, and 
by encompassing recent advances in the field, will 
be a valuable summary for clinicians and scientists 
interested in this slightly overlooked aspect of trans-
plantology.

Neurotoxicity of immunosuppressive 
drugs 

Calcineurin inhibitors 

Cyclosporine is an 11 amino acids polypeptide of 
fungal origin and a pro-drug, which has been a key-
stone of immunosuppression in transplantation for 
four decades. This agent is used for induction and 
maintenance of immunosuppression. Tacrolimus 
is a  macrolide antibiotic and a  calcineurin inhibi-
tor with 2-3 times the potency of cyclosporine. Tac 
can be used at lower doses than cyclosporine, but 
its adverse effects include renal dysfunction, neuro-
toxicity (tremor, insomnia, and paraesthesia of the 
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extremities), and new-onset diabetes. Tacrolimus 
has essentially replaced cyclosporine as the CNI of 
choice, because of a  claimed lower rejection rate 
including decreased steroid-resistant rejection, and 
according to some studies, superior graft survival 
[6,135,172]. Some other studies do not support the 
superiority of Tac vs CsA, though [12,129] and it 
may partly depend on CYP3A5 (6986 A>G, rs776746) 
polymorphism [117]. Currently, 80-90% of patients 
receive Tac after renal transplantation instead of 
cyclosporine, and this change has persisted for the 
past 10-15 years. 

CsA and Tac induce immunosuppression by inhib-
iting the first phase of T-cell activation by binding to 
immunophilins. The immunosuppressive, and possi-
bly neurotoxic, action of both CsA and Tac is exerted 
through inhibition of the calcium calmodulin-depen-
dent protein phosphatase, calcineurin [82]. Calci-
neurin is essential for the dephosphorylation of the 
nuclear factor of activation of T cells (NFAT) which is 
responsible for activation of T-cells. The first phase 
of T-cell activation causes transcriptional activation 
of interleukin (IL)-2, IL-3, IL-4, tumour necrosis fac-
tor (TNF) alpha, and interferon gamma that allow 
T-cells to progress from the G0- to G1-phase [195]. 
Thus, CsA and Tac both work to inhibit IL-2, which 
is a critical link in the proliferation of helper T cells. 
These agents bind to a  group of proteins called 
immunophilins, divided into CsA-binding cyclophil-
ins and FK-binding proteins, to form complexes that 
then bind to and inhibit the activated calcineurin 
phosphatase. The tacrolimus: FKBP12 active com-
plex inhibits calcineurin with greater potency than 
the corresponding cyclosporine complex [83]. 

Calcineurin and immunophilins have a  wide-
spread expression in the central and peripheral 
nervous systems, but the exact mechanism of CsA- 
or tacrolimus-induced neurotoxicity is not yet well 
understood. Protein dephosphorylation by calci-
neurin may play an important role in neuronal signal 
transduction due to its ability to regulate the activ-
ity of ion channels, glutamate release, and synaptic 
plasticity [235]. Calcineurin has been shown to reg-
ulate the activity of N-methyl-D-aspartate (NMDA)  
receptor channels by both altering their ion gat-
ing properties and promoting desensitization in 
cultured hippocampal neurons, which has been 
ascribed to the enhanced release of glutamate by 
the presynaptic cells [142,185,213]. Since NMDA 
receptors are highly permeable to Ca2+, the influx 

of extracellular Ca2+ is considered to be the primary 
event responsible for glutamate toxicity and neuro-
nal cell death [115]. 

Mechanisms underlying calcineurin inhibitors 
neurotoxicity may be related to: (1) upregulation 
of endothelin receptors A and B and stimulation of 
endothelin 1 synthesis; (2) damage of the blood–
brain barrier (BBB); (3) alterations in the mitochon-
drial function; (4) interaction with neuromodulatory 
systems and (5) vascular toxicity. Circulating endo-
thelin, produced in excess in the presence of CNIs 
can affect the cerebral vascular smooth muscle and 
could promote systemic hypertension [147,190,203]; 
the endothelin-mediated effect is also promoted by 
CsA-dependent upregulation of endothelin receptors 
A and B [141,238]. On the other hand, if endothelial 
integrity is disrupted, CsA and Tac could gain access 
to astrocytes. Under such conditions, local ischemia 
and consequent white matter oedema could show 
transient alterations observed in cases of acute 
hypertensive encephalopathy [143] or in PRES (Pos-
terior Reversible Encephalopathy Syndrome). CsA 
and Tac are highly lipophilic and are bounded in 
plasma, especially to low-density lipoprotein (LDL). 
Since LDL receptors are also expressed on the cell 
membrane of astrocytes at the blood–brain barrier, 
increased uptake of these drugs can lead to damage 
of the BBB as well as the white matter. The vasocon-
striction induced by CNI may cause microvascular 
damage and disrupt the blood-brain barrier [4,177]. 
In case reports of patients treated with relatively 
high doses of CsA, published by Shbarou et al. [182], 
lesions in the cerebral white matter associated with 
abnormally elevated cerebral blood flow velocities on 
transcranial Doppler ultrasound and abnormal vas-
cular appearance on magnetic resonance angiogra-
phy were seen. The authors reported the changes as 
resembling brain lesions seen in pre-eclampsia. CNI 
can lead to decrease the expression of p-glycopro-
tein in the brain endothelial cell and cause dysfunc-
tion of the blood-brain barrier leading to vasogenic 
oedema [221]. CsA and Tac increased proinflamma-
tory cytokines and endothelial activation markers 
in cultured murine endothelial and vascular smooth 
muscle cells, and in ex vivo cultures of murine aor-
tas through TLR4 and with no significant role of cal-
cineurin. In TLR4 knockout mice CNIs were unable 
to induce inflammation and endothelial activation 
in aortas. The CNI-induced-TLR4 activity lead to 
increased O2(–)/ROS production and NF-κB-regulated 
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synthesis of proinflammatory factors in cultured 
as well as aortic endothelial and VSMCs [170]. Part 
of CsA and Tac toxicity may arise from interference 
with mitochondrial functions [93], such as decrease 
of mitochondrial energy production and the subse-
quent activation of anaerobic glycolysis, impaired 
cellular calcium buffering, activation of proteases 
and phospholipases, activation of nitric oxide syn-
thase (NOS) and generation of free radicals, lead-
ing to either apoptotic or necrotic cell death [180]. 
CsA and Tac appear to affect neuronal transmission 
in specific circuits via the following mechanisms:  
(1) inhibition of the gamma-amino butyric acid (GABA) 
system that amplifies excitatory response and limits 
inhibitory response, which may be the mechanism 
behind the increased seizure activity in transplant 
recipients; (2) neuronal serotonin depletion, which 
may explain depression and tremor; (3) glutaminergic 
NMDA receptor inhibition, suggesting a possible role 
for psychotic features. In a recent study it was shown 
in a model of chronic CsA or Tac microinjections into 
medial prefrontal cortex in rats that calcineurin-inhi-
bition-induced depressive-like behaviour is mediated 
by blockade of the mTOR signalling pathway and can 
be reversed by NMDA [237]. Influence on NMDA-de-
pendent signalling through potentiating presynaptic 
and postsynaptic NMDAR activity in the spinal cord 
may increase glutamate-mediated nociceptive input 
and be responsible for calcineurin inhibitor-induced 
pain syndrome (CIPS) linked to CsA or Tac use [42,45]. 

It was shown that nerve excitability testing demon-
strated abnormal nerve function in CNI-treated 
patients, reflecting nerve membrane depolarization 
[13]. This can translate into the reduced threshold for 
action potential generation and easier development 
of neuropathic symptoms, including paraesthesia 
and cramps [132]. More severe depolarization may 
lead to sodium channel inactivation and reduce the 
size of the action potential, leading to sensory loss 
and fatigue [105].

Of note, treatment with CsA significantly reduced 
plasma concentrations of adrenocorticotropic hor-
mone (ACTH), cortisol, and noradrenaline where-
as adrenaline levels and state of anxiety remained 
unaffected [8]. This effect was shown to attenuate 
stress-responsiveness in animal studies [99].

Neurologic complications have been reported 
to occur in 10% to 28% of the patients treated with 
CsA [77,200]. Common complications include tremor, 
headache, and less frequently, PRES [53,223] (Table II). 
Mild symptoms in patients treated with CsA are fre-
quent, and encompass tremor, neuralgia, and periph-
eral neuropathy. Severe symptoms affect up to 5% 
of transplant recipients such as psychoses, halluci-
nations, blindness, seizures, cerebellar ataxia and 
motor weakness [24,40,53,97,111,156,204]. Hypocho-
lesterolemia and hypomagnesemia were suggested 
as possible precipitating factors for CsA neurotoxicity, 
however CsA neurotoxicity may be seen in patients 
with normal cholesterol and magnesium as well [53]. 
Symptoms typically improve by discontinuation, dos-
age reduction, or substitution with Tac [223]. Further 
reports indicate less toxicity associated with the oral 
route of administration [222]. Epileptiform EEG chang-
es and frank seizures have been described in patients 
treated with CsA [7,231]. In a small number of patients, 
myalgia and myopathy have been linked to treatment 
with CsA. Interference with the mitochondrial func-
tion was suggested as the causative mechanism [33]. 
Use of CNIs in clinical practice in transplantology has 
significantly changed over the last 20 years. Introduc-
tion of microemulsion formulation of cyclosporine, CNI 
minimization strategies, trough levels monitoring, and 
introduction of modified release preparations of tac-
rolimus can be expected to decrease the frequency 
and severity of neurotoxicity in the longer term [193]. 
Although in a 12-month large randomized prospective 
study, no difference in neurotoxicity was seen between 
standard-dose CsA and low-dose CsA or low-dose Tac 
groups, it has to be noted that the trough levels of CsA 

Table II. Neurologic side-effects of calcineurin inhi
bitors

Tremors

Sleep disturbances, insomnia

Paraesthesia, pain syndrome, polyneuropathy

Mood disturbances

Mental status changes: confusion, disorientation, paranoia, 
hallucinations, lethargy, apathy, depression, irritability, 
aggression 

Leukoencephalopathy, toxic encephalopathy

Seizures

Visual disturbances: hemianopsia, cortical blindness, 
blurred vision

Motor symptoms: paraplegia, quadriplegia, paresis, 
dystonia

Speech or language disturbances: akinetic mutism, aphasia, 
slurred speech

Other movement disorders: asterixis
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were not that much different in that study (approx.  
150 vs. 100 ng/ml) with levels not exceeding 250 ng/ml 
for most of the study duration in the standard dos-
ing group [64]. Noteworthy, there was no significant 
difference in the prevalence of brain abnormalities 
in early compared with late post-transplant periods 
when exposure to CI is tapered, and the authors con-
cluded that abnormalities seen in brain MR in kidney 
transplant recipients are likely not predominantly 
linked to CNI toxicity [26].

Neurologic complications may be more severe 
while on Tac than on CsA [120,136], particularly in chil-
dren [73,126], and it was also reported in liver trans-
plant patients (The US Multicenter FK506 Liver Study 
Group). Some studies show complications related to 
Tac are less frequent, 5.4% versus 25% than to CsA 
[63] while in other publications on solid organ trans-
plantations frequency of neurologic complications is 
higher in Tac than in CsA-treated groups [126,205]. 
Complications typically occur in the early post-trans-
plant period, when higher doses and intravenous 
formulations are used [63]. Common neurologic com-
plications of Tac include tremor, encephalopathy, head-
ache, and seizures [63,220] (Table II). Mild symptoms 
include tremor, insomnia, nightmares, headache, verti-
go, dysesthesia, photophobia and mood disturbances. 
Severe manifestations include akinetic mutism, sei-
zures, cortical blindness, focal deficits, psychosis and 
encephalopathy [52]. The most serious complication 
is PRES, presenting with nausea, hematemesis, head-
ache, loss of vision, seizures and altered conscious-
ness [149], associated with subcortical and deep white 
matter changes [74,94]. The spontaneous resolution of 
the syndrome is probably associated with the sponta-
neous reduction in hemodynamic disorders. A rare but 
severe side effect of Tac can be peripheral neuropathy. 
About 0.003% of patients developed severe multifo-
cal demyelinating sensorimotor polyneuropathy 2-10 
weeks after the start of treatment with Tac, though 
similar changes can also be observed with CsA [224]. 
In another report, a late onset severe chronic inflam-
matory demyelinating polyradiculoneuropathy was 
diagnosed 10 years after Tac initiation, and resolved 
after Tac withdrawal [165].

The treatment of immunosuppressive neurotox-
icity consists of correction of electrolyte imbalance 
and hypertension, immunosuppressant dose reduc-
tion and switching from cyclosporine to tacrolimus 
or vice versa, if necessary [109,196,233]. Use of com-
binations, such as CNI plus mycophenolate or mTOR 

inhibitor, enables lower doses of cyclosporine or 
tacrolimus to be used without weakening the immu-
nosuppressive effect [124]. These approaches lead in 
most cases to the disappearance of the symptoms 
and the reversal of neuroimaging anomalies [27].

Corticosteroids

Corticosteroids are used for induction and main-
tenance immunosuppression, as well as against 
acute rejection. These agents prevent production 
of cytokines and vasoactive substances, including 
IL-1, IL-2, IL-6, tumor necrosis factor-α, chemokines, 
prostaglandins, major histocompatibility class II and 
proteases. Corticosteroids act as agonists of glu-
cocorticoid receptors, but at higher doses, have 
receptor-independent effects. Corticosteroids have 
three principal mechanisms of action: 1) inhibit the 
synthesis of inflammatory proteins blocking NF-κB,  
2) induce the expression of anti-inflammatory pro-
teins by IkB and MAPK phosphatase I, and 3) inhibit 
5-lipoxygenase and cyclooxygenase-2 [44]. Some of 
the observed effects of corticosteroids depend on 
the increase in the adrenergic effects of catechol-
amines and of the synthesis of epinephrine from 
norepinephrine [65].

Glucocorticoids and, to a  lesser extent, mineralo-
corticoids cross the blood–brain barrier to access corti-
costeroid receptors within the CNS [206]. There are two 
major classes of corticosteroid receptors: mineralo
corticoid receptors and glucocorticoid receptors [167].

Glucocorticoid receptors in the cytoplasm are 
in an inactive complex with heat shock proteins. 
The binding of corticosteroids to the glucocorticoid 
receptors dissociates heat shock proteins from the 
glucocorticoid receptors. Active corticosteroid–gluco-
corticoid receptor complexes migrate to the nucleus 
and dimerize on palindromic DNA sequences in many 
genes. The binding of glucocorticoid receptors in the 
promoter region of the target genes can lead to either 
induction or suppression of gene transcripts.

The most common corticosteroids used in trans-
plantation are oral prednisolone/prednisone and 
intravenous methylprednisolone. Their role in main-
tenance immunosuppression is still under investi-
gation because of severe side effects during long-
term use. These agents are metabolized by the liver 
and excreted by kidneys as inactive metabolites. 
Drug interactions with P450 inhibitors and induc-
ers are common. The neurologic complications of 
corticosteroids are reversible with a reduction and/
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or withdrawal of their intravenous administration 
[166]. Common neurological complications linked 
to steroids are myopathies of skeletal and respira-
tory muscles and psychiatric disorders [32,55,208]. 
Psychiatric disorders include confusion, mood dis-
turbances, manic states, psychotic reactions, anxi-
ety, sleeplessness, reduced concentration, cognitive 
impairment. Steroid-induced psychosis is rare, but 
complications such as schizophrenic syndromes, 
affective disorders or delirium can also occur due to 
steroids use [57,150,214,226]. It was suggested that 
50% of patients treated with medium to high doses 
of steroids for more than 3 weeks develop a prox-
imal myopathy starting in the hip muscles. Steroid 
myopathy usually resolves slowly and it takes 2 to  
8 months following discontinuation [37,47]. 

High-dosage treatment with corticosteroids and 
neuromuscular blocking agents may lead to the 
development of critical illness myopathy [36,107]. 
Myopathy usually improves gradually with dosage 
reduction or discontinuation of therapy. Epidural 
lipomatosis is a rare complication of steroid thera-
py; spinal compression and radiculopathy have been 
reported [70].

It has been proposed that cognitive dysfunction 
caused by corticosteroids may be a result of a com-
bination of impaired hippocampal neurogenesis and 
subcortical white matter dysfunction [57]. 

Risk factors predisposing for neuropsychiatric 
side effects of corticosteroids include a  daily dose 
of prednisone greater than 40  mg, damaged blood-
brain barrier, hypoalbuminemia, and prior history of 
steroid-related psychosis or mania [218].

Prolonged use of steroids may also indirectly lead 
to numerous non-specific neurologic complications, 
including those related to opportunistic infections, 
osteoporosis, diabetes mellitus, obesity, elevated 
blood pressure etc. [44,60].

Polyclonal and monoclonal antibodies 

Biologic agents are polyclonal and monoclonal 
antibodies that are frequently used in transplanta-
tion for induction immunosuppression or treatment 
of rejection. The three antibodies used for induc-
tion therapy are the lymphocyte-depleting agents:  
(1) antithymocyte globulin (ATG), (2) basiliximab, and 
(3) alemtuzumab (Table I). However, alemtuzum-
ab has not been granted market approval for use 
in transplantations and has not been endorsed by 

recent Cochrane review due to insufficient and incon-
clusive data [9,87]. Historically, immunosuppressant 
selection was based solely on efficacy for the preven-
tion of rejection. In the current era of transplantation, 
it is a common practice in the transplant community 
to select induction therapy based on risk-benefit con-
siderations for each patient. 

Polyclonal antibodies induce lysis of lympho-
cytes. Antithymocyte globulin rabbit acts against 
human T-cell surface antigens and depletes CD4 lym-
phocytes. In addition to T-cell depletion, it induces 
B-cell apoptosis, interferes with dendritic cell func-
tion, modulates adhesion molecules and chemokine 
receptors and induces regulatory T-cells. Administra-
tion of ATG can induce a cytokine-release syndrome, 
which includes fever, chills and sometimes hypoten-
sion and pulmonary oedema, and may mimic neu-
rotoxicity reported after OKT3 use. ATG has many 
adverse effects (fever, thrombocytopenia, leukope-
nia, haemolysis, respiratory distress, serum sickness, 
and anaphylaxis), but some of them may be ame-
liorated with steroids. It is indicated for prophylaxis 
and treatment of renal transplant acute rejection in 
conjunction with concomitant immunosuppression. 
In comparison with basiliximab it causes a  higher 
rate of infections including opportunistic infections 
[9,20,87,106,199].

The monoclonal antibodies used (mostly in clin-
ical research except for basiliximab) in transplant 
patients include anti-CD3 antibody (OKT3, muro-
monab), anti-CD25 antibody (basiliximab and dacli-
zumab), anti-CD20 antibody (rituximab) and anti-
CD52 antibody (alemtuzumab) (Table I). Except for 
OKT3, their administration to transplant patients is 
associated with a very low prevalence of neurologic 
adverse effects. 

Basiliximab

Basiliximab is an IL-2R antagonist indicated for 
prophylaxis of kidney transplant rejection and is used 
as induction treatment. Its use has not been linked to 
specific neurotoxicities and has not been shown to 
increase occurrence of malignancies or opportunistic 
infections [20,106].

Alemtuzumab

Alemtuzumab is a humanized recombinant mono-
clonal antibody against CD52 which is present on T-cells, 
B-cells, NK cells and to a lesser extent on monocytes. 
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As with ATG, alemtuzumab infusion can be followed  
by a  cytokine-release syndrome [225], however it is 
much milder than with ATG. It is used off-label as part 
of various induction regimens in patients undergoing 
kidney transplantation. The use of alemtuzumab as 
induction immunosuppression for renal transplantation 
introduces the possibility of long-term Tac monother-
apy, avoiding maintenance with both corticosteroids 
and MMF. Renal transplantation with alemtuzumab 
induction followed by Tac monotherapy leads to good 
graft and patient outcomes, with no major differenc-
es detected compared with basiliximab induction and 
tacrolimus/mycophenolate mofetil maintenance at one 
year. Higher frequency of opportunistic infections com-
paring to basiliximab has been suggested [87,106,158], 
which may translate into the corresponding risk of 
neurologic complications.

OKT3

OKT3 is a murine monoclonal antibody targeted 
against the CD3 adhesion molecule on lymphocytes. 
It was most frequently used in the treatment of 
rejection, and it was associated with aseptic men-
ingitis, encephalopathy and seizures [197]. OKT3 
caused release of systemic proinflammatory cyto-
kines in CSF, which are responsible for the flu-like 
syndrome and may be involved in the pathogene-
sis of the cerebral oedema [3]. Approximately 5% 
to 10% of patients treated with OKT3 developed 
an acute aseptic meningeal syndrome associated 
with aseptic meningitis presenting within 72 hours 
of its administration [90]. Diffuse encephalopathy 
was rarely seen with coma, seizures, psychosis and 
brain oedema. The encephalopathy may take up to  
2 weeks to resolve. OKT3 is rarely associated with 
neurologic complications because of its reduced neu-
rotoxicity and its current limited clinical indications. 
Its use was contraindicated in patients with underly-
ing neurologic problems such as seizures. The prod-
uct has been withdrawn from the market [22].

Rituximab

Rituximab is a  chimeric anti-CD20 monoclonal 
antibody which acts through depletion of B cells 
[18]. It has not been approved for use in renal trans-
plantation [169] but its use has been endorsed for 
specific subpopulations of organ transplant recip-
ients by the international transplantology society 
expressed in national guidelines [39,159,229] e.g. 

for ABO blood group incompatible transplantation, 
for post-transplant lymphoproliferative disorder, 
HLA antibody incompatible renal transplantation 
and for treatment of acute rejections. It has been 
postulated that rituximab may prevent develop-
ment of chronic antibody mediated rejection [18]. 
Regarding its toxicity, the drug can cause e.g. cyto-
kine release syndrome, progressive multifocal leu-
koencephalopathy infusion-associated hypoten-
sion, cardiovascular disorders and infections [169]. 
Cases of PRES linked to rituximab administration 
were also reported [25].

Belatacept

Belatacept is a  selective T-cell costimulation 
blocker. It comprises of a recombinant extracellular 
domain of human cytotoxic T lymphocyte antigen-4 
(CTLA-4) and a fragment of a modified Fc portion of 
human IgG1. The drug binds to CD 80/86 ligands of 
antigen-stimulating cells and thereby inhibits the 
CD-28-mediated T-cell costimulation. T-cells activa-
tion requires two signals of which the first signal is 
mediated by the interaction of major histocompat-
ibility complex (MHC): T cell receptor (TCR) and the 
second is mediated by the costimulatory molecules. 
The costimulatory molecules CD80/86 ligands in the 
antigen presenting cells bind to CD28 of the T-cells 
to induce the immunological response. The costim-
ulatory molecules CD28:CD80/86 interaction is also 
essential for clonal proliferation of cytotoxic T cells 
which play a main role in the graft rejection [112].

Belatacept has been approved for use in com-
bination therapy to prevent renal graft rejection in 
patients who are Epstein-Barr virus seropositive. 
Despite some advantages over calcineurin inhibi-
tor-based regimens it bears a risk of post-transplant 
lymphoproliferative disorder (PTLD), a  rapidly pro-
gressing and often lethal malignancy. The occurrence 
of PTLD, particularly PTLD involving the central ner-
vous system was noted in 0-4% of belatacept-treated 
patients in clinical trials. Belatacept has also poten-
tial to induce progressive multifocal leukoencepha-
lopathy [23,68,106,121].

mTor inhibitors

Mammalian target of rapamycin (mTOR) inhibi-
tors inhibit T-cell activation and proliferation. Unlike 
calcineurin inhibitors, sirolimus and everolimus 
inhibit the second phase of T-cell activation [83]. 
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The second phase involves signal transduction and 
clonal proliferation of T-cells. These agents inhibit 
interleukin-induced proliferation of T-cells resulting 
in the cell cycle arrest in the late G1-phase, which 
prevents progression to the S-phase [80]. Mammali-
an target of rapamycin (mTOR) is a serine/threonine 
kinase, integrating multiple signals such as nutri-
tion, oxygen supply, and growth factors [38]. mTOR 
inhibitors (sirolimus and everolimus) need to bind to 
the 12-kD immunophilin FK-506-binding protein in 
order to block the serine/threonine kinase activity 
of the mTOR/raptor/GbetaL complex [85]. Two TOR 
proteins have been identified – TOR1 and TOR2 and 
both everolimus and sirolimus were long thought to 
act almost only through inhibition of TOR1 complex 
(TORC1) [239]. However, there has been increasing 
evidence that the additional hydroxyethyl group at 
the C(40) of the everolimus is linked to not only dif-
ferent tissue and subcellular distribution, but also to 
different affinities to active drug transporters and 
drug-metabolizing enzymes, and interaction with 
TORC2 than sirolimus [103]. It was suggested that 
everolimus, but not sirolimus, distributes to brain 
mitochondria and stimulates mitochondrial oxida-
tion in the brain and contrary to sirolimus, everoli-
mus counteracts CsA-related negative effects in the 
rat brain energy state [102,178,179]. In contrast to 
sirolimus, everolimus was shown not to affect cyc-
losporine concentrations in blood and brain tissue 
but it reduced cyclosporine concentrations in brain 
mitochondria by 65% [178].

Sirolimus and everolimus have shown their effi-
cacy in kidney transplantation in a variety of immu-
nosuppression regimes, but their wide use has been 
limited by relative high discontinuation rates and 
safety profile. Their most important adverse effects 
are thrombocytopenia, leukopenia, hypercholester-
olemia, stomatitis, diarrhoea, and, interstitial pneu-
monitis [131]. In a  long-term retrospective analysis 
of 10 prospective randomized trials in kidney trans-
plantation it was shown that the efficacy of de novo 
use of mTOR inhibitor is similar to antimetabolites 
in kidney transplant recipients receiving calcineurin 
inhibitor. Patients on mTOR inhibitor benefited from 
the lower CMV infection rate, but the overall safety 
profile was unfavourable, showing higher treatment 
discontinuation rates and higher incidence of pro-
teinuria [54]. In heart transplant recipients patients 
switched from CNI to mTORi had a higher creatinine 
clearance but also significantly higher occurrence 

of adverse effects, which included skin diseases, 
gastrointestinal side effects, bone marrow suppres-
sion, and infections [163]. Also, when compared with 
mycophenolate as part of the combination with CNI 
in kidney transplantation, mTOR-I  showed no par-
ticular superiority to mycophenolate, and instead 
mTOR-I  had an increased risk of graft loss when 
combined with CNI, even when combined with 
a reduced dose of CNI. In this retrospective analysis 
of 4930 patients treated with mTOR-it had a higher 
risk of new-onset diabetes mellitus, dyslipidemia, 
proteinuria, peripheral oedema, thrombocytopenia 
and lymphocele, but a  lower risk of CMV infection, 
malignancy and leukopenia. Neurotoxicity was not 
reported [234].

Neurotoxicity with mTOR inhibitors is relatively 
low, however PRES associated with mTOR inhibitors 
was reported [134,162,202]. Sirolimus rarely causes 
neurotoxicity since it can alter cell metabolism of 
astrocytes, thus resulting in similar neurotoxicity 
as experienced by Tac and CsA (tremor, confusion, 
agitation and headache) [175]. For everolimus rare 
adverse effects are dizziness, hypoesthesia, paraes-
thesia, somnolence, and tremor [11]. Bilateral optic 
neuropathy was also reported [202]. As mentioned 
earlier, mTOR intermediates depression-like symp-
toms which may lead to corresponding psychiatric 
abnormalities during mTOR inhibitors use [2,237], 
although scarce evidence exists that mTOR inhibi-
tors may have a more favourable profile than CNIs 
in this respect [111]. In a small study, no difference 
between CNIs and everolimus was shown in terms 
of negative impact on the cognitive function in heart 
transplant recipients. About 40% of subjects had 
cognitive impairment, defined as performance at 
least 1.5 standard deviations below normative mean 
in one or several cognitive domains in that popula-
tion [35].

Other immunosuppressants

Apart from a  variety of off-label agents used 
occasionally or in clinical trials in transplantology, 
there are two other important subgroups of medi-
cations which belong to standard of care in solid 
organ transplantations. The first group comprises 
agents inhibiting synthesis of nucleotides – purine 
synthesis inhibitors – mycophenolate and pyrimi-
dine synthesis inhibitors – leflunomide. The second 
group comprises old drugs – so-called antimetabo-
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lites: azathioprine and cyclophosphamide [171]. From 
this selection, mycophenolate derivatives (mofetil 
or sodium salt) are most frequently used. Mycophe-
nolate inhibits enzyme – inosine monophosphate 
dehydrogenase (IMPDH) required for guanosine syn-
thesis and suppresses de novo purine synthesis in 
lymphocytes, thus inhibiting their proliferation [127]. 
Mycophenolate impairs B and T-cell proliferation, 
sparing other rapidly dividing cells due to the pres-
ence of guanosine salvage pathways in other cells. 
This agent is frequently used in regimens contain-
ing a  calcineurin inhibitor and corticosteroids for 
prevention of renal allograft rejection [171]. Myco-
phenolate has been shown to decrease prevalence 
of acute cellular rejection compared with azathio-
prine and prevalence of chronic rejection [6,154].  
The prescribing information for MMF reports psy-
chiatric disorders – common – agitation, confusion-
al state, depression, anxiety, thinking abnormal, 
insomnia, and nervous system disorders – common 
– convulsion, hypertonia, tremor, somnolence, myas-
thenic syndrome, dizziness, headache, paraesthesia, 
dysgeusia as adverse reactions possible or probable 
related to MMF. Cases of JC virus related PML have 
also been reported. It is also possible that the rate of 
infections is increased in relation to mycophenolate 
use [137]. A case study reported a 64-year-old woman 
who developed a severe depressive disorder after the 
start of therapy [59]. However, it is generally believed 
that mycophenolate is not causing neurotoxicity [11].

According to Cochrane analysis, mycophenolic 
acid was superior azathioprine to AZA for improve-
ment of graft survival and prevention of acute rejec-
tion after kidney transplantation. However it was 
noted that these benefits must be weighed against 
potential harms. The available evidence on safety 
outcomes is limited and inconsistent [215]. Azathi-
oprine (Aza), a  disease-modifying antirheumatic 
drug (DMARD), was also employed in renal trans-
plantation to prevent graft rejection however due to 
reported higher efficacy of mycophenolate, its use 
in organ transplantations has been declining sig-
nificantly. Its anti-proliferative properties are less 
selective than those of MMF [66,210]. Azathioprine 
antagonizes purine metabolism and inhibits syn-
thesis of DNA, RNA, and proteins. It may decrease 
proliferation of immune cells, which results in lower 
autoimmune activity [6,156]. Azathioprine has been 
clearly identified as having potential to increase the 
neuromuscular blockade produced by depolarising 

agents such as succinylcholine and can reduce the 
blockade produced by non-depolarising agents such 
as tubocurarine [15]. An increased risk of infections 
and cases of PML were also reported for AZA [15]. 
Very rare cases of psychiatric complications of AZA 
were reported [31] and they comprised a  complex 
picture of behavioural changes, forgetfulness, con-
fusion, memory loss and communication difficulty, 
obsessive-compulsive disorder and panic attacks 
[31,209].

Neither leflunomide nor cyclophosphamide has 
been used as part of standard immunosuppression 
after organ and specifically kidney transplantation 
[101,159]. However, Johannes et al. [216] have pub-
lished recently a systematic report on cyclophospha-
mide-based treatment of acute antibody-mediated 
rejection showing a positive effect of combined regi-
men (with plasmapheresis and i.v. immunoglobulins) 
proven with modern diagnostic measures. Cyclo-
phosphamide has been linked with multiple toxici-
ties. According to Summary of Product Characteris-
tics [51], apart from an increased risk of infections, 
the following side effects are known or suspected to 
be related to cyclophosphamide a) psychiatric disor-
ders (very rare confusional state), b) nervous system 
disorders (uncommon – peripheral neuropathy, poly-
neuropathy, neuralgia, convulsion, dizziness, dys-
geusia, hypogeusia, paraesthesia, general neurotox-
icity, unknown frequency – PRES, encephalopathy). 
Also, vision disorders, hearing disorders and muscle 
symptoms were noted.

Regarding other agents reported in the context 
of immunosuppression in organ transplantology, it 
is worth mentioning relatively new agents – borte-
zomib and eculizumab [106, 159]. Bortezomib (BTZ) 
is a proteasome inhibitor and an antineoplastic drug 
that reversibly inhibits mammalian 26S proteasome 
and interacts with the nuclear factor kappa B (NFκB)  
system, thus leading to cytoplasmic aggregate accu-
mulation and cell cycle arrest in cancer cells [128]. It is 
also known to induce neurotoxicity in neuronal cells 
by several mechanisms that lead to apoptosis [176]. 
BTZ has been shown to induce peripheral neurop-
athy characterized by neuropathic pain in a  stock-
ing-and-glove distribution and by paraesthesias in 
distal extremities of limbs, mainly due to unmyelin-
ated and thin myelinated sensory fibers impairment  
(C and Aδ fibers, respectively) [128]. Eculizumab is 
a  fully humanized monoclonal antibody directed 
against the C5 component of the complement cas-
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cade. There have been inconclusive data on its effi-
cacy in kidney transplantation although some results 
have been encouraging PTT 2016 [96,114,236]. Eculi-
zumab is known to increase the risk of infections, 
including increases in the patient’s susceptibility 
to meningococcal infection (Neisseria meningitidis) 
[17]. According to the Summary of Product Charac-
teristics [62], headache has been another typical 
adverse reaction of eculizumab. Other potential 
adverse reactions include: psychiatric disorders – 
insomnia, depression, mood disorder, anxiety, abnor-
mal dreams, sleep disorders; neurologic disorders – 
dizziness, dysgeusia, tremor, paraesthesia, syncope; 
other – vision disturbances. tinnitus and vertigo, 
musculoskeletal symptoms [62].

Neurologic complications of kidney 
transplantation

Ischemic stroke

Ischemic strokes are relatively common in heart 
and kidney transplant recipients. Stroke may occur 
in 8% of renal transplant recipients and may be facil-
itated by hypertension, diabetes and accelerated 
atherosclerosis, which may be acquired during dialy-
sis or after transplantation [160]. Apart from immu-
nosuppressive treatment, ischemic strokes may be 
related to the surgical procedure of transplanta-
tion, complications typical for surgery (e.g. bacterial 
infections, anaesthesia-related negative outcomes, 
bleeding etc.), presence of bacterial endocarditis 
and vasoinvasive fungal CNS infections, hypercoag-
ulable states, accelerated atherosclerosis, vasculitis 
and cardiac arrhythmias after transplantation [160]. 
While aetiology of strokes in the transplant recipi-
ent population is shifted toward perioperative and 
infectious causes, in medium- and long-term survi-
vors accelerated atherosclerosis after transplanta-
tion [48,146] will affect cerebrovascular circulation 
increasing the risk of stroke [140]. In heart and liver 
allograft recipients, strokes occur early after trans-
plantation and they tend to occur late after kidney 
transplantation. In kidney transplant recipients, age 
over 40 and diabetes were found to be major risk 
factors for cerebrovascular disease [4]. 

Ischemic strokes after kidney transplantation are 
frequently related to atherosclerosis [144]. A signifi-
cant reduction in stroke incidence has been reported 
in diabetic patients receiving simultaneous kidney 
and pancreas transplantation [140]. Concomitant 

control of the main risk factors (cholesterol, glycae-
mia and hypertension) is critical as is preventive 
treatment with antiplatelet agents like aspirin. Cyc-
losporine, mTOR inhibitors, and to a  lesser extent, 
Tac, may cause hypercholesterolemia, accelerating 
cerebrovascular disease, especially in patients with 
prolonged survival [174]. Also, patients who convert-
ed from CNI to mTOR inhibitor have a substantially 
greater risk of e.g. anaemia, hyperlipidaemia and 
hypercholesterolemia [116]. According to a  recent 
paper published by Simha et al. [186], sirolimus is 
associated with elevation in PCSK9 levels, which is 
not associated with sirolimus-induced hypercholes-
terolemia. This suggests an independent pathway 
for mTOR-inhibitors-induced hypercholesterolemia, 
as PSCK9 plays a major regulatory role in cholesterol 
homeostasis, mainly by reducing LDL receptor (LDLR) 
levels on the plasma membrane. Reduced LDLR lev-
els result in decreased metabolism of LDL-particles, 
which could lead to hypercholesterolemia [76]. Sub-
stituting CsA with Tac may reduce cholesterol lev-
els [198]. On the other hand, it has been postulated 
that mTOR inhibitors may offer a  cardioprotective 
effect as in experimental settings delayed progres-
sion of atherosclerosis is observed consistent with 
evidence from heart transplant patients where cor-
onary artery intimal thickening and the incidence of 
cardiac allograft vasculopathy are reduced with ever-
olimus versus cyclosporine therapy. Earlier data exist 
as well showing that mTOR inhibitors may improve 
arterial stiffness, which precedes cardiovascular (CV) 
events, and may reduce ventricular remodelling and 
decrease left ventricular mass through an anti-fi-
brotic effect [89]. Thus, cardiovascular /hypercholes-
terolemia-related effects of mTOR inhibitors may not 
necessarily contribute to CV-dependent neurologic 
complications seen during their use. Clinical data 
support this hypothesis. In a retrospective analysis, 
patients receiving SRL after liver transplantation had 
no increased risk of coronary artery disease or car-
diovascular accidents (CAD/CVA) as compared with 
patients maintained on a calcineurin inhibitor [217].

Stroke is more common after kidney transplan-
tation, while encephalopathy, seizures and CPM 
(central pontine myelinolysis) are characteristic of 
liver transplantation. In kidney transplant patients, 
stroke is the most common neurologic complication, 
whereas cerebral infarction and bleeding are more 
typical after heart transplantation. Kidney allograft 
recipients frequently develop post-transplant poly-
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cythaemia (17% of patients) and hypercoagulabil-
ity, which may increase the risk of stroke [5,100]. 
The risk for aneurismal subarachnoid haemorrhage 
is increased 10-fold in kidney allograft recipients 
transplanted for polycystic kidney disease [219]. 
Diabetic nephropathy as a  cause of pre-transplant 
kidney failure also increases the risk of post-trans-
plant intracranial haemorrhage [219] and it can be 
anticipated that the same consequence follows from 
diabetes related to use of immunosuppressants. Cal-
cineurin inhibitors and steroids are best known to 
induce post-transplant diabetes, with a higher risk 
of this complication seen with tacrolimus. In a  ret-
rospective analysis of kidney transplant recipients, 
post-transplantation diabetes mellitus occurred 
more frequently in patients receiving a  cadaver 
organ compared with a  living donor organ and in 
those receiving tacrolimus therapy vs cyclosporine 
therapy [29,61]. However, also mTOR inhibitors were 
associated with an increased risk of new-onset dia-
betes after transplantation (NODAT) [29]. 

Encephalopathy

Metabolic encephalopathy is common among 
transplant recipients; the aetiology is as variable as 
in non-transplant patients, commonly including elec-
trolyte and changes in glucose levels. Patients with 
pre-existing diabetes are sensitive to treatment with 
steroids, in addition Tac may precipitate diabetic 
ketoacidosis. Abrupt, inadvertent steroid discontin-
uation may also cause a disturbance of conscious-
ness. Patients with a severe systemic infection with-
out CNS involvement typically develop sepsis-related 
encephalopathy [30,91]. Delayed graft function in 
orthotopic liver and kidney transplantation is asso-
ciated with hepatic and uremic encephalopathy, 
respectively [91]. 

Common causes of encephalopathy include neuro-
toxicity from non-immunosuppressive drugs, various 
metabolic derangements, CNS or systemic infections, 
and stroke. Immunosuppressant-related encepha-
lopathy has been also described with e.g. CsA, Tac, 
OKT3 [16,43,88,110,164,194], and as mentioned ear-
lier – rituximab, belatacept and cyclophosphamide. 
Although neurotoxicity of mTOR inhibitors is relatively 
low, they can induce PRES in kidney transplantation 
patients [134,162,202]. Neurotoxicity is usually asso-
ciated with higher serum concentrations of immu-
nosuppressants, but may also become apparent at 

serum levels within the therapeutic range. Common 
adverse signs are tremor, headache and cerebellar or 
extrapyramidal signs [157].

Neurotoxicity of CNIs is clinically indistinguish-
able and classical neuroimaging findings are indis-
tinguishable from PRES in eclampsia or hypertensive 
encephalopathy [88,110,191]. It is not fully under-
stood why posterior circulation is usually more 
severely affected, but this has been attributed to the 
less extensive sympathetic vascular innervation pos-
teriorly. Clinically, PRES commonly presents with aki-
netic mutism, visual symptoms, occipital seizures, 
and overall impairment of consciousness [16]. Most 
commonly, Tac or CsA-related PRES presents with-
in the first month after transplantation, but rarely 
occurs more than a year later [43,164].

Neuromuscular complications

Femoral neuropathy and meralgia paresthetica 
have been reported in renal and liver transplantation, 
while phrenic nerve injury is seen in the setting of 
heart and lung transplantation [14,161,183]. Lumbo-
sacral plexopathy may be associated with retroperito-
neal bleeding or iliac artery pseudoaneurysms [119]. 
Peripheral mononeuritis and polyneuritis may also 
occur. An acute femoral neuropathy can develop in 
2% of the patients as a result of perioperative nerve 
compression by retractors or nerve ischemia. Patients 
complain of weakness in the thigh and pain or senso-
ry deficits on the thigh and inner calf. Most patients 
have an excellent chance of recovery [181,212].

Peripheral toxicity occurs weeks to months 
after starting immunosuppressive treatment. Both 
the nerve and the muscle may be involved. Axonal 
and demyelinating neuropathy have been reported.  
The more severe forms have been observed during 
Tac therapy, such as multifocal demyelinating neu-
ropathy resembling chronic inflammatory demyelin-
ating neuropathy (CIDP). Moreover, akinetic mutism 
and various aphasic and apractic syndromes may 
be seen in the setting of both Tac and CsA toxicity 
[28,168]. These usually improve with dosage reduc-
tion and careful monitoring of serum drug levels. Par-
adoxically, Tac showed neuroprotective properties in 
some experimental models of peripheral nerve injury 
[113]. The evidence for the existence of Tac-related 
peripheral neuropathy is still equivocal, and further 
studies are needed to firmly establish its pathophys-
iology and relevance. 
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Muscle-related or neuromuscular adverse reactions 
have been reported with most of the immunosuppres-
sive medications. As mentioned earlier, those include 
e.g. steroid-induced myopathy, myalgia and myopathy 
during CNIs use, myalgia observed in thymoglobu-
lin-treated patients, tremor after mTOR inhibitors use, 
myasthenic syndrome reported for mycophenolate and 
neuromuscular block seen with azathioprine, musculo-
skeletal symptoms described as potentially related to 
cyclophosphamide and eculizumab.

Behavioural disorders

Corticosteroid therapy is one of cornerstones of 
immunosuppression protocols, used for maintenance 
therapy as well as for treatment of acute rejection. 
Direct neurologic complications include steroid-re-
lated psychosis, myopathy, and epidural lipomatosis.  
The incidence of acute side-effects is 3–4% and 
the most common neurologic complications are 
behavioural disorders including confusion, mood dis-
turbances, manic states and psychotic reactions [150]. 
Behavioural changes associated with steroid use 
range from minor mood disturbances to florid psy-
chosis. Symptoms usually improve with dosage reduc-
tion or discontinuation of therapy, but occasionally, 
adjunct antidepressant and neuroleptic therapy needs 
to be considered. Repeated exposure to steroids does 
not routinely increase the risk of developing psycho-
sis. Behavioural disorders, as already cited, were also 
linked to CNI, mTOR inhibitors and mycophenolate. 
Uncommon, rare or very rare cases of psychiatric/ 
behavioural changes were reported with AZA, cyclo-
phosphamide, mycophenolate and eculizumab [9,106].

De novo CNS malignancies

Organ transplant recipients have a three- to four-
fold higher incidence of malignant disease com-
pared with the general population [153], due to their 
reduced immunosurveillance and high incidence of 
infections involving oncogenic viruses. The incidence 
of post-transplant lymphoproliferative disorders has 
been estimated at less than 2% (with higher rates in 
the paediatric population) and 27% of cases involve 
the CNS and meninges [46,95,155]. In a recent report 
from database of 1421 adult patients who underwent 
renal transplantation from deceased or living donors 
in the period from 2007 to 2015 in the Slovak trans-
plant centres, frequency of PTLD was found as 2.4% 
[240]. Patients undergoing heart–lung or liver–bowel 

transplantation are at the highest risk (5%) for CNS 
malignancies, while the risk is lower with liver, cardiac 
and bone marrow allografts (1-2%), and lowest with 
kidney transplantation (< 1%) [95]. The most frequent 
malignancies of the brain in renal transplant recipi-
ents are lymphomas and metastatic tumours which 
are, for the most part, de novo malignancies from 
immunosuppression. The most common malignant 
PTLD subtype is post-transplant diffuse large B-cell 
lymphoma (PT-DLBCL), followed by Burkitt lymphoma 
(PT-BL) and plasmablastic lymphoma (PT-PBL). PT-BL 
and PT-PBL are aggressive, but poorly studied malig-
nant PTLD subtypes [133]. Many of the reported cas-
es of CNS lymphomas are associated with prior EBV 
infections [151]: this condition is estimated to occur 
in 3% of liver recipients [194] and in 1-2% of kidney 
recipients [75]. The clinical manifestations vary and 
the final diagnosis is often based on cerebral biopsy 
[152]. Treatment options include reduction of immu-
nosuppression, anti-CD20 monoclonal antibodies, 
and/or chemotherapy [118]. Localized disease may be 
successfully treated with radiotherapy or surgery [81]. 

Immunosuppressed allograft recipients have an 
increased incidence of cancer. An increased inci-
dence of post-transplant lymphoproliferative disor-
der (PTLD) was also observed with use of antithy-
mocyte immunoglobulin, OKT3, belatacept, CNIs 
[9,10,50,106,121,138]. Mycophenolate has not been 
linked to PTLD while for mTOR inhibitors the data 
have been inconclusive. As mTOR signalling path-
ways were shown to be activated in PTLD cases, pro-
tective effects were proposed for mTOR-inhibition 
in PTLD. However, recent studies reported slightly 
increased PTLD incidences during maintenance ther-
apy with mTOR-I-based immunosuppression [138].

CNS infection

All immunosuppressive medications are associat-
ed with an increased rate of opportunistic infections. 
The presentation of CNS infection in transplant 
recipients can vary from that seen in normal pop-
ulation, as the anti-inflammatory effects of immu-
nosuppressive therapy may obscure signs of men-
ingeal inflammation associated with meningitis and 
changes in the level of consciousness may be subtle 
[72]. CNS infections in renal transplant recipients are 
associated with significant mortality and morbidity, 
which makes understanding of the need of special 
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methods for detection and isolation of pathogens 
extremely important. 

Opportunistic bacterial infections include patho-
gens such as: Legionella, Nocardia, Mycobacterium 
tuberculosis and Listeria monocytogenes. The involved 
fungal organisms are often: Cryptococcus neofor-
mans, Aspergillus fumigatus, Candida, Pneumocys-
tis carinii. Common viruses include Cytomegalovirus 
(CMV), Varicella-Zoster virus and Epstein-Barr virus 
(EBV), Herpes viruses 1 and 2 (HSV 1 and 2) and BK/
JC polyoma virus are less common. Acute meningitis, 
usually caused by L. monocytogenes, subacute and 
chronic meningitis caused by C. neoformans, focal 
brain infections caused by A. fumigatus, Toxoplasma 
gondii or Nocardia asteroids, and progressive demen-
tia caused by Polyoma J virus were reported to be the 
most common CNS infections in kidney transplant 
recipients [160]. 

Acute and chronic allograft rejections require 
higher doses of immunosuppressive drugs and thus 
increase the risk of CNS infection. In reports pub-
lished before 2000, CNS infections complicated the 
post-transplant course of 5% to 10% of allograft 
recipients with a high mortality rate of up to 75% 
[47] and in autopsy series, the incidence of CNS infec-
tions was even higher, reaching 10% to 16% [122,123]. 
Recent reports indicate a declining incidence of CNS 
infections, which may be explained by declining 
immunosuppressive burden especially with polyclon-
al antibodies, doses of CNIs and steroids, and better 
diagnostics enabling earlier detection of the infec-
tion, and thus preventing its development into CNS 
infection. According to a  review published in 2014, 
the incidence of the most common CNS infections 
stands approximately for: 0.1-0.2% for aspergillosis, 
cryptococci, fungal infection, and less than 0.05% 
for other infections including nocardiosis, JC virus – 
PML, and moulds [230]. In a prospective, nation-wide 
population-based study in the Netherlands [211], 
carried out between 2006 and 2014, in data from 
68,526 patient-years of follow-up of patients after 
solid organ transplantation, the annual incidence 
of bacterial meningitis was 7-fold higher (95% con-
fidence interval [CI]: 2.94-17.02, p < 0.001) for renal 
transplant recipients as compared with the general 
population (9.56 [95% CI: 3.98-22.96] vs. 1.35 [95% CI: 
1.28-1.43] per 100,000 patients per year). However, 
overall, only 6 cases were identified, with one case 
with the classic presentation of bacterial meningitis 
(fever, neck stiffness, and change in the mental sta-

tus). Seizures were more common and were seen in 
33% of patients. Pathogens responsible were Strep-
tococcus pneumoniae and Listeria monocytogenes 
identified in 2 patients each, and Escherichia coli  
and Pseudomonas aeruginosa in the remaining pa
tients [211].

Fungal CNS infections in solid organ transplan-
tation seem more frequent. The overall cumulative 
incidence during the first year after transplantation 
is considered to be at the level of 3% depending 
on the type of the organ transplanted [184]. In the 
decreasing order, the risk seen in transplantations 
stands for (incidence rate in brackets) – small bowel 
(11.6%), lung (8.6%), liver (4.7%), heart (4.0%), pan-
creas (3.4%) and kidney (1.3%). Candidiasis is the 
most common invasive fungal infection in SOT recipi-
ents and accounts for 50-60% infections, followed by 
aspergillosis accounting for 20-25% of fungal infec-
tions, then Cryptococcus species (6-7%), the endemic 
fungi (5%) and other species [148].

The CNS infection commonly results from dissem-
ination of the systemic infection, where the lungs 
and gastrointestinal tract constitute common points 
of entry to the bloodstream. The paranasal sinuses 
are also critical routes of entry to the CNS, explaining, 
for instance, how fungal sinusitis may easily become 
fungal meningitis [139]. 

There is a correlation between time after trans-
plantation and the organism that is most likely respon-
sible for CNS infection [47]. In the acute perioperative 
period (first 30 days), the CNS infection is most likely 
related to nosocomial, pre-existing, or donor-related 
organisms. The risk of viral and fungal opportunistic 
infection is greatest one month post-transplanta-
tion, as immunosuppression becomes effective. Six 
months post-transplantation, infections reportedly 
result from reactivation of infections acquired earlier, 
opportunistic infections related to chronic immuno-
suppression, or common organisms found in immu-
nocompetent patients. During the initial month, CNS 
infection is most often caused by common bacteri-
al pathogens or opportunistic pathogens present in 
either the transplant environment (e.g. Aspergillus 
species), or host (e.g. Mycobacterium tuberculosis). At 
1 to 6 months, there is increased susceptibility to CNS 
infection by the herpesviruses, especially CMV and 
Epstein-Barr virus (EBV), fungi, and atypical bacteria. 
Finally, after 6 months, reduction of immunosuppres-
sion is accompanied by decreased susceptibility to 
CNS infection [241].
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One of the most frequent opportunistic bacteria 
infecting immunocompromised patients is Legio-
nella pneumophila. It causes serious infection par-
ticularly in patients with impaired cellular immuni-
ty. However Legionella is not known as a  frequent 
cause of CNS infections in solid organ transplant 
recipients [230].

Acute meningitis is usually caused by L. monocy-
togenes, subacute and chronic meningitis by C. neo-
formans, and focal brain infections by A. fumigatus. 
L. monocytogenes, contracted through ingestion of 
contaminated food, needs to be considered in trans-
plant patients with symptoms and signs of meningo-
encephalitis. The classic pathogens like Haemophilus 
and Streptococcus pneumoniae are infrequently seen 
in the transplant population. Meningitis, with or with-
out focal neurological signs, is the commonest form 
of CNS listeriosis; in addition, listeriosis may cause 
rhombencephalitis, abscesses, and even myelitis [58]. 

Mycobacterium is rarely implicated as a CNS patho-
gen in transplant patients [34]. Immunosuppression 
may facilitate the progression of a  latent, quiescent 
mycobacterial infection. Pulmonary tuberculosis and 
atypical mycobacterial CNS infections share similar 
treatment algorithms. CNS infections may be exceed-
ingly difficult to diagnose, requiring multiple lumbar 
punctures and polymerase chain reaction studies. 
Three main presentations of M. tuberculosis in the 
CNS have been described: cerebral tuberculoma, 
meningitis and myelopathy [192].

Nocardia asteroides is another organism that 
is rarely recognised in immunocompetent persons, 
but in transplant patients it may cause subacute 
or chronic meningitis as well as cerebritis. Nocardia 
infections were reported in 1% to 6% of solid organ 
transplant recipients and in fewer than 5% of renal 
transplant recipients [41,49]. In nocardiosis, pulmo-
nary infection usually precedes CNS involvement 
[47]. Guillain-Barré syndrome may also develop, 
associated in some cases with CMV or Campylo-
bacter jejuni infection [79]. 

Cryptococcal meningitis is the most common 
subacute meningitis seen in renal transplant recip-
ients, especially in patients who are exposed to 
birds, and is universally fatal without treatment. Like 
all other fungi, cryptococci enter the body through 
the respiratory tract but CNS is the primary target 
[92,232]. Symptoms may show and disappear over 
time and include e.g. headaches, fever, lethargy, 
abnormal mental status, and coma. Elevated CSF 

pressure without evidence of obstructive hydroce
phalus, believed to result from basilar meningitis 
and impaired reabsorption of CSF across arachnoid 
villi, was reported as an important complication of 
cryptococcal meningitis [92]. In a retrospective anal-
ysis of solid organ transplant recipients with crypto-
coccosis, it was found that 30% of them had chang-
es in computed tomography (CT) or MR. Abnormal 
neuroimaging findings corresponding with the cryp-
tococcal lesions included leptomeningeal lesions in 
50% (8/16), parenchymal lesions in 37.5% (6/16), and 
hydrocephalus in 12.5% (2/16) [188].

It needs to be mentioned that some immuno-
suppressive agents (cyclosporine, tacrolimus, mTOR 
inhibitors) have in vitro activity against fungi, includ-
ing C. neoformans [92], and its clinical relevance was 
confirmed by a multivariable analysis of data from 
a large study showing that the receipt of a CNI was 
independently associated with a  lower mortality 
(adjusted HR, 0.21; p = 0.008) [187].

In invasive aspergillosis, CNS involvement fre-
quently presents with altered mental status, seizures, 
focal neurologic deficit, with brain abscess most com-
mon location being the fronto-parietal region of the 
cerebral hemispheres, though the cerebellum and 
brainstem may also be involved. As Aspergillus is an 
angioinvasive pathogen, cerebral infarcts or haemor-
rhagic lesions can be found [201]. In a recent summa-
ry of a series of cases it was reported that mortality 
among CNS aspergillosis patients remains high, and 
suggested that the infection may be more common 
among patients with previous brain pathology [104]. 

Herpes virus infections are extremely common in 
renal transplant recipients but meningoencephalitis 
is a rare and potentially life-threatening complication 
mostly caused by HSV-1. Varicella-zoster virus, apart 
from varicella (chickenpox) and herpes zoster (shin-
gles), may lead to CNS complications such as post-var-
icella cerebellitis, meningoencephalitis (including the 
Ramsay Hunt syndrome), vasculopathy, and acute 
aseptic meningitis. Comparing to normal population, 
post-transplant patients with zoster are more likely to 
develop post-herpetic neuralgia [241].

Cytomegalovirus (CMV) is an uncommon cause 
of encephalitis or Guillain-Barré syndrome in solid 
organ transplant [237]. Reactivated latent JC virus is 
found in more than 90% of patients with PML [125]. 
PML symptoms may include mental status changes, 
visual field deficits, focal neurologic deficit, while 
in neuroimaging single or multiple non-enhancing 
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white matter lesions in CT or MRI lesions most often 
in the parieto-occipital region are seen [241].

In post-transplant patients, EBV infection can be 
a  primary infection or reactivation of latent infec-
tion. It can be associated with meningoencephali-
tis and an abnormal proliferation of lymphoid cells, 
causing aseptic meningitis, seizures, encephalitis, 
or PTLD [230,241]. Twenty-eight percent of patients 
with PTLD have CNS involvement, and EBV-associ-
ated PTLD may be characterized by a mental status 
change, hemiparesis, or other focal neurologic defi-
cit. In neuroimaging, the focal lesion with variable 
enhancement can be seen and may have associated 
haemorrhage or leptomeningeal spread [241].

Immunocompromised kidney transplant recip-
ients may also develop other opportunistic infec-
tions, like parasite infections, although rarely affect-
ing the nervous system [241]. Toxoplasmosis is an 
example with CNS involvement occurring very rarely. 
In a  long, multicentre, matched case-control study 
in Spain, toxoplasmosis developed in 0.14% of solid 
organ transplant recipients and toxoplasma-related 
brain abscesses or meningitis developed in approx. 
25% of those very few cases [69].

Future considerations

Organ transplantation is one of the most dynam-
ic fields in medicine and continuously improving out-
comes have been achieved in the field of renal trans-
plantation. A significant reduction in acute rejection 
has been attained at many renal transplant centres 
using contemporary immunosuppressive therapy. 
Long-term use of these drugs has been associated 
with the development of chronic allograft nephro
pathy and other adverse events. The common neuro-
logic complications such as stroke, encephalopathy, 
behavioural disorders, neuromuscular complica-
tions, CNS de novo malignancies, and opportunistic 
infections still persist. Functional data in healthy 
human subjects are required to clarify the genuine 
CNS effects of immunosuppressants in order to be 
able to differentiate between these drug effects and 
the CNS effects of transplantation. As more patients 
are experiencing prolonged survival, the number of 
patients at risk for chronic complications is increas-
ing, therefore personalizing the immunosuppression 
therapy to the individual needs of the patient may 
be favourable. The perfect immunosuppressive reg-
imen would limit or eliminate calcineurin inhibitors 

neurotoxicity while providing enhanced allograft 
outcomes. Potential improvements to the calci-
neurin inhibitor class include a  prolonged release 
tacrolimus formulation. On the other hand, PTLD risk 
has challenged introduction of belatacept, otherwise 
a promising novel solution. Moreover, new immuno-
suppressive agents which eliminate these issues are 
desirable. As the field of organ transplantation con-
tinues to evolve, research should be conducted to 
create suitable drugs that sustain immunotolerance 
in transplantation medicine, eliminating the previ-
ously mentioned adverse effects. 
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A b s t r a c t

The biomimetic, standardized conditions for in vitro cultures of human neural progenitors derived from induced plu-
ripotent stem cells (hiPSC-NPs) should meet the requirements to serve as the template and protective environment for 
therapeutically competent cell population. In this study, two different collagen scaffolds: bi-component consisting of 
collagen and chondroitin sulphate (Col-CS), and collagen modified by crosslinking agent 2,3-dialdehyde cellulose (Col-
DAC) have been used for the first time to encapsulate hiPSC-NPs and compared for the ability to create permissive 
microenvironment enabling cell survival, growth and differentiation. In our previous report, physicochemical compari-
son of the scaffolds revealed different elasticity, and diverse size and distribution of the pores within the 3D structure. 
Binary systems of Col-CS and Col-DAC tested in the current study have the correct balance of properties to serve as 
a biomimetic niche: they accommodate hiPSC-NPs sustaining their ability to proliferate and differentiate into neural 
lineages. However, a dense, network structure and rounded in shape pores of the Col-DAC microenvironment resulted 
in differential cell distributions within the scaffolds, with a tendency for augmented formation of highly proliferating 
cell aggregates as compared to Col-CS scaffolds. In contrast, Col-CS, which exhibited formation of the network of ellip-
soidal and inner interconnected parallel pore channels, promoted enhanced cell viability and neuronal differentiation.

Key words: collagen scaffolds, chondroitin sulphate, crosslinking by DAC, hiPSC-derived neural progenitors.
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Introduction

Under certain pathological conditions, in which 
the central nervous system (CNS) microenvironment 
is altered due to disease-induced stress, infections 
or trauma, clinically effective therapies are current-
ly lacking [7]. Restoring the function of a damaged 
brain or spinal cord has always been a  challenge 
due to their limited capacity for regeneration. Stem  

cell-based therapy opens new opportunities and 
challenges but is still in its infancy [40], howev-
er, when combined with tissue engineering, may 
result in a spectacular outcome [38]. Numerous tis-
sue engineering strategies have been evaluated for 
their ability to support reconstruction and regener-
ation of the nervous system [10,15,21,23,39]. Cur-
rently, the important approach towards neural tissue 
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Collagen scaffolds for neural stem cells

engineering involves the in vitro culturing of stem 
cells on a  biodegradable and bioactive scaffold to 
form hybrid tissue-like structures that are feasible 
for implantation into the injured site of the brain 
or spinal cord. Such scaffolds must have a  stable 
micro-architecture and suitable biophysical prop-
erties. The design criteria for scaffold biomaterial 
greatly depend on the tissue engineering applica-
tions. In neural tissue engineering, proteins, such as 
collagen (Col) and Col additions: laminin; fibronectin; 
peptides (e.g., RGD, IKVAV and YIGSR); and polysac-
charides, such as chitosan, alginate and hyaluronan 
are preferred for preparing these scaffolds [3,33,42]. 
These natural polymers contain attachment sites for 
cell membrane integrins and serve as scaffold recep-
tors, thereby constituting a major recognition system 
for cell adhesion [15]. Comprehensive data on polymer 
scaffolding in neural tissue engineering have been 
published in several excellent review articles [1,3,5,14] 
indicating that the scaffolds used in tissue engineer-
ing must be designed to meet a number of proper-
ties. They include hydrophilicity, cell-adhesion and 
growth, biocompatibility, degradability, adapted pore 
size and structure, specific surface area, mechanical 
strength and thermo-mechanical stability [1]. Even 
small changes in the elastic modulus of the scaffold 
can affect the differentiation of the neuron, astrocyte, 
and oligodendrocyte populations [17]. It has also been 
demonstrated that the scaffold mean pore size great-
ly affects cellular activity and that subtle changes in 
the pore size and pore distribution can have signifi-
cant effects on cell adhesion [20]. To date, creating an 
engineered construct that perfectly mimics all of the 
functions of the neuronal extracellular matrix (ECM) 
has not been successful.

Col, mostly type I, comprises a  large portion of 
the ECM for most tissue types and is widely used 
as a  cellular scaffold biomaterial for tissue engi-
neering. It was found that within biocompatible Col 
scaffolds, embryonic stem cells differentiate into 
cells of the neural lineage and express neuronal lin-
eage markers, such as NESTIN and β-TUBULIN III [19]. 
The microstructured collagen scaffold with seeded 
human neural progenitor cells can promote signifi-
cant neurite outgrowth from dorsal root glia in both 
2D and 3D cultures [8] and seems to be an import-
ant factor for future repair strategies for traumatical-
ly injured nervous tissues. Proteoglycans, including 
hyaluronic acid (HA) and chondroitin sulphate (CS), 
in CNS niches, are mainly responsible for providing 

structural and functional support to neural stem 
cells but exert different, sometimes contradictory, 
influence depending upon the niche’s physiological 
context [4,29]. In the light of this information, we have 
asked whether the specific 3D template based on  
Col functionalized with CS can meet in vitro require-
ments to sustain neural developmental capacity with-
in the population of neural progenitors derived from 
human induced pluripotent stem cells (hiPSC-NPs). 
The scaffold based on Col modified by crosslinking 
agent 2,3-dialdehyde cellulose (Col-DAC) was also 
investigated in this study. DAC was selected as the 
chemically crosslinking agent because it is biode-
gradable, biocompatible and toxicologically accept-
able [11]. Since the capability of the CNS to regener-
ate depends on the mutual interaction of cells with 
the in vivo microenvironment, in vitro evaluation of 
such interactions is required in biomimetic condi-
tions (scaffolds), which resemble a natural stem cell 
niche. The nature of this interaction is determined 
by the functional properties of the scaffold as well as 
the source and type of seeded cells. Human induced 
pluripotent stem cells (hiPSC) hold great promise 
for the future application in personalized medicine. 
Although many cell types have been transplanted 
into the injured spinal cord and brain tissue, including 
Schwann cells, olfactory ensheathing glia, activated 
macrophages, adult neural stem/progenitor cells and 
mesenchymal stem cells [19,22,41], induced pluripo-
tent stem cells remain incompletely understood and 
should be further explored.

Recently we have prepared a new three-dimen-
sional (3D) structure Col-based scaffolds, including 
composite system Col with immobilized chondroi-
tin sulphate (Col-CS) crosslinked by carbodiimide 
[28,30] and Col cross-linked by DAC [24-26], which 
could serve as carriers for neural cell cultures.  
The use of such scaffolds for the maintenance of 
neural stem cells (NSC) in vitro and in the regener-
ation of the nervous system has not yet been well 
studied. In this in vitro study, neurally committed 
hiPSC seeded within different types of biochemical 
highly standardized 3D porous Col-CS and Col-DAC 
scaffolds were examined, evaluated and discussed.

Material and methods

Preparation of collagen-based scaffolds

Col type I  was derived from porcine tendon by 
pepsin digestion and acetic acid dissolution to pre-
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pare a 0.5% w/v dispersion [27]. The characteristic 
parameters of Col dispersion are as follows: pH 3.2, 
molecular weight 380,000 and denaturation tem-
perature (Td) of 39ºC.

Bi-component 3D scaffolds consisting of Col and 
CS were synthesized using a  two-stage process: 
multiple freeze-drying steps followed by 1-ethyl-3- 
(3-dimethyl aminopropyl) carbodiimide hydrochlo-
ride (EDC) cross-linking according to the methods 
described by Pietrucha [28]. In brief, sponge-shape 
matrices were obtained by freezing the dispersion of 
Col with CS at –40°C. Next, the frozen dispersion was 
lyophilized at –55°C. The crosslinking reaction was 
carried out by immersing sponges in an ethanol solu-
tion containing a  mixture of EDC, (morpholino)eth-
anesulphonic acid (MES) and N-hydroxysuccinimide 
(NHS). After crosslinking, the sponges were refriger-
ated at –40°C and subsequently lyophilized at –55°C.  
The synthesis of the Col-DAC scaffold was performed 
in three steps: (i) preparation of 2,3 DAC by a selec-
tive oxidation of cellulose, (ii) construction of the 3D 
Col sponge-shapes and (iii) cross-linking of Col sam-
ples using DAC. A detailed description of the method 
has been provided previously [24]. 3D porous spong-
es were incubated in a  solution of DAC at 25°C for  
24 h, at pH 8.0. The cross-linked Col matrices were 
then thoroughly washed with deionised water. Final-
ly, the sponge was refrigerated at –40°C and subse-
quently lyophilized at –55°C. Recently, comprehensive 
biochemical, spectroscopic, morphological and struc-
tural properties of those modified Col scaffolds have 
also been presented [24,26,28].

Cell culture

Induced pluripotent stem cell culture,  
neural commitment and differentiation

The iPSC line derived by the episomal system 
from human CD34-positive fractions of cord blood 
cells was obtained from Life Technologies (Gibco® 
Human Episomal iPSC, Thermo Fisher Scientific).  
The cells were cultured on vitronectin (Thermo Fish-
er Scientific) and maintained in Essential 8 Medium 
(Thermo Fisher Scientific), according to the manufac-
turer’s protocol. The medium was replaced every day. 
As cells reached ~80% confluence, they were pas-
saged using DPBS without Ca2+ and Mg2+ for washing 
and 0.5 mM EDTA for detaching from culture vessels 
every 5 days at a ratio of 1 : 6. The neural commitment 
of induced pluripotent stem cells was performed 

according to Yan et al. [44]. Briefly, the iPS cells were 
seeded onto vitronectin in Neural Induction Medium 
(Gibco® PSC Neural Induction Medium, Thermo Fisher 
Scientific) for 7 days. After reaching confluency, cells 
were passaged on Matrigel (Corning, BD)-coated dish-
es and expanded as neural stem cells (NSC) in a neu-
ral expansion medium (Neural Induction Supplement 
1 : 50, Neurobasal and Advanced D-MEM [1 : 1], Ther-
mo Fisher Scientific). To obtain from hiPS-NSC neural 
progenitors (hiPSC- NPs) that were more advanced in 
differentiation, the hiPS-NSCs at passage 6 were used 
for neuronal and glial differentiation. The cells were 
seeded at 5 x 106 cells/cm2 on the Matrigel-covered 
6-well plates in a differentiating medium containing 
DMEM/F12/Neurobasal (1 : 1, Thermo Fisher Scientif-
ic), 1% FBS, 1% N2 (Thermo Fisher Scientific), 20 ng/
ml EGF (Sigma-Aldrich), 10 ng/ml bFGF (Thermo Fish-
er Scientific). Cells were cultured in these conditions 
for at least 2 weeks, passaged using Accutase (BD) at 
a ratio of 1 : 6.

Preparation of scaffolds/hiPSC-NPs 
hybrids

Sterilization of scaffold samples

All of the constructed sponges’ samples were 
sterilized using an electron beam (accelerator ELU6- 
Linac) with dose of 18 kGy. Further handling of the 
scaffolds proceeded under the laminar flow in sterile 
conditions.

Cell harvesting and seeding on the scaffolds

Following the process of neural commitment 
and differentiation, hiPSC-NPs were harvested using 
Accutase (Corning, BD), centrifuged and seeded in the 
density of 2.5 × 106 cells/ml on the scaffolds placed in 
the Eppendorf tubes. After 24 hours in the incubator, 
samples were transferred into 24-well culture plates 
in fresh medium. Samples were fixed for immunocy-
tochemistry after 6 days of culture in standard culture 
conditions (5% CO2, 37oC, 90% humidity).

Viability assay

To determine the viability of cell culture on the 
investigated Col-based scaffolds, after 1, 3 and 6 days 
of culture Col-CS and Col-DAC scaffolds seeded 
with hiPSC-NPs were washed with warm PBS and 
placed in a 96-well plate in the Live/Dead® Viabili-
ty/Cytotoxicity Kit (Thermo Fisher Scientific), using 
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2 µM calcein and 4 µM EthD-1 solution, according 
to the manufacturer’s instructions. After 30 minutes 
of incubation, 6 scaffolds per group were measured 
using FLUOstar plate reader Omega (BMG, Labtech, 
Germany) at a wavelength Ex 494/Em517 for calcein 
and Ex528/Em617 for EthD-1. The units used to esti-
mate intensity for the fluorescence are shown as the 
Fluorescent intensity units (pixels). The conditions of 
the experiment for each time-point were optimized 
with the same number of scaffolds and the same 
number of seeded cells to be comparable between 
time-points and different scaffolds. 

At day 6, living and dead cell distributions in 
the scaffolds were visualised using Confocal Laser 
Microscope LSM 510 (Zeiss).

Immunocytochemistry and image 
acquisition

Conventional 2D culture and scaffolds with cells 
were washed with PBS, fixed with 4% of PFA (15 min), 
permeabilised with 0.1% Triton X-100 and blocked 
with 10% goat serum. The following primary anti-
bodies were applied overnight: O4 (1 : 100), GalC 
(mouse IgG3, 1 : 200, Millipore), PDGFRa (1 : 200), 
NESTIN (1 : 300), NF200 (mouse IgG1, 1 : 400, Sig-
ma Aldrich), GFAP (rabbit polyclonal, 1 : 500, Cappel), 
β-TUBULIN III (mouse IgG2a, 1 : 1000, Sigma Aldrich), 
DOUBLECORTIN (DCX 1 : 500), and MAP-2 (mouse 
IgG1, 1 : 500, Sigma Aldrich), OCT4 (mouse IgG2b,  
1 : 200, Santa Cruz), NANOG (rabbit polyclonal, 1 : 200,  
Abcam), Ki67 (mouse IgG1, 1 : 500, Leica/Novocastra). 
After washing with PBS, appropriate secondary anti-
bodies (Goat anti-mouse or Goat anti-rabbit Alexa
Fluor 488 or AlexaFluor 546, 1 : 1000, Thermo Fisher 
Scientific) were applied for 1 hour, and cell nuclei were 
contra-stained with Hoechst 33258. Images were pre-
pared in Laboratory of Advanced Microscopy Tech-
niques, Mossakowski Medical Research Centre Polish 
Academy of Sciences using Confocal Laser Micro-
scope LSM 510 (Zeiss) with objective: Plan_Neofluar 
20×/0.5 (in Figs. 5-7 we used additional 1.5× zoom). 
Scale bars are added as an integral indicator of mag-
nification in Zen Black Edition Software (Zeiss). 3D 
reconstruction of Z-stack images was performed 
using the same software.

Statistical analysis

The results are expressed as mean ±SD. Statisti-
cal analysis was performed using One Way ANOVA, 

followed by Bonferroni Multiple Comparison Test.  
The statistical significance of the results was determin
ed for p < 0.001 (**); p < 0.0001 (***); p < 0.00001 (****).

Results

Characterization of hiPS-NSCs and 
hiPSC-NPs at 2-dimensional culture

The hiPS cells were used to derive a  neurally 
committed cell population, because of well defined 
protocol and to avoid ethical concerns: primary 
human neural stem cell are available only from neu-
rogenic zones of adult brains or from human mis-
carried embryos. The process of neural stem cell 
commitment from iPSCs was rapid (7 days of neu-
ral induction) and effective (we were able to obtain 
approximately 20 million of hNSC from one million 
of hiPSCs). In contrast to hiPSC, the obtained human 
iPSC-derived neural stem cells (hiPSC-NSC) did not 
express pluripotency markers OCT4 or NANOG [2], 
while the multipotent neural differentiation was man-
ifested by expression of markers typical for a neural 
stem cell population (NESTIN), as well as markers 
for neuronal (β-TUBULIN III, DOUBLECORTIN, MAP-2) 
and glial differentiation (GFAP, GalC) (Fig. 1A). After 
further differentiation applied in vitro, neural progen-
itor population (hiPSC-NPs) was obtained (Fig. 1B).  
The expression profile of neural markers in hiPSC-NPs 
was similar to the hiPS-NSC, but the morphology had 
changed to more typical for neuronal cells, i.e., with 
long protrusions and small cell body (Fig. 1B). Further, 
the number of cells expressing MAP-2, β-TUBULIN III 
and GalC was significantly higher (Fig. 1B). However, 
some cells expressing NESTIN in the population of 
hiPSC-NPs could still be detected.

Three dimensional culture of hiPSC-NPs 
on modified scaffolds

Viability, adhesion and distribution of hiPSC-NPs

In our study, the population of hiPSC-NPs reveals 
an ability to adhere to and colonize bi-component 
Col-CS or modified Col-DAC scaffold. Viability of the 
hiPSC-NPs seeded on Col-CS and Col-DAC scaffolds 
was evaluated after 1, 3 and 6 days of culture. Living 
cells were distributed all over both kinds of tested 
scaffolds (Fig. 2C). The signal coming from living, 
calcein AM stained hiPSC-NPs was increasing during 
the culture time in all tested experimental condi-
tions, but a significant rise in viability at 6 DIV (days 
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in vivo) was revealed only for the cells seeded on Col-
CS (Fig. 2A). In contrast, the intensity of fluorescence 
of ethidium homodimer-1 (EthD-1), which labels cells 
with damaged membranes, was the same for both 
types of scaffolds. The highest intensity of fluores-
cence from dead cells was recorded at the first day 
of the experiment (DIV1) and significantly dropped 
after DIV1. From day 3 (DIV3) of the experiment,  
the constant and stable level of cell viability was 
observed (Fig. 2B). Moreover, at the 6th day of culture 
we observed only a  few dead cells when Z-stacks 
were measured and visualised (Fig. 2C). 

In both types of investigated scaffolds, the cells 
have been found across the sample, effectively 
adhering to the inner and outer surface of the scaf-
folds (Figs. 3 and 4). Seeded cells, depending upon 
the surface available, were forming: 1) aggregates 
within smaller pores with proliferating, Ki67 positive 
cells and at the edges differentiating β-TUBULIN III 
positive cells (Figs. 3A and C) or 2) were spreading out 
to cover the collagen surface of greater pore walls, 
thus forming a monolayer of cells with flattened and 
branched morphology (as shown for NESTIN positive 
cells on Figs. 3B and D). In any case, the population of 
seeded, hiPSC-NPs was able to penetrate inside the 
spongy structure of both types of the scaffold (Col-CS 

or Col-DAC) and populate across the accessible sur-
face. This is illustrated by the confocal Z-stack series 
of images of Col-DAC (Fig. 4A) and Col-CS (Fig. 4B) 
samples as well as on their 200 µm depth 3D recon-
struction (Fig. 4C), where cells are found at different 
arrangements (aggregates or spread sheets of differ-
entiated cells). While neuronal marker β-TUBULIN III 
is widely present throughout the Z-stack in cells 
populating both types of scaffolds, astrocytic marker 
GFAP appears sporadically on Col-CS, compared to 
a more evident expression on Col-DAC scaffold.

Proliferation of hiPSC-NPs cultured  
on Col scaffolds

To estimate the proliferation rate of hiPSC-NPs, 
the proliferation marker binding to the nucle-
ar proteins of dividing cells – Ki67 was used. The 
Ki67-positive cells were found predominantly within 
the cell aggregates/clumps that were placed inside 
the pores, while the proliferating cells outside the 
aggregates were only sporadically observed (Figs. 5A 
and D). Morphologically mature, β-TUBULIN III pos-
itive neuronal cells, with long protrusions aliening 
longitudinal pockets (pore edges), are in majority 
post-mitotic (arrows in Figs. 5B, C and F), however 
few of them were still mitotically active (Ki67 posi-

Fig. 1. Human neural stem cell population derived from iPSC (hiPS-NSC) cultured as a monolayer expressed 
both neuronal and glial markers (A). After prolonged differentiation (2 weeks), the expression of neuronal 
and glial markers in the population of neural progenitors (hiPSC-NPs) was more abundant, however a num-
ber of progenitor cells expressing NESTIN were also detected (B). Scale bar is 50 µm.

A

B
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tive cells, arrowheads on Figs. 5C, E and F). The exact 
number of proliferating cells was difficult to deter-
mine due to the relatively high autofluorescence of 
Col-DAC samples in the blue channel (total cell num-
ber), but our rough estimation of the percentage of 
Ki67+ cells resulted in about 38% for Col-DAC and 
33% for Col-CS, indicating not significant difference 
between samples.

Differentiation of hiPSC-NPs seeded  
on the modified Col scaffolds

The input population of cells used for 3D culture 
was already pre-differentiated, as described above. 
It is demonstrated that the seeding process and bio-
compatible properties of both types of investigated 

Col scaffolds enabled hiPSC-NPs to sustain their 
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morphology and expression of typical markers for 
neuronal and glial differentiation. The cells within 
the cell-laden constructs were found mostly as the 
cell aggregates of different size, as well as mono-
layers from the cell aggregates, to cover the walls 
of bigger pores or connecting lamellas (Figs. 4, 5, 
6 and 7). Randomly single cells, lacking markers of 
differentiation were also visible. The porous struc-
ture of Col-based scaffolds allows for neurite out-
growth from the cell clumps. We have observed the  
β-TUBULIN III positive hiPSC-NPs with neurites that 
aligned edges of the walls in the pore structure  
(Figs. 5 and 6B). Within the aggregates or clusters, 
the neuronal cells expressing β-TUBULIN III, MAP-2 
and DCX were detected as mostly abundant. Neuro-
nal morphology characterized by protrusions extend-
ed from the cell bodies was observed on both Col-CS 
and Col-DAC scaffolds (Figs. 5 and 7). While the dif-
ferentiated cells appeared predominantly on the edg-
es of the clusters (DCX presented in Fig. 7 and GalC 
in Fig. 8), cells found in the core of the aggregates 
were less differentiated (Figs. 7 and 8). In addition, 
the astrocytic marker (GFAP) was detected among 
differentiated cells growing in the clusters on both 
types of scaffolds (Figs. 4 and 7), however to a less-
er extent than the neuronal markers. The early glial 
markers, such as PDGFRα or oligodendrocyte marker 
Galactocerebroside (GalC) (Figs. 6A, 7 and 8), have 
also been observed within the cell clusters in both 
types of scaffolds. The intense scaffold autofluores-
cence can be detected (blue tissue-like background 
in the Hoechst channel) after DAC crosslinking of the 
collagen (Figs. 4A, 5A and 8), while the functionaliza-
tion of Col with CS gives almost no visible structure 
of the scaffolds in the fluorescence channels.

Discussion

In the present study, two types of Col scaffolds 
have been evaluated: bi-component Col-CS matrices 
crosslinked by EDC and collagen sponges modified 
using DAC. DAC was selected as a chemically cross-
linking agent because it is biodegradable, biocom-
patible, and toxicologically acceptable [24]. None of 
the considered materials, Col, CS or DAC, are ideal for 
tissue engineering when used alone [18,28]. However, 
a binary system of Col-CS and Col-DAC may provide 
the correct balance of properties as a  biomimetic 
niche for neural cell culture. In this study we have 
shown that both types of scaffold can serve as biomi-
metic niche to accommodate hiPSC-NPs and sustain 
their ability to proliferate and differentiate into neu-
ronal, astrocytic and oligodendroglial lineages. Col-CS 
composite scaffolding has been prepared for regener-
ating in vivo the skin, bone, cartilage and peripheral 
nerves, yet has rarely been utilized in the restoration 
of the CNS [19,20]. To our knowledge, Col-DAC matrix 
has never been used to create a biomimetic environ-
ment for human neural cell cultures and Col-CS for 
neural stem/progenitor cells derived from hiPSC.

The hiPSC were applied in this study due to their 
exceptional features: they can be derived from the 
adult tissues of the human body and have the abil-
ity to differentiate into almost all types of cells [35]. 
Since they possess great potential for personalized 
regenerative medicine, they are investigated as 
a possible therapeutically competent cell population 
by our [37] and other groups [reviewed in 43]. Neu-
ral progenitors (hiPS-NSC) used in this study were 
derived from human iPSC and seeded on Col-CS and 
Col-DAC scaffolds for further investigation. The scaf-

Fig. 3. Cells distribution on the Col scaffolds (DIV6). Cells seeded on Col scaffolds modified by crosslinking 
with DAC: (A, B) and bi-component Col-CS scaffold: (C, D) stained for neuronal marker β-TUBULIN III (green), 
proliferation marker Ki67 (A, C) and for NESTIN (B, D) (red). Cell nuclei are contra-stained with Hoechst 
(blue). Scale bar is 50 µm.

A B C D
COLLAGEN DAC COLLAGEN CS
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Fig. 4. Cells distribution through the scaffold sample (200 µm Z-stack). Each panel presents 8 subsequent 
optical sections. Each slice was of about 2.5 µm depth, space between slices 25 µm. Panel A shows distri-
bution of cells seeded on Col-DAC scaffold. Intensive autofluorescence of Col-DAC scaffold was observed. 
Panel B shows cells seeded on Col-CS scaffold. Panel C shows 3D reconstruction of optical sections presented 
in A and B. Cells were stained for neuronal marker β-TUBULIN III (green) and astrocytic marker – GFAP (red). 
Cell nuclei were contra-stained with Hoechst (blue). Scale bar is 50 µm.
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folds Col-CS and Col-DAC, crosslinked by EDC and 
DAC, respectively, were shown to immobilize hiP-
SC-NPs to the active biofunctional surface and allow 
for their further commitment into three neural lin-
eages: neuronal, astrocytic and oligodendroglial. This 
is consistent with the study of Drobnik et al. [6] that 

collagen-based scaffolds using different cross-linking 
methods were shown to be suitable in elaborateing 
environments for primary nerve cells isolated from 
murine embryonic brains.

Both EDC and DAC were selected as chemical 
crosslinking agents due to their unique properties. 

Fig. 5. Proliferation of neural progenitors (hiPSC-NPs) cultured on the Col scaffolds (DIV6): Col-DAC (A, B, C), 
and Col-CS (D, E, F). The proliferation marker Ki67 (red) is found predominantly within the cell clusters and 
nearly absent in the cells growing in the monolayer. Morphologically differentiated β-TUBULIN III (green) 
positive cells were mainly postmitotic (arrows), however some of the neuron-like cells were still dividing 
(arrowheads). Scale bar is 50 µm.

Fig. 6. Alignment of the neural cells protrusions on the porous structure of the Col-DAC scaffold (DIV6). Note 
the cell clustering in the ‘corners’ of the scaffold pores (cells stained with PDGFRα) (A) as well as long pro-
trusions extended from the cell aggregates (B). Arrows indicate the rows/longitudinal pockets (pores) in the 
scaffold structure and protrusions of neuron-like cells aligning the edges of these pores. Scale bar is 50 µm.
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When a Col-CS sponge reacts with EDC, two essen-
tial processes occur, resulting in the formation of 
Col-Col cross-link and covalent graft CS to the Col 
backbone without the addition of any toxic catalysts 
(zero-length EDC) [28]. Finally, 3D semi- and inter-
penetrating networks are created. The Col-DAC scaf-
fold is formed by a  crosslinking reaction between 
the aldehyde groups (-CHO) of DAC with the free 
amine (–NH2) groups of Col, resulting in a product 
that is biodegradable, biocompatible and toxicologi-
cally acceptable [24].

The viability of human neural progenitors seeded 
on the scaffolds was measured with the life/dead 
fluorescent assay and quantitatively evaluated.  
The significantly increased level of fluorescence indi-
cating living cells show that the cells survive and 
proliferate (Fig. 2). Interestingly, at day 1 we have 
observed a  significantly higher level of the signal 
from dead cells as compared to day 3 and day 6. 
However it is likely that this difference is artificially 
elevated by the presence of the cells dying from the 
seeding and harvesting procedure, not related to the 
biocompatibility of the scaffolds.

To trace the cellular processes (attachment, pro-
liferation and differentiation – axonal outgrowth) 
of the hiPSC derived neural progenitors cultured on 
the scaffolds, immunocytochemical/immunofluo-
rescent marker proteins identification and confocal 
microscopy analysis were applied. The proliferation 
rate of the hiPS-NSC cultured on the scaffolds was 
investigated by immunostaining with Ki67 antibody  
(Figs. 3 and 5), which binds to the nuclear protein 
MKI67, present during all active phases of the cell 
cycle (G1, S, G2, and mitosis), but is absent in rest-
ing cells (G0) [34]. Markers applied to detect neural 
stem/progenitor cells (NESTIN) and their commit-
ment into neuronal (β-TUBULIN III, NF200, DOUBLE-
CORTIN, MAP-2), astrocytic (GFAP) and oligodendrog-
lial (PDGFRα, GalC) lineages have been used before 
in the study of our group [2,36,46] and are typical 
for characterization of neural lineages in vitro and in 
vivo [31]. It is important to note that the results of 
this study based on immunofluorescent images are 
only qualitative due to the high autofluorescence of 
the Col-DAC scaffolds (Figs. 3A, B, 4A, 5 and 8), which 
was not the case of Col-CS matrix (Figs. 3B and 4B). 
The autofluorescence of Col-DAC samples may be 
assigned to the formation of stable covalent imine 
bonding between the amino groups of lysine, hydrox-
ylysine and arginine from Col and aldehyde group of 

DAC through the Schiff base reaction. As reported in 
the literature [9], Schiff base compounds containing 
an imine group (–RC=N–) are usually formed by the 
condensation of a primary amine with an active car-
bonyl responsible for the fluorescence.

However, the detailed analysis of the confocal 
microscope Z-stack panels allowed the qualitative 
assessment for not only the presence of the cells, but 
also their stage of differentiation, detailed distribu-
tion through the scaffold and alignment within the 
scaffold architecture (Fig. 4). The alignment of the 
cells in the scaffolds is in accordance with the pore 
distribution within biomaterial architecture. Cells 
cover the walls of bigger pores creating a monolayer 
(Figs. 4, 5 and 6), allowing space for cell protrusions 
and promote differentiation of hiPSC-NPs, while in 
the smaller pores and in the edges of the bigger 
pores cell aggregates are formed. According to our 
previous results [24,28], the distribution of the pore 
sizes depends on the type of components and the 
method of modifying the scaffold. For Col-CS spong-
es, the largest fraction, at least 55% of the total pore 
volume that comprises the sponge is occupied by 
pores ranging from 20 to 100 µm in size, only 25% of 
the total pore volume is larger than 100 µm. Where-
as, the sponge-like scaffold Col-DAC had 70% pores 
ranging from 20 to 100 µm. These results agree with 
those presented by Yannas [45], showing that regen-
erative scaffolds based on collagen have a narrowly 
specified pore structure with a pore diameter of 20 
to 125 µm. Such pores are ideal for cell aggregates 
to adhere and develop a micro-niche. The pore size 
between 80-100 µm of dextran or gelatin cryogels 
was previously shown to be optimal for stem cells 
derived from human cord blood adhesion and neu-
ral differentiation [12]. Subsequently it was shown 
that gelatin-based cryogels scaffolds with the pore 
size ranging from 20 to 120 allow encapsulation of 
bigger in size mesenchymal stem cells (hUCMSCs) 
and when supplemented with neuromorphogenes 
promote their neural differentiation in vitro [32]. 

In our study, pore size-dependent encapsulation 
and differentiation of stem cells within spongy col-
lagen scaffolds was confirmed. The hiPSC-NSC are 
smaller than MSC discussed above, thus the pores 
about 100 µm are suitable for the formation of cell 
aggregates. The larger amount and specific align-
ment of pores smaller than 100 µm in Col-DAC as 
compared to Col-CS might promote formation of cell 
aggregates with proliferative centres (Fig. 3A). 
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Fig. 8. Oligodendroglial differentiation of hiPSC-NPs cultured on the Col-DAC and Col-CS scaffolds (DIV6). 
Some of the cells exhibit oligodendroglial marker GalC. Intense scaffold autofluorescence may be observed 
(blue tissue-like background in the Hoechst channel), after DAC crosslinking of the collagen, while the func-
tionalization of collagen with CS gives almost no visible structure of samples in the fluorescence channels. 
Scale bar is 50 µm.

Fig. 7. Neuronal and glial differentiation of hiPSC-NPs cultured on Col-DAC and Col CS scaffolds (DIV6). 
Some of the cells express markers typical for a neural stem cell population (NESTIN) as well as markers 
for neuronal (NF200, DOUBLECORTIN, MAP-2) and glial differentiation (GFAP, PDGFRα). Cell nuclei are con-
tra-stained with Hoechst (blue). Scale bar is 50 µm.
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The dual composition of both investigated scaf-
folds, having smaller and bigger pores, provides an 
ability to preserve both the proliferative, Ki67-pos-

itive, NESTIN-positive population of neural progen-
itors and the cells committed into different neural 
lineages. The proliferation marker Ki67 is found 
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predominantly within the cell clusters and nearly 
absent in the cells growing in the monolayer (Fig. 5). 
The hiPSC-NPs proliferate in the centre of the aggre-
gates, while at the peripheral part they migrate out 
of the cluster and differentiate predominantly into 
neurons. As shown in this study, the cells express-
ing neuronal markers expand protrusions along the 
pore edges and their interconnecting lamellas. It was 
earlier noted [31,32] that the pores in Col-CS sponges 
are ellipsoidal in shape and are oriented parallel to 
the surface within the sponge, what may influence 
cell distribution with a tendency to form cell mono-
layers as compared to aggregates found on Col-DAC. 
This may explain the preferential appearance of the 
differentiated cells forming the monolayers on the 
Col-CS as compared to cell aggregates with defined 
centres of proliferation on Col-DAC, as revealed by 
immunofluorescence in Fig. 4. Both types of tested 
scaffolds allow for the proliferation and further dif-
ferentiation of neurally pre-differentiated hiPS-NSCs. 
The seeding population of hiPSC-NPs in 2D condi-
tions revealed markers typical for all three neural 
lineages, however the porous structure of collagen 
scaffolds promote/allow neurite outgrowth from the 
cell clumps supporting further neuronal differentia-
tion, as shown by the expression of DOUBLECORTIN 
and MAP-2 markers in Col-DAC and Col-CS scaffolds.  
The astrocytic marker (GFAP), while to a  lesser 
extent than the neuronal markers, was also detect-
ed among differentiated cells growing in clusters on 
both types of scaffolds. The glial markers such as 
PDGFRα (typical for early glial differentiation) or oli-
godendrocyte marker GalC, have also been observed 
at the edges of the cell clusters in both types of scaf-
fold, confirming multilineage potential of differenti-
ation of the encapsulated hiPSC-NPs.

Recently, binary systems more complicated than 
used in this study, the hybrid scaffolds comprised of 
collagen, hyaluronic acid, and alginate and addition-
ally functionalized with GRGDSP and Ln5-P4 were 
shown to support efficient differentiation of hiPSC 
into neuronal cells [16]. The Col scaffolds tested in 
this study were stable during the culture time and did 
not produce any toxic forms of degradation. The sur-
face of tested biomaterial provided proper adhesion 
and different pore sizes, which immobilised cells in 
the smaller or bigger aggregates or allowed for cell 
spreading on the lamella of the Col structures. The 
encapsulating of living cells inside the scaffold can 
help to prevent apoptosis caused by induced active 

inflammation after transplantation of such hybrids 
into the host nerve tissue [13]. The sustained pro-
liferation and neuronal differentiation capacity of 
hiPSC-NPs on these modified biomaterials enables 
further migration from the scaffold or extending 
protrusions outside the biomaterial into host tissue.  
The important difference between tested scaffolds 
was that Col-CS maintain in vitro viable cells sig-
nificantly longer than Col-DAC. However, we did not 
observe any significant differences of proliferation 
and cell differentiation between the two Col scaffolds 
investigated, therefore this supports the conclusion 
that using both types of Col-CS and Col-DAC biomate-
rials in tissue engineering and regenerative medicine 
is justified, when different physicochemical features 
are required.

Conclusions 

The Col-based (Col-CS, Col-DAC) binary scaffold 
systems presented in this study possess appropriate 
physicochemical properties and are biocompatible, 
easy to handle and non-toxic. They allow for good 
cell attachment as well as sustain the proliferation 
and differentiation capacity of seeded human neu-
ral progenitors derived from iPSC. The current study 
demonstrated that the binary system of Col-CS and 
Col-DAC scaffolds can be considered as the poten-
tial tool for delivery of neural progenitor cells to the 
injured brain or spinal cord.
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A b s t r a c t

As immune sentinels of the central nervous system (CNS), microglia is pivotal cellular mediator of neuroinflamma-
tory processes. Activation of microglia might elicit the expression of proinflammatory cytokines involved in the pro-
gression of neuroinflammatory diseases. Numerous studies have demonstrated that propofol (2,6-diisopropylphenol) 
has an effective anti-inflammatory property. Intermittent hypoxia (IH), as a result of obstructive sleep apnoea (OSA), 
could lead to neuron damage and neuroinflammation in the CNS. Here, we determined the effects of propofol on the 
inflammatory response in microglia during IH. The levels of nuclear factor-κB (NF-κB) inhibitor (IκB) and activated 
p38 mitogen-activated protein kinase (MAPK) exposed to IH with or without propofol treatment were detected  
by Western blot. The viability of cells exposed to various concentrations of propofol was monitored with MTT assay.  
The production and mRNA levels of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) were evaluated by qRT-PCR 
and ELISA, respectively. As results, IH exposure obviously promoted the activation of NF-κB/p38 MAPK signalling and 
the secretion of TNF-α and IL-6. Propofol was not toxic to microglia. Compared with the control group, propofol atten-
uated the IH-induced activation of NF-κB and p38 MAPK, which accompanied with reduction of proinflammatory 
cytokine secretion. These data suggested that propofol down-regulated the IH-induced secretion of proinflammatory 
cytokine, and inhibit inflammatory responses in microglia, and might be involved in attenuation of the p38 MAPK 
and NF-κB signalling pathways. Overall, propofol could contribute to alleviating IH-induced CNS diseases in patients 
by inhibiting p38 MAPK and NF-κB mediated inflammation in microglia.
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Introduction

Neuroinflammation mediated by the activation of 
glia has been shown to be associated with the pro-
gressive neuronal damage in a variety of neurodegen-
erative diseases, such as Alzheimer’s disease (AD), 
Huntington’s disease (HD), and amyotrophic lateral 

sclerosis (ALS) [1,12]. Microglia are considered to be 
the resident immune cells in the central nervous sys-
tem (CNS), which can be activated by various stimu-
li. Under inflammatory conditions, microglia will be 
activated and play a vital role in regulating inflam-
matory reactions by releasing diverse inflammatory 
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factors including cyclooxygenase-2 (COX-2), nitric 
oxide (NO) and proinflammatory cytokines such as 
interleukin-1 beta (IL-1β), necrosis factor-α (TNF-α) 
and interleukin-6 (IL-6) [5,17,20]. However, overac-
tive microglia lead to excessive secretion of neuro-
toxic mediators, which can result in severely detri-
mental neuronal damage and neurodegenerative 
diseases. Consequently, blockade of the activation 
of microglia could reduce subsequent neuroinflam-
mation, providing a promising therapy for the treat-
ment of inflammation-mediated neurodegenerative 
diseases.

Propofol, with potent sedation/hypnotic proper-
ties, is a widely used intravenous agent for induction 
and maintenance of anaesthesia, as well as sedation 
in the intensive care unit [21]. Accumulated studies 
suggested that propofol exhibits anti-inflammatory 
effects. For instance, propofol inhibited inflamma-
tory responses in lipopolysaccharide (LPS)-induced 
alveolar epithelial type II cells [18]. And it attenuated 
secretion of proinflammatory cytokines in a  hepa
tocyte nuclear factor-1α-dependent manner [19]. 
Emerging reports suggested that propofol effectively 
down-regulated inflammatory responses by inhibit-
ing the phosphorylation of nuclear factor-κB (NF-κB) 
and p38 mitogen-activated protein kinase (MAPK) 
[25,26,33]. Propofol blocked astrocyte activation 
upon stimulation with LPS via presenting the NF-κB, 
p38 MAPK and extracellular signal-regulated protein 
kinases (ERK) 1/2 pathways [33]. Moreover, propo-
fol exerted effectively anti-inflammatory properties 
in human neuroglioma cells treated by sevoflurane 
through suppressing the NF-κB signalling pathway 
[26]. An earlier report supported that anti-inflamma-
tory mechanisms of propofol were shown through 
decreasing the level of phosphorylated p38 MAPK 
[25]. The anti-inflammatory property of propofol 
in microglia has become one of the most exciting 
research topics.

Intermittent hypoxia (IH), one of the pathophysio
logic changes resulting from obstructions of the 
upper airway during sleep, may play a  key role in 
the structural neuron damage in the CNS, especial-
ly excitotoxicity in hippocampal neurons [8,9,36]. 
Moreover, IH would lead to the up-regulation of ROS, 
NO, and downstream pro-inflammatory responses 
[2,30]. Thus, we investigated the effects of propofol 
on the secretion of proinflammatory molecules in 
IH-exposed microglia, and evaluated the activation 
of NF-κB and p38 MAPK during these processes.

Material and methods

Cell culture

BV2 microglial cells were provided by the State 
Key Laboratory of Brain and Cognitive Science, Insti-
tute of Biophysics, Chinese Academy of Science.  
The cells were seeded into six-well plates in Dul-
becco’s Modified Eagle Medium (DMEM) (Thermo 
Scientific, Rockford, Illinois, USA) containing 10% 
foetal bovine serum (Gibco, Grand Island, NY, USA), 
1% penicillin, and 1% streptomycin (Invitrogen, 
Shanghai, China), and incubated in a humidified 5% 
CO2 atmosphere at 37°C. After incubation for 24 h, 
the cells were cultured with fresh medium and used 
as microglia for later experiments.

Intermittent hypoxia exposure  
and propofol treatment

Microglia cells in the IH exposure group were 
maintained at 37°C and 5% CO2 in the hypoxic cham-
ber with shifted O2 levels between 1% and 21% for 
400 sec/cycle. Cells in the control group were cul-
tured at 5% CO2 and normoxic conditions (21% O2). 
Both groups were treated for 8 h.

Referring to the clinically relevant blood concen-
tration of propofol [10,22], different concentrations 
of 0, 25, 50 and 100 µM of prepared propofol were 
used to pre-treat the microglia 0.5 h prior to IH expo-
sure. Cells in the control group were treated with nei-
ther propofol nor IH.

Western blot

Cells were homogenized in lysis buffer and then 
the total proteins were isolated through centrifug-
ing at 12,000 × g for 15 min at 4°C. Proteins were 
separated by sodium dodecyl sulphate polyacryl-
amide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene fluoride (PVDF) membrane 
(Amersham Life Science, West Chester, PA, USA).  
The PVDF membrane was blocked in tetrapropyl 
benzene sulfonate (TPBS) with 5% skimmed milk 
for 2 h at room temperature. Followed by incuba-
tion with primary rabbit Monoclonal Antibodies (Cell  
Signaling Technology, Beverly, MA, USA): anti-IkB 
(cat. no. 4812, 1 : 100), anti-p38 MAPK (cat. no. 9212, 
1 : 1,000), anti-phosphorylated p38 MAPK (cat. no. 
9211, 1 : 500), and mouse anti-β-actin (1 : 200) for  
2-4 h at room temperature, respectively. Next, the 
membranes were incubated with secondary anti-
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bodies for 1 h at room temperature. The blotting sig-
nals were detected using enhanced chemilumines-
cence (ECL) reaction reagents.

MTT assay

The effect of propofol on cell viability was deter-
mined with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) kits (Sigma-Aldrich, St. 
Louis, MO, USA). Cells in various concentrations of 
the propofol pre-treated group and the control group 
were plated at a  density of 4 × 106 per well, and 
incubated for 8 h. Then, 10 µl MTT solution was add-
ed to each well and continued to incubate for 4 h.  
The supernatant was removed when the reaction ter-
minated. Finally, the optical density (OD) at 570 nm 
was measured by a microplate reader (Bio-Rad 550, 
California, USA).

qRT-PCR

Total RNA was extracted from microglia with 
Trizol reagent (Invitrogen, Shanghai, China) and 
reverse transcribed to complementary DNA (cDNA) 
by using RNA PCR kit (Takara, Shiga, Japan) accord-
ing to the instructions described by the manufac-
turer. qRT-PCR was performed in the 7500 Fast Real 
Time PCR System (Applied Biosystems, Foster City, 
CA, USA). Relative gene expression was done by 
the comparative CT method with β-actin gene as 
the internal control. The primer sequences were as 
follows: β-actin-F (5’ CCGCCACCAGTTCGCCATG 3’)  
and β-actin-R (5’ AGGAAGAGGATGCGGCAGTGG 3’); 
TNF-α-F (5’ GCCTCTTCTCATTCCTGCTCGT 3’) and 
TNF-α-R (5’ GCTGACGGTGTGGGTGAGGA 3’); IL-6-F 
(5’ AAATGCCAGCCTGCTGACGAAC 3’) and IL-6-R  
(5’ AACAACAATCTGAGGTGCCCATGCTAC 3’). The fol-
lowing PCR condition was applied: 95°C for 30 sec, 
40 cycles at 95 °C for 5 sec, and 60°C for 30 sec.  
The relative expression fold change of mRNAs was 
calculated using the 2–∆∆Ct methods.

ELISA

The levels of proinflammatory cytokines (TNF-α 
and IL-1β) were detected using TMB enzyme-linked 
immunosorbent assay (ELISA) kit (Enzyme-linked Bio-
technology Co., Ltd, Shanghai, China) according to the 
manufacturer’s protocol. The absorbance was detect-
ed at 450 nm in a  microplate reader (Bio-Rad 550, 
California, USA).

Statistical analysis

All experiments were repeated three times, and 
data were expressed as the means ± standard error 
of the mean. Significant differences were evaluated 
by one-way analysis of variance (ANOVA) followed 
by Tukey’s multiple comparison post hoc analysis 
using GraphPad Prism 5. P < 0.05 was considered 
statistically significant.

Results

Intermittent hypoxia-induced 
activation of NF-κB/p38 MAPK 
signalling and expressions of TNF-α 
and IL-6

Considering that the activity of NF-κB was 
involved in phosphorylation of p38 MAPK and 
expression of NF-κB inhibitor, IκB, western blot 
was conducted to identify the level of phosphory-
lated p38 MAPK and the expression level of IκB in 
IH treated microglia. The results showed that the 
phosphorylation level of p38 MAPK was dramati-
cally increased with IH treatment for 8 h, while the 
expression level of IκB was significantly decreased 
with IH treatment for 4 h, especially after treatment 
with IH for 8 h (Fig. 1A). These results indicated that 
NF-κB signalling pathway was activated by IH treat-
ment. 

Since NF-κB is a potent regulator of the expres-
sion of proinflammation cytokines including TNF-α 
and IL-6, and the expressions of these two proin-
flammatory cytokines are dramatically induced by 
IH, we detected the mRNA levels of TNF-α and IL-6 in 
microglia with IH treatment by qRT-PCR. Compared 
with normal conditions, IH exposure gave rise to 
obviously increased TNF-α (p < 0.05) and IL-6 mRNA 
levels (p < 0.05) (Fig. 1B). Furthermore, we measured 
secretion levels of TNF-α and IL-6 in the serum by 
ELISA. Consistent with the qRT-PCR, IH-induced 
remarkably secretions of TNF-α (p < 0.001) and IL-6 
(p < 0.05) (Fig. 1C), confirming that IH could induce 
inflammatory response in microglia.

Non-cytotoxicity of propofol to  
BV2 microglia

To further investigate the effect of propofol 
on IH-induced activation of NF-κB signalling and 
inflammatory response, cytotoxic effects of propofol 
were monitored by evaluating the alteration in the 
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viability of microglia via the MTT assay. Compared 
with controls, there was no significant difference 
in the viability of BV2 microglia with treatment of 
diverse concentration (0-250 µM) of propofol (Fig. 2).

Propofol attenuated intermittent 
hypoxia-induced activation of NF-κB/
p38 MAPK signalling in microglia

To examine whether propofol exerts any effects 
on the phosphorylation level of p38 MAPK and the 
expression level of IκB in microglia during IH expo-
sure, we investigate the protein levels using west-
ern blot. Without IH exposure, the phosphorylation 
of p38 MAPK remains at a relatively low level, while 
IH obviously improved the phosphorylation level of 
p38 MAPK in microglia, and this effect was partially 
suppressed by pre-treatments with different concen-
trations of propofol (25 μM, 50 μM, 100 μM) (Fig. 3). 

Correspondingly, compared with the controls, IH dra-
matically decreased the level of IκB, this effect was 
alleviated with propofol pre-treatment in a  concen-
tration-dependent manner. With pre-treatment of  
50 μM propofol following IH stimulation, the lev-
el of IκB increased a  little, and the effect was the 
most notable with pre-treatment of 100 μM propofol 
(Fig. 3). These observations suggested that propofol 
could interfere with the IH-induced NF-κB signalling 
through regulating the phosphorylation level of p38 
MAPK and the expression level of IκB.

Propofol suppressed intermittent 
hypoxia-induced TNF-α and IL-6 
production in microglia

To investigate whether pre-treatment with propo-
fol could inhibit IH-induced production of TNF-α and 
IL-6 in microglia, we measured the mRNA expression 

Fig. 1. Effect of intermittent hypoxia (IH) on activation of NF-κB/p38 MAPK signalling and expressions of 
TNF-α and IL-6. A) Effects of IH on p38 MAPK phosphorylation and IκB expression were assayed by western 
blot. B) Effects of IH on TNF-α and IL-6 mRNA levels were demonstrated by qRT-PCR. C) Effects of IH on TNF-α 
and IL-6 protein levels were demonstrated by ELISA analysis. Data are presented as the mean ± standard 
error of the mean. *p < 0.05, **p < 0.001. p-38 – p-38 MAPK, p-p38 – phosphorylated p-38 MAPK, IκB – inhib-
itor of NF-κB, TNF-α – tumor necrosis factor-α, IL-6 – interleukin-6.
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Fig. 2. Effect of propofol on cell viability of micro
glia was detected by MTT assay. Data are pre-
sented as the mean ± standard error of the mean.

Fig. 3. Effects of propofol on IH-induced alter-
ations of p38 MAPK phosphorylation and IκB 
expression were analyzed by western blot. p-38 – 
p-38 MAPK, p-p38 – phosphorylated p-38 MAPK, 
IκB – inhibitor of NF-κB.
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sis. D) IL-6 protein level was detected by ELISA analysis. Data are presented as the mean ± standard error of 
the mean. *p < 0.05, **p < 0.001, ***p < 0.001. TNF-α – tumor necrosis factor-α, IL-6 – interleukin-6.
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level of TNF-α and IL-6 after microglia treatment 
with IH in the presence or absence of propofol via 
qRT-PCR. IH exposure led to a  remarkable increase 
in the TNF-α (p < 0.001) and IL-6 (p < 0.001) levels 
(Fig. 4A and B). Propofol at a concentration of 25 μM 
had no effect on IH-induced mRNA levels of TNF-α 
and IL-6. However, propofol at a concentration of 50 
or 100 μM significantly suppressed the IH-induced 
TNF-α level (p < 0.05) (Fig. 4A), and pre-treatment 
with 100 μM propofol remarkably reduced IH-induc
ed IL-6 level (p < 0.05) (Fig. 4B). Furthermore, the 
secretion amount of TNF-α and IL-6 into serum 
under aforementioned conditions were determined 
by ELISA. We found that IH exposure gave rise to an 
extremely remarkable rise of TNF-α (p < 0.0001) and 
IL-6 (p < 0.0001) in serum, and these effects were 
obviously attenuated by pre-treatment with 100 μM 
propofol (Fig. 4C and D).

Discussion

Microglia, as resident immune cells of the CNS, 
would be activated under inflammatory conditions 
and followed by inflammatory cascade in the CNS 
[4,23]. Previous reports confirmed that IH can lead 
to the activation of microglia and further induce 
neuron dysfunction and neuroinflammation [32]. 
Recently, the anti-inflammatory property of propofol 
has attracted increasing attention. A wealth of infor-
mation linking that propofol prohibited inflammato-
ry response through preventing the NF-κB and p38 
MAPK signalling and then reducing the release of 
inflammatory mediators is published [25,26]. In addi-
tion, emerging evidence showed that propofol selec-
tively attenuated the activation of NF-κB and p38 
MAPK in vascular endothelium during IH exposure 
[16]. The effect of propofol on IH treated microglia was 
still unclear. Thus, in the current study, we focused on 
microglia and examined whether propofol exerts an 
efficient effect on microglia exposed to IH.

Among the inflammatory mediators induced by 
activated microglia, TNF-α and IL-6 are two of the 
main proinflammatory cytokines. TNF-α plays a core 
role in the proinflammatory cytokines and its tempo-
rary existence will promote the secretion of IL-1, IL-6, 
and other secondary inflammatory mediators. IL-6 
could serve a dual function by also causing inflam-
mation and resisting inflammation. Considering that 
its clearance rate is far below than that of other 
cytokines, the level of IL-6 can reflect the severity 

of the disease and prognosis. Overproduction of 
TNF-α and IL-6 can cause various neurodegenera-
tive diseases, including AD and Parkinson’s disease 
(PD) [3,29]. It has been reported that propofol can 
inhibit the release of inflammatory factors such as 
TNF-α and IL-6 [11,27]. This study first reported that 
propofol significantly reduced the IH-induced secre-
tion of proinflammatory cytokines, TNF-α and IL-6, 
in microglia. 

NF-κB, a pleiotropic regulator involved in micro
glial cell responses, can suppress the production of 
proinflammatory enzymes and cytokines, including 
NO, PGE2, TNF-α and IL-6 [13,24,34]. Under normal 
circumstances, NF-κB binds to IκB to form an inac-
tive heterodimer in the cytoplasm. While suffer-
ing from inflammation, IκB is phosphorylated and 
subjected to degradation by proteasomes. Conse-
quently, NF-κB will be disassociated from IκB and 
translocate into nucleus, followed by the activation 
of NF-κB-dependent proinflammatory molecules 
[6,7]. It has been demonstrated that propofol sup-
presses the IH-induced NF-κB activity by preventing 
the phosphorylation of IκB and accompanied by 
down-regulated secretion of proinflammatory cyto-
kines in the vascular endothelial cells [16]. 

Additionally, MAPKs, including the extracellular 
signal-regulated kinase (ERK), the c-jun NH2-termi-
nal kinases (JNK) and the p38 MAPK, can be phos-
phorylated and then positively regulate the expres-
sion of inflammatory genes and cytokines [31,35]. 
Among these, p38 MAPK acts as a crucial regulator 
for the production of NF-κB-mediated proinflamma-
tory cytokines and other mediators [15]. Glaucoca-
lyxin A (GLA) can inhibit pro-inflammatory cytokines 
expression in microglial cells through NF-κB and p38 
MAPK signalling pathways [14]. A recent report clar-
ified that triroside attenuated the neuroinflamma-
tion in microglia via NF-κB and p38 MAPK signalling 
pathways [28]. Furthermore, propofol suppressed 
the NF-κB-mediated inflammation by prohibiting 
the activation of p38 MAPK in IH-treated vascular 
endothelium [16]. Consistently with previous reports, 
IH-induced activation of NF-κB and p38 MAPK both 
were dramatically reduced by propofol treatment in 
the present study. Combined with all the results, we 
showed that propofol alleviates IH-induced secretion 
of proinflammatory cytokines in microglia probably 
via inhibiting NF-κB and p38 MAPK signalling. 

In conclusion, the present study highlighted the 
crucial role of propofol in hampering IH-induced 
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microglia inflammation, which would result in serious 
neuron damage and dysfunction and further leads to 
neurodegenerative diseases. Therefore, propofol with 
the effect of neuroprotection is a novel therapeutic 
objective for neurodegenerative disorders.
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A b s t r a c t

Inherited neurodegenerative disorders are debilitating diseases that occur across different species, such as the domes-
tic dog (Canis lupus familiaris), and many are caused by mutations in the same genes as corresponding human con-
ditions. In the present study, we report an inherited neurodegenerative condition, termed ‘neuronal vacuolation and 
spinocerebellar degeneration’ (NVSD) which affects neonatal or young dogs, mainly Rottweilers, which recently has 
been linked with the homozygosity for the RAB3GAP1:c.743delC allele. Mutations in human RAB3GAP1 cause Warburg 
micro syndrome (WARBM), a severe developmental disorder characterized predominantly by abnormalities of the ner-
vous system including axonal peripheral neuropathy. RAB3GAP1 encodes the catalytic subunit of a GTPase activator 
protein and guanine exchange factor for Rab3 and Rab18 proteins, respectively. Rab proteins are involved in membrane 
trafficking in the endoplasmic reticulum, autophagy, axonal transport and synaptic transmission. 
The present study attempts to carry out a detailed histopathological examination of NVSD disease, extending from 
peripheral nerves to lower brain structures focusing on the neurotransmitter alterations noted in the cerebellum, the 
major structure affected. NVSD dogs presented with progressive cerebellar ataxia and some clinical manifestations that 
recapitulate the WARBM phenotype. Neuropathological examination revealed dystrophic axons, neurodegeneration and 
intracellular vacuolization in specific nuclei. In the cerebellum, severe vacuolation of cerebellar nuclei neurons, atrophy of 
Purkinje cells, and diminishing of GABAergic and glutamatergic fibres constitute the most striking lesions. The balance 
of evidence suggests that the neuropathological lesions are a reaction to the altered neurotransmission. The canine 
phenotype could serve as a model to delineate the disease-causing pathological mechanisms in RAB3GAP1 mutation.

Key words: spinocerebellar ataxia, Purkinje cells atrophy, neurotransmitters, neurodegeneration.
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Introduction

Several inherited disorders of men are charac-
terized by progressive cerebellar degeneration, but 
attempts to correlate the observed clinical signs 
with the neuropathological lesions are complicated 

by problems associated with the analysis of human 
post-mortem material [49]. Moreover, in most dis-
orders, the relationship between the appearance of 
a lesion and the underlying disease process is unclear 
[5]. Recently, a  well-documented inherited disease 
of Rottweiler dogs named neuronal vacuolation spi-
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nocerebellar degeneration (NVSD) has been linked 
with the homozygosity for the RAB3GAP1:c.743delC 
allele [32]. Mutations in human RAB3GAP1 cause 
Warburg micro syndrome (WARBM), a severe devel-
opmental disorder characterized predominantly by 
abnormalities of the nervous system including axo-
nal peripheral neuropathy. In WARBM and NVSD, the 
effect of gene mutation encoding RAB3GAP1 on the 
degeneration of specific anatomical pathways, has 
not yet been clarified.

WARBM is a  rare autosomal recessive genetic 
disorder, caused by changes in one of at least four 
different genes, RAB3GAP1, RAB3GAP2, RAB18 and 
TBC1D20. In relation to RAB3GAP1, which is also 
mutated in NVSD, is a  130-kDa protein that forms, 
together with the 150 kDa RAB3GAP2, the heterodi-
meric RAB3GAP complex. This complex regulates the 
activity of members of the RAB3 family that are mas-
ter regulators of vesicle trafficking and exocytosis of 
hormones and neurotransmitters [20,39]. RAB fam-
ily members cycle between a  GDP-bound inactive 
and a GTP-bound active form. The GTP-bound active 
form of RAB3 family members is inactivated by GTP 
hydrolysis before, during, and after the fusion of the 
vesicle by the stimulation of RAB3GAP [14]. Rab3GAP 
not only functions as a GAP for the Rab3s but also 
functions as a  guanine exchange factor (GEF) for 
Rab18. Specifically, Rab3GAP localizes to the endo-
plasmatic reticulum (ER) and some point mutations 
in RAB3GAP1 that cause WARBM in humans affect 
Rab18 GEF activity [16]. Supporting the view that 
Rab18 activity is important for the ER structure, 
direct loss of Rab18 function or loss of Rab18 acti-
vation at the ER by the absence of Rab3GAP activity 
can cause WARBM [19].

WARBM and NVSD share considerable clinical 
similarities, although some differences do exist. 
NVSD affects puppies younger than 6 months, often 
as young as 6 to 8 weeks and sometimes littermates. 
It has been recognised mainly in Rottweiler dogs 
[13,27,41,43,52] and their cross [12]. Typical signs of 
the disease include progressive cerebellar ataxia, 
spastic tetraparesis, dysmetria, ocular motor disor-
ders such as episodic nystagmus, microphthalmia 
and congenital cataracts, axonal peripheral neuro
pathy with laryngeal paralysis and rarely behavioural 
changes [27,30]. Children with WARBM have severe 
developmental delays, ocular abnormalities including 
congenital cataracts and microphthalmia, and a pre-
dominantly axonal peripheral neuropathy and never 

develop the ability to walk [18,20,38]. Histopatholog-
ical hallmarks in NVSD, which have been described 
so far, are the bilateral and symmetrical neuronal 
vacuolation involving brainstem and deep cerebellar 
nuclei (DCN), the Purkinje cell (PC) atrophy, the degen-
eration of the dorsolateral fasciculi in the spinal cord 
(SC) and the axonal neuropathy in peripheral nerves 
with spheroid formation and loss of thick myelinated 
fibres. There are no reports describing histopathology 
in WARBM, but MRIs of affected children have shown 
predominantly cerebellar atrophy [20,33].

The present study investigates the four key fea-
tures mentioned below, proposed by Armstrong [4] 
as the ‘primary determinants’ of a neurodegenerative 
disease, to provide a descriptive framework of NVSD. 
These features are the anatomical pathways affected 
by the disease, the target cell populations, the molec-
ular pathology and the morphological degeneration, 
which are used to reveal the similarities and differ-
ences between NVSD and WARBM. The main focus 
of this study was the identification of neurotransmit-
ter disturbances noted in the cerebellum of NVSD- 
affected animals, to clarify the underlying mecha-
nisms involved. Herein we provide a comprehensive 
histological picture of NVSD and we suggest that the 
specific neuropathology is a reaction to degenerative 
processes due to altered neurotransmission caused 
by the RAB3GAP1 mutation.

Material and methods 

Phenotypes

Animal experimentation received the approval of 
the Veterinary Directorate of Thessaloniki and was 
conducted under compliance with the National Insti-
tutes of Health guidelines, Greek Government guide-
lines and the local ethics committee. The first dog was 
a 3-month-old female Rottweiler, which was initially 
admitted with acute inspiratory dyspnoea and stri-
dor, both of which resolved after treating the animal 
in the intensive care unit. Neurological examination 
revealed ataxia, spastic tetraparesis, hypermetria and 
proprioceptive deficits, hyperreflexia and hypertonici-
ty that were more pronounced in the hind limbs. 

One month later, its littermate (second dog), a four-
month-old male was also admitted with ataxia and 
weakness as the main complaints, as well as abnormal 
swallowing and failure to bark. Mild inspiratory stri-
dor, ataxia, spastic tetraparesis, hypermetria, position-
al strabismus and nystagmus were detected in neuro-
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logical examination. A unilateral laryngeal paresis was 
diagnosed with laryngoscopy. Motor signs worsened 
progressively over the next two months in both pup-
pies, finally leading to severe tetraparesis. Due to the 
severely incapacitating signs and poor prognosis, the 
puppies were eventually euthanized.

The third dog was a 6-month-old male from the 
same progenitors, which was presented with the 
wide base posture, hind limb weakness progress-
ing to paraparesis and difficulty in swallowing and 
breathing associated to megaesophagus. This led 
to the compression of the trachea and difficulty in 
breathing. Motor signs worsened progressively over 
the next month leading to ataxia, spastic tetraparesis 
(more severe in hind limbs) with slowed propriocep-
tive placing reactions in all neurologically examined 
limbs. The breeder declined further examinations and 
requested euthanasia because of poor prognosis.

Animal handling, tissue processing, 
and histopathology techniques

All dogs were euthanized under pentothal deep 
anaesthesia, following xylazine sedation, and were 
transcardially perfused with normal saline followed 
by 4% paraformaldehyde in 0.1 M phosphate buffer. 
Two age-matched dogs sacrificed during unrelated 
non-neurological diseases, were processed in paral-
lel. Tissue samples were taken from the brain (brain 
stem and cerebellum), spinal cord (cervical, thorac-
ic and lumbar segments), nerve dorsal roots (DR), 
dorsal root ganglia (DRG), and peripheral nerves 
both from fore- and hindlimbs. Median, ulnar and 
radial, sciatic, common peroneal, tibial, sural and 
musculocutaneous nerves were collected. Also, the 
vagus nerve, external and internal branches of the 
superior laryngeal nerve (SLN) and the recurrent 
laryngeal nerve (RLN) were taken and embedded 
in paraffin and routinely processed for 6 μm-thick 
sections. Dewaxed sections were stained with the 
following histological techniques: hematoxylin and 
eosin (H&E), Luxol-fast blue-Klüver Barrera and 
Bielschowsky (BLS) or processed for immunohisto-
chemistry (IHC) with appropriate primary antibodies. 
Masson’s trichrome stain was performed in DRG 
and peripheral nerves to reveal possible fibrosis. 
In addition, small blocks of sciatic, sural, median, 
superior laryngeal nerve and RLN nerves were fixed 
in 2.5% glutaraldehyde, dehydrated through alcohol 
solutions, stained with 4% osmium tetroxide and 

embedded in Araldite. Semithin sections obtained 
were stained with toluidine blue and observed under 
the light microscope.

Histologically stained sections were examined by 
two independent researchers and evaluated for neu-
ronal and axonal degeneration and loss, as revealed 
by BLS. Demyelination and other myelin abnormali-
ties were evaluated in Luxol fast blue-Klüver Barrera 
paraffin sections or toluidine blue stained semithin 
sections. The spatial distribution of neuronal vacuo-
lation was also investigated.

Immunohistochemistry

A set of IHC and immunofluorescence (IF) tech-
niques were performed on paraffin sections to reveal 
astrocytic/microglia activation and neurotransmit-
ter alterations in the cerebellum. Glutamate is the 
prevalent excitatory neurotransmitter for both the 
mossy fibre and climbing fibre system. Mossy fibres 
form synapses on granule cells in the GCL of the 
cortex and on neurons in the DCN. Climbing fibres 
coming from inferior olive nuclei form excitatory 
synapses directly on PCs and are strongly enriched 
in glutamate. In DCN, there are large glutamatergic 
neurons that project to premotor areas and direct-
ly regulate the motor control. On the other hand, 
GABA is the primary inhibitory neurotransmitter 
known to counterbalance the action of glutamate. 
PCs, the sole output neurons of the cerebellar cortex 
are GABAergic and project to the DCN and vestib-
ular nuclei neurons. The DCN and vestibular nuclei  
are involved in motor control in animals through 
their communication with the nuclei of the thala-
mus and brainstem. GABA is also the predominant 
transmitter of cerebellar interneurons (basket cells, 
stellate cells, Golgi cells, Lugaro cells), except for 
unipolar brush cells, which are glutamatergic inter-
neurons. In DCN, apart from the large glutamatergic 
neurons, there are small GABAergic projection neu-
rons that send outputs to inferior olive nuclei and 
GABAergic local interneurons. The activities of GABA 
are mediated by vesicular or non-vesicular release 
after GABA is synthesized by glutamate decarboxy
lase (GAD), an enzyme that catalyses the decarbox-
ylation of glutamate to GABA. The availability of 
antibodies against the neurotransmitters glutamate 
and GABA, and their receptors, such the N-methyl- 
D-aspartate receptor1 (NMDAR1), which mediates 
neuronal functions in glutamate neurotransmission, 
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has made it possible to examine the neurohumoral 
synaptic transmission in the cerebellum and brain 
stem that are of interest in NVSD. Details of the anti-
bodies used and their dilutions are given in Table I.

IHC was carried out using the avidin-biotin-peroxi-
dase complex (ABC) method. In brief, antigen retrieval 
was performed by incubating deparaffinized – rehy-
drated sections in citrate buffer 0.01 M (pH 6) under 
microwave treatment at 750 Watt for 3 minutes and 
thereafter at 350 Watt for 7 minutes. These sections 
were cooled down at RT for 20 minutes and there
after were treated with 2% hydrogen peroxide in 5% 
methanol for 20 minutes followed by 5% normal goat 
serum for 2 h, and subsequently one of the primary 
antibodies were applied overnight at 4oC. Labelling 
was visualized with DAB (Vector) after pre-treatment 
with the ABC kit (Vector, Vectastain) and sections 
were counterstained with haematoxylin. For IF the 
following secondary antibody: anti-mouse Alexa Flu-
or 488 and anti-rabbit Alexa fluor 488 (all in dilution  
1 : 400, Molecular Probes) were used. Two observers, 
blinded to the identity of tissue sections, reviewed 
the IHC and IF preparations independently.

Quantitative analysis  
of neurotransmitter alterations  
and their receptors

Seven to ten representative sections IHC stained 
for each antigenic marker were used for quantifica-
tions and photomicrographs were captured using 
a  Nikon upright fluorescence microscope D-Eclipse 
80i C1. Photomicrographs were subjected to dig-
ital optical densitometry with ImageJ, version 1.51f 
(National Institutes of Health, Bethesda, Maryland, 
USA), and were analysed by the following methods. 

One method, which was used to quantify the intra-
cellular GABA, NMDAR1 and calbindin integrated 
optical density (IOD) in neurons, integrates the grey 
value of the inverted image. For GAD, IF labelling was 
used and for the measurement of IOD there was 
no need to invert the images. The second method, 
which measures the area over which the immunore-
activity exceeds a given threshold, was applied to the 
glutamate and GABA staining for the quantification 
of glutamatergic and GABAergic fibres, respectively.

Statistical analyses

Statistical analyses were performed with non-para-
metric tests. Differences between two groups (NVSD 
vs. controls) per anatomical area were assessed with 
Wilcoxon Mann-Whitney U tests. SPSS v20.0 statistical 
software system (IBM Corporation, Armonk, New York, 
USA) was used for calculations. The reported p values 
were the result of two-tailed tests; p values smaller or 
equal to 0.05 were considered statistically significant.

Results 

Lesions in peripheral nerves  
and the spinal cord

Major histopathological lesions observed are sum-
marized in Table II and have already been described by 
others. In relation to peripheral nerves, there was axo-
nopathy with dystrophic axons, which was more severe 
in sensory nerves. In semithin sections, there was lack 
of large myelin sheaths and endoneurial fibrosis. RLN 
and SLN showed a prevalence of small-diameter fibres 
with axonal degeneration. Shrinkage of DRs with lack 
of large axons and mild fibrosis constitute the major 
abnormality of the DRG on NVSD. Vacuolation of 

Table I. Primary antibodies used

Antibody Supplier Dilution Ad hoc References

Anti-GFAP Rabbit polyclonal Dako Corporation, 
Carpinteria, CA

1 : 1000 De Nevi et al. Eur J Histochem 2013; 57: e9

Anti-Iba1 Rabbit polyclonal Wako, Osaka, Japan 1 : 1000 Lab Anim Res 2012; 28: 165-170
Ahmed et al. J Histochem Cytochem 2007; 
55: 687-700

Anti-GABA Rabbit polyclonal Sigma, St. Louis, USA 1 : 500 Am J Med Genet 1995; 57: 204-212

Anti-GAD67 Mouse monoclonal Millipore, Temecula, CA 1 : 1000 Neurosci Lett 2008; 431: 251-255

Anti-glutamate Rabbit polyclonal Millipore, Temecula, CA 1 : 500 Am J Vet Res 2005; 66: 791-799
J Vet Med Sci 2005; 67: 1119-1126

Anti-NMDAR1 Mouse monoclonal BD Pharmingen 1 : 250 Brain Res 1996; 723: 77-89

Anti-calbindin Rabbit polyclonal Millipore, Temecula, CA 1 : 800 Res Vet Sci 2010; 88: 122-126
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pseudounipolar neurons of DRG was not observed, but 
moderate neuronal loss of large neurons was evident. 
Dystrophic axons characterized by focal dilations and 
bulb like structures were also noted.

In the white matter of SC, lesions were mainly 
located in gracile and cuneate fascicles, in dorsal 

spinocerebellar and lateral corticospinal fasciculi. In 
these areas, myelin sheaths were found either emp-
ty or occasionally containing swollen axons forming 
spheroids or ovoids. In cervical SC, the axonal degen-
eration and myelin loss were most prominent in the 
lateral spinocerebellar tract. In spinal grey matter, 

Table II. Histopathological findings in NVSD-affected dogs

Peripheral nerves 1.	 Loss of large-diameter myelinated fibres and prevalence of small-diameter fibres.
2.	Lack of large myelin sheaths.
3.	Thinning of axons and their myelin sheaths.
4.	Axonopathy with dystrophic axons. 
5.	Endoneurial fibrosis.

Dorsal spinal roots 1.	 Shrinkage.
2.	Lack of large axons.
3.	Predominance of small myelinated fibres.
4.	Mild fibrosis.

Ventral spinal roots Well preserved.

Dorsal root ganglia 1.	 Increase of satellite cells (S-100+ and GFAP+ cells)
2.	Presence of residual nodes.
3.	Reactive fibrosis (proliferation of small spindle-shaped cells).
4.	Reduction of large pseudounipolar neurons.
5.	Presence of dystrophic axons.

Spinal cord

White matter 1.	 Fasciculi mainly affected: gracile and cuneate fascicles, dorsal and lateral spinocerebellar, lateral 
corticospinal fasciculi.

2.	Loss of large myelinated fibres.
3.	Axonal degeneration, with axons forming spheroids or ovoids.
4.	Myelin pallor.

Grey matter 1.	 Shrinkage of dorsal horns.
2.	Neuronal loss in Clarke’s column.
3.	Vacuolated interneurons in laminae VI and VII.

Brain stem

Vestibular nuclei 1.	 Neuronal vacuolation in the following nuclei: 1) dorsal column nuclei (gracilis and cuneatus),  
2) spinal trigeminal nucleus, 3) Deiter’s nucleus (nD) or nucleus vestibularis inferior, 4) triangular 
nucleus or nucleus vestibularis medialis, 5) nucleus of Roller (nR) or sublingual nucleus and  
6) nucleus of the solitary tract.

2.	Microglia activation and mild astrocytosis.

White matter Axonal degeneration and myelin pallor.

Olivary nuclei 1.	 Vacuolated neurons.
2.	Partially spongiform appearance of the structure.
3.	Atrophy of large neurons and diffuse axonal loss. 

Cerebellum

Cerebellar nuclei 1.	 Profound neuronal vacuolation.
2.	Loss of large neurons.
3.	Atrophy of cerebellar nuclei and their efferent myelinated fibres.
4.	Astrocytosis and focal microgliosis.
5.	Spongiform appearance.
6.	Myelin pallor and axonal loss in neuropils.

Cerebellar cortex Molecular layer Altered fragmented dendritic trees of Purkinje cells.

Purkinje cell layer Atrophy and loss in most cerebellar lobules.
Mild Bergmann gliosis. 

Granular layer Axonal torpedoes belonging to the axons of Purkinje cells.
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the most profound finding was the shrinkage of the 
dorsal horn and its neuronal loss, most evident in 
Clarke’s column. Vacuolated neurons were found 
mainly in the medial part of laminae VI and VII pre-
sumably representing interneurons and observed 
sparsely only in the ventral horn of SC. 

Neuropathology of the brain stem

In the brain stem, there was a moderate vacuola-
tion of neurons bilaterally in many nuclei of the dor-
sal medulla oblongata (Table II and Fig. 1). Neuronal 
vacuolation was characterized by intracytoplasmic 
single or multiple vacuoles of variable size, ranging 
from 3 to 40 µm, arranged either individually or in 
clusters. Vacuoles were round and empty and in 

paraffin-embedded sections, were not stained with 
histochemical methods (Figs. 2A and B). Neuronal 
vacuolation was accompanied by microglia acti-
vation and mild astrocytosis. In the inferior olivary 
nucleus, the presence of vacuolated neurons result-
ed in the spongiform appearance of the structure. 
Atrophy of large neurons in the olivary nucleus and 
diffuse axonal loss were also evident. IHC showed 
that the median IOD of GAD in the remaining neu-
rons of the olivary nucleus of NVSD animals was 
elevated approximately twofold compared with con-
trols and this difference was statistically significant. 
Medians of GAD IODs in NVSD and controls were 
52,023 and 18,556, respectively; the distributions in 
the two groups differed significantly (Mann-Whitney 
U = 11.5, z = –5.307, p < 0.001 two-tailed, Fig. 4C).

Fig. 1. Photomicrographs of transverse sections through different segments of the brain stem in NVSD ani-
mals stained with either BLS or Luxol Fast blue-Klüver Barrera. Vacuolated neurons were detected mainly at:  
1 – the reticular formation, 2 – the descent vestibular nucleus, 3 – the medial vestibular nucleus, 4 – the nucle-
us of Roller, 5 – the nucleus of the trigeminal nerve, 6 – the external nucleus of fasciculus cuneatus. Scale bars 
are 50 μm.
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Neuropathology of the cerebellum

Loss of the large (glutamatergic) neurons and 
neuronal vacuolation of the remaining cells consti-
tute the most striking histopathological lesions seen 
in the DCN of NVSD animals. DCN neurons showed 
single or multiple sharply demarcated cytoplasmic 
vacuoles which sometimes resulted in peripheral 
margination of the nucleus (Fig. 2D). In NVSD ani-
mals, IOD of GAD in the remaining neurons either 
vacuolated or not, significantly declined (medi-
ans of GAD IOD in NVSD and controls were 16,189 
and 128,583; the distributions in the two groups 
differed significantly (Mann-Whitney U  = 0.00,  
z = –5.477, p < 0.001, two-tailed, Figs. 3A, B and 4C). 

Similarly, the median IOD of GABA in NVSD animals 
was reduced by 45% compared to controls. Medians 
of GABA IOD in NVSD and controls were 19.17 x 106 
and 34.75 x 106, respectively; the distributions in the 
two groups differed significantly (Mann-Whitney  
U = 24.00, z = –2.225, p = 0.024, two-tailed, Figs. 3C, 
D and 4F). In contrast, the median IOD of NMDAR1  
in DCN neurons of NVSD animals was elevated by 
47% compared with control animals and this differ-
ence reached statistical significance (medians were 
49.08 x 106 and 33.41 x 106, respectively; Mann- 
Whitney U = 27.00, z = –2.2, p = 0.028, two-tailed, 
Figs. 3F, G and H). DCN neurons were positive for 
calbindin, although variations on staining inten-

Fig. 2. Representative photomicrographs of cerebellum paraffin sections stained with BLS summarizing 
the neuropathology in NVSD animals. A, B) Neuronal vacuolation was characterized by single or multi-
ple vacuoles (of variable size) and was more profound in cerebellar nuclei. Scale bars in A, B are 50 μm.  
C1-2,D) In the cerebellar cortex (C1), the atrophy and loss of Purkinje cells were evident leaving empty 
baskets (arrows). Axonal torpedoes in the granular cell layer belonging to degenerative Purkinje cells were 
also detected (arrow in C2). In cerebellar nuclei (D), the neuronal vacuolation (arrows) and axonal loss were 
profound, resulting in spongiform appearance of the parenchyma. Scale bars in C, D are 50 μm.

A B

C1 D

C2
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sity were noted. The cytoplasm of DCN neurons 
showed a  severe decrease in IOD of calbindin 
compared to controls (medians were 8.74 × 106 
and 45.65 × 106, respectively; Mann-Whitney U = 
0.00, z = –3.182, p = 0.001, two-tailed, Fig. 4I), sug-
gesting an altered Ca+ dependent metabolism.

In parallel with the vacuolation, the applied his-
tological techniques revealed a spongiform change, 
myelin pallor and axonal loss within the neuropil. 
Astrocytosis and focal microgliosis were confirmed 
by GFAP and Iba1 IHC, respectively. In DCN there was 
a 24.4% loss of GABAergic fibres in NVSD compared 
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Fig. 3. A-D, F, G) Photomicrographs of paraffin sections of the cerebellum depicting various areas of cerebellar 
nuclei in control and NVSD animals immunohistochemically stained for glutamate (A, B), GABA (C, D) and 
NMDAR1 (F, G). A, B) IHC for glutamate revealed a reduction in glutamatergic fibres, which is expressed as 
a reduction in the pixel area % per optical field in graph E. C, D) Apart from the reduction in IOD of GABA in 
neuronal somata, there was also a significant reduction in the GABAergic fibres in cerebellar nuclei of NVSD 
animals. F, G) Cerebellar nuclei neurons exhibited a strong immunoreactivity for NMDAR1 in NVSD animals 
(*p < 0.05). Scale bars are 100 μm. E) Graph illustrating the percentage of the pixel area of glutamatergic and 
GABAergic fibres per optical field in cerebellar nuclei in control and NVSD animals. The boxplots represent the 
median value (50th percentile) and the range of % area of immunoreactive fibres. The outliers (values that are 
> 1.5 the interquartile range [IQRs]) are marked with a circle. There was a significant reduction in glutamater-
gic and GABAergic fibres in NVSD animals (**p < 0.01, *p < 0.05). H) Graph illustrating the integrated optical 
density (IOD) of NMDAR1 in cerebellar nuclei neurons and Purkinje cells in control and NVSD animals. The box-
plots represent the median value (50th percentile) and the range of IOD. The IOD of NMDAR1 was significantly 
higher in cerebellar nuclei neurons of NVSD animals compared to controls (*p < 0.05).
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with control animals and this difference reached 
statistical significance (medians were 32.563% and 
39.446%, respectively; Mann-Whitney U  = 2.00, z  = 
–2.373, p = 0.018, two-tailed, Figs. 3C-E) indicative of 
the impaired cerebellar corticonuclear connections. In 
parallel, there was a severe reduction (32%) in gluta-

matergic fibres in NVSD animals (32.361% vs. 49.431%; 
Mann-Whitney U = 0.00, z = –2.611, p = 0.009, two-
tailed, Figs. 3A, B and E), suggesting the decline of glu-
tamatergic inputs in DCN.

In the cerebellar cortex, atrophy and irregular 
loss of PCs were prominent in all dogs, accompa-
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Fig. 4. A, B, D, E, G, H) Photomicrographs of paraffin sections of the cerebellum depicting the cerebellar cortex 
in control and NVSD animals immunohistochemically stained for GAD (A, B), GABA (D, E) and calbindin (G, H). 
A, B) IHC for GAD revealed a reduction in immunoreactivity of GAD in Purkinje cells and elimination of GAD 
positive terminals in the granular cell layer (GCL) of NVSD animals (arrowheads in A indicate the GAD posi-
tive terminals in GCL). “Empty baskets” (arrows) in B indicate the sites of atrophic Purkinje cells. Atrophy of 
Purkinje cells was accompanied by a decrease in immunoreactivity of GABA (E) and calbindin (H) in NVSD 
animals. Calbindin IHC revealed the characteristic dendritic trees of Purkinje cells (arrowheads in G) in the 
molecular cell layer (MCL) of control animals. Scale bars are 100 μm. C, F, I) Graphs illustrating the integrat-
ed optical density (IOD) of GAD, GABA and calbindin respectively, in cerebellar nuclei neurons and Purkinje 
cells (and in olive neurons for GAD) in control and NVSD animals. The boxplots represent the median value  
(50th percentile) and the range of IOD. The outliers (values that are > 1.5 the interquartile range [IQRs]) are 
marked with a circle. The IODs of GAD, GABA and calbindin were significantly lower (*p < 0.05, **p < 0.01,  
***p < 0.001) in cerebellar nuclei neurons and in Purkinje cells of NVSD animals compared to controls.
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nied by mild Bergmann gliosis and “empty baskets” 
in the cerebellar cortex (Fig. 2 C1). The GCL exhibited 
shrinkage and BLS staining revealed occasional axo-
nal torpedoes in this layer belonging to the axons of 
the PCs (Fig. 2 C2). The median IOD of GAD in PCs 
of NVSD animals significantly declined compared 
to controls. Medians of GAD IODs were 36,324 and 
104,648 respectively; the distributions in the two 
groups differed significantly (Mann-Whitney U  = 
2.00, z  = –2.817, p = 0.005, two-tailed, Figs. 4A-C). 
In PCs IOD of GABA severely reduced in NVSD com-
pared to control animals. Medians of GABA IODs were  
26.70 × 106, and 61.64 × 106, respectively; the dis-
tributions in the two groups differed significantly 
(Mann-Whitney U = 7.00, z = –3.207, p = 0.001, two-
tailed, Figs. 4D-F). Similarly, IHC for calbindin, revealed 
a significant reduction in IOD of PCs in NVSD com-
pared to controls (medians were 28.23 × 106 and 
62.60 × 106, respectively; Mann-Whitney U  = 0.00,  
z  = –3.919, p < 0.001, two-tailed) and altered frag-
mented dendritic trees in the molecular cell layer 
(Figs. 4G-I). IOD of NMDAR1 by PCs did not differ sig-
nificantly between NVSD and control animals (medi-
ans were 30.97 × 106 and 31.49 × 106, respectively; 
Mann-Whitney U = 73.20, z = –0.189, p = 0.85, two-
tailed, Fig. 3H).

Discussion

Recently the RAB3GAP1:c.743delC variant has 
been identified in the homozygous state in all NVSD- 
affected Rottweilers. None of the normal Rottweilers 
or the Rottweilers with signs beginning at > 1 year 
of age were homozygous for the variant. The RAB-
3GAP1:c.743delC produces a frame shift that predicts 
a premature stop codon and a truncated gene prod-
uct RAB3GAP1:p.P248Lfs4, missing 730 C-terminal 
amino acids, including the catalytic domain, therefore 
it is doubtful that the truncated gene product retains 
biological activity [32]. 

RAB3GAP1 codes for the catalytic subunit that 
combines with a non-catalytic subunit encoded by 
RAB3GAP2 to form Rab3GAP. Rab3GAP was first 
recognized as a GTPase activator protein (GAP) that 
greatly enhances the inherent GTPase activity of 
Rab3 [14,23,37]. Rab proteins function as molecu-
lar switches that regulate the formation, transport, 
tethering and fusion of a variety of membrane struc-
tures by cycling between inactive GDP-bound and 
active GTP-bound states [8,23]. These proteins play 

a vital role in membranous transport within the cell, 
allowing movement of cell organelles, and endocy-
tosis and exocytosis [11,17,46] reviewed in [40,53]. 
The mechanism by which they achieve this has been 
well characterized for certain members of the family, 
and depends on their GTP state, and their ability to 
prenylate and thus cycle on and off membranes [1]. 
However, the precise point of action of Rab3 GAP in 
synaptic vesicle transport has not been clear so far. 

It has been found that in Rab3 GAP p130-defi-
cient mice, the GTP-bound form of Rab3A accumu-
lates in the brain and the Ca2+-dependent gluta-
mate release from cerebrocortical synaptosomes is 
inhibited [42]. This observation suggests that Rab3 
GAP inactivates Rab3A in nerve terminals and there-
by regulates neurotransmitter release and synaptic 
plasticity [23,34,47]. Consistent with this prediction, 
mutations in p130 have recently been reported to 
cause WARBM and the altered neurotransmission 
could be involved in the pathogenesis of this syn-
drome [2,3]. Gerondopoulos et al. [16] reported that 
Rab3GAP not only functions as a GAP for the Rab3s 
but also functions as a  guanine exchange factor 
(GEF) for Rab18. Supporting the view that Rab18 
activity is important for ER structure, in the absence 
of either Rab3GAP subunit or Rab18 function, ER 
tubular networks were disrupted, and ER sheets 
spread out into the cell periphery [16]. It has been 
suggested that the intra-neuronal vacuoles may be 
microscopic and ultrastructural manifestations of 
a malfunctioned ER that has been aberrantly distrib-
uted due to the absence of Rab3GAP activity [32]. 

A  predominant clinical feature of the NVSD 
phenotype is the juvenile onset laryngeal paralysis 
and polyneuropathy due to axonopathy. Dystrophic 
changes in nerves of NVSD-affected dogs have been 
extensively studied and confirmed by others [7,9] 
and are characterized by accumulations of normal 
or abnormal appearing organelles and clusters of 
vesicular structures resembling proliferating ER, aris-
ing from an altered axoplasmic flow [29]. Dystrophic 
changes were reported in axons of the sciatic nerve 
in Rab18 knockout mice with disorganization of neu-
rofilaments and collections of microtubules predom-
inantly at the neuromuscular junctions [10]. WARBM 
can be caused directly by loss of RAB18, or indirect-
ly through loss of RAB18 regulators, RAB3GAP or 
TBC1D20 [6,19]. In Rab18 knockout mice, neurons 
with longer axons are more severely affected than 
those with shorter axons. Interestingly, also in NVSD 
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the thick myelinated axons are more severely affect-
ed. Finding such changes remote from the cell body 
suggests that axonal transport of membranes and/
or vesicles is disrupted by the RAB3GAP1 mutation. 
Moreover, it is tempting to speculate that an antero-
grade trans-synaptic degeneration is involved in the 
pathogenesis of neuronal vacuolation.

The link between axonopathy and neuronal vacu-
olar degeneration at distinctive anatomical pathways 
has been reported in several animal models at both 
spontaneous and experimental lesions [21,36,50]. 
Neurons within some nuclei in the CNS can atrophy 
and degenerate via vacuolation in response to deaf-
ferentation. Examples are neurons in the inferior and 
accessory olivary nuclei, which undergo an unusual 
form of trans-synaptic degeneration after a destruc-
tive lesion of the ipsilateral central tegmental tract. 
The olivary ribbon becomes thickened and neurons 
show marked enlargement, cytoplasmic vacuolation, 
and some dispersion of Nissl bodies [48]. In NVSD, 
large vacuoles were visible mainly within neurons of 
the DCN, vestibular nuclei and inferior olive. In other 
areas in the CNS, neuronal vacuolation was either 
absent or limited, indicating a selective susceptibili-
ty of specific neuronal types to vacuolation. Overall, 
vacuolation occurred in interconnected extrapyra-
midal and oculomotor structures and this spatial 
pattern of distribution suggests the spread of this 
disorder across synaptic connections [44]. However, 
we cannot exclude the possibility that any abnor-
malities in other neurons are not gross, but might be 
subtler at the subcellular level. 

Many studies have addressed the selective vul-
nerability of DCN neurons to NVSD [13,15,27,41,43], 
however none of them examined either the subtypes 
of neurons mainly affected or the relative importance 
of neurohumoral synaptic dysfunction in this struc-
ture. The normal DCN contains mainly three popu-
lations of neurons: small GABAergic neurons, which 
send projections to the inferior olive, small GABAer-
gic local interneurons and larger glutamatergic neu-
rons, which project to premotor areas and regulate 
the motor control [22]. These cells are GAD positive 
with a  mild expression of GABA and NMDAR1. In 
NVSD cerebellar nuclei, large neurons are severely in 
decline in parallel with a reduction in GABA and GAD 
immunoreactivity of the remaining cells. 

Moreover, in normal DCN, nuclear neurons receive 
mostly inhibitory GABAergic inputs from PCs and 
excitatory glutamatergic inputs from mossy fibres. 

The latter originate from the second order neuron of 
Clarke’s nuclei and from axon collaterals of inferior 
olive neurons. In NVSD animals, the glutamatergic 
inputs in DCN severely declined in parallel with the 
overexpression of NMDAR1 by the neuronal somata. 
This upregulation probably serves as a compensato-
ry mechanism in the reduction of excitatory glutama-
tergic inputs from mossy fibres. However, GABAergic 
synapses formed by the axons of PCs outnumber the 
glutamatergic and GABAergic synapses formed by 
local interneurons [51]. The reduction of GABAergic 
fibres in DCN in NVSD animals is substantial sug-
gesting that GABAergic inhibition from PCs is heavily 
missing. 

Intraneuronal vacuoles with a similar distribution 
pattern as in NVSD have been recently reported in 
a spontaneous neurodegenerative disease in Lagotto 
Romagnolo dogs associated with abnormal autopha-
gosome maturation and a  mutation in the autoph-
agy-related gene ATG4D [28]. There are a  variety of 
studies, either in transgenic mice or canine hereditary 
ataxias providing compelling evidence that a primary 
defect in autophagy can induce neurodegenerative 
disease. Autophagy is the process by which more 
long-lived proteins and organelles are incorporat-
ed into autophagosomes for delivery to vacuoles or 
lysosomes for degradation. Constitutive autophagy 
plays an important role as a basal source of energy 
in cells with high metabolic needs, such as the PCs, 
in the global turnover of cellular organelles and in the 
clearance of potentially toxic protein aggregates [24-
26]. Is it well acknowledged that the heterodimeric  
RAB3GAP complex regulates the RAB GTPase RAB3 
and the release of neurotransmitters at the neuro-
nal synapse; however, recently it has been found that 
RAB3GAP1/2 also affects intracellular protein aggre-
gation and modulate autophagosomal maturation in 
basal and rapamycin-induced conditions [45]. Defi-
ciencies of glutamatergic and GABAergic terminals 
in the DCN of NVSD animals may induce a compro-
mised function of proteins involved in the organelles’ 
integrity. Moreover, vacuolation in DCN neurons may 
provide evidence for an altered autophagy as a stress 
response to anterograde transneuronal deafferenta-
tion and neurotransmitters deprivation [35].

Atrophy and loss of PCs constitute a major his-
topathological hallmark in the cerebellum of NVSD 
animals. The remaining PCs showed reduced IOD 
for GAD, GABA and calbindin. In addition, histo-
pathology revealed axonal torpedoes, which are 
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ellipsoid swellings of PC axons in the GCL and are 
considered to be non-specific changes in various 
disorders, such as spinocerebellar degeneration 
[31]. Torpedo formation has been linked to the loss 
of DCN neurons as a consequence of a retrograde 
change based on the synaptic detachment of PC 
axon terminals. It is unlikely that primary changes 
in PC bodies are involved in the torpedo formation 
seen in these conditions. On the contrary, the fact 
that there is a severe damage of DCN but a number 
of PCs is preserved raises the possibility that the 
neuronal loss leads secondarily to torpedo forma-
tion. Moreover, it has been shown that torpedoes 
do not develop until the density of neurons in DCN 
is reduced to about half of that in controls, because 
the terminal arborisation of the axon of each PC 
occurs in the DCN to make synaptic contact with 
multiple neurons [31].

In conclusion, vacuolation in diseases such as 
NVSD could be a histopathological manifestation of 
intense intracellular degradation of specific neuronal 
types, due to neurotransmitters deprivation in the 
terminals of afferent fibres. The RAB3GAP1:c.743delC 
dogs could serve as a model for investigating the role 
of Rab3GAP in membrane trafficking and the patho-
genesis of diseases such as WARBM.
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A b s t r a c t

Biotin-thiamine-responsive basal ganglia disease is a severe form of a rare neurogenetic disorder caused by patho-
genic molecular variants in the thiamine transporter gene. Nowadays, a potentially effective treatment is known, 
therefore the early diagnosis is mandatory. The aim of the paper was to assess the contribution of neuropatholog-
ical and magnetic resonance imaging (MRI) studies to a proper diagnosis. We present the brain study of two Polish 
patients with SLC19A3 mutations, including (1) an infant with an intriguing “walnut” appearance of the brain autop-
sied many years before the discovery of the SLC19A3 defect, and (2) a one-year-old patient with clinical features 
of Leigh syndrome. In patient 2, biotin/thiamine responsiveness was not tested at the time of diagnosis and causal 
treatment started with one-year delay.
The central nervous system lesions found in the patients displayed almost clearly a specific pattern for SLC19A3 
defect, as previously proposed in diagnostic criteria. Our study presents a detailed description of neuropathological 
and MRI findings of both patients.
We confirm that the autopsy and/or MRI of the brain is sufficient to qualify a patient with an unknown neuropatho-
logical disorder directly for SLC19A3 mutations testing and a prompt trial of specific treatment.

Key words: basal ganglia disease, SLC19A3 mutations, MRI, autopsy, neuropathology, thiamine transporter.
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Introduction

A  neurogenetic disorder related to homozygous 
or compound heterozygous mutations in the SLC19A3 

gene was firstly described in 2005 [7] and is known 
by two acronyms: BBGD (biotin-responsive basal gan-
glia disease) and BTRBGD (biotin-thiamine-respon-
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sive basal ganglia disease). Since its discovery, almost 
a hundred patients have been reported, mainly from 
Saudi Arabia [2], but also from Japan, Lebanon, Mex-
ico, Sweden and other countries. The natural history 
of the condition is quite well recognized, pointing 
to a  remarkable clinical heterogeneity, even inside 
the same family and the wide range of severity and 
prognoses [6]. Recently this has been comprehen-
sively reviewed [1,2].

The distinctive feature of this rare disease is 
a potential effectiveness of the treatment with bio-
tin and thiamine in high doses [3,5,18]. Pathogenic 
variants in the SLC19A3 [NM_025243.3] coding for 
thiamine transporter 2 lead to a  decrease in the 
free-thiamine concentration in cells [10]. Brain imag-
ing most commonly shows a basal ganglia involve-
ment of Leigh-like syndrome type [4,5,15] and/or Wer-
nicke encephalopathy features resembling acquired 
vitamin B1 deficiency [7]. Progressive brain atrophy is 
a relatively common finding [15].

Although in the literature there are numer-
ous magnetic resonance imagining (MRI) series of 
SLC19A3 defect illustrating both specific changes 
in detail [6,17] and the response to specific treat-
ment [1,2], only few reports focus on brain pathol-
ogy in affected patients [15]. Herein, we present 
our unique autopsy findings (“walnut” appearance 
of the brain) in a Polish child who died many years 
ago, and in whom the underlying SLC19A3 homozy-
gous mutation has been recently established by WES 
(whole-exome sequencing). In the second Polish 
patient bearing other homozygous SLC19A3 variant 
we show brain MRI evolution before and after vita-
min B1/biotin administration. The treatment which 
started one year after the disease onset was not suf-
ficiently effective in this child. The aim of the paper 
was to focus on brain neuropathological findings.

Material and methods

Neuropathological characteristics of the brain 
of patients with SLC19A3 defect were analysed in 
detail to establish usefulness of diagnostic criteria 
proposed by van den Knaap et al. [6]. Two Polish 
patients with the SLC19A3 mutations identified out 
of 113 mitochondrial patients studied in The Chil-
dren’s Memorial Health Institute (CMHI) in the peri-
od of 1995-2016 [13] were included.

Routine methods were applied for autopsy study 
and MRI. 

The study was conducted according to the prin-
ciples of the Helsinki Declaration. The study protocol 
was approved by the CMHI Bioethics Commission. 
Informed parental consent was given for the study. 

Case reports

Patient 1 was born spontaneously, from the 3rd 
uncomplicated pregnancy, with the birth weight of 
4050 g; he obtained 8 points in Apgar score. His 
older sister was healthy, while his brother died at 
the age of six months due to an acute neurological 
deterioration. Autopsy was performed but it did not 
confirm clinically suspected meningitis, however 
focal cortical dysplasia was described in microsco
pic evaluation of post-mortem material (specimens 
not available for verification). The patient displayed 
global developmental delay, spastic tetraparesis, 
progressive microcephaly up to much below the 3rd 
centile (weight 25 c; height 97 c) and seizures since 
the 3rd month of life. 

At the age of 8 months, critical deterioration of 
the general health condition occurred. General brain 
atrophy was described in MRI (imaging documenta-
tion not available). Blood tests showed metabolic aci-
dosis (pH 7.328) accompanied by normal concentra-
tions of lactate (1.8 mmol/l) and alanine (242 µmol/l). 
Cerebrospinal aminoacidogram revealed increased 
threonine, decreased serine and normal alanine lev-
els. Classic organic acidurias, biotinidase deficiency, 
aminoacidopathies and lysosomal storage diseas-
es were excluded. The boy died with hypertension, 
hypothermia, prolonged coma, respiratory and car-
diac insufficiency at the age of 8 months, before 
the SLC19A3 gene discovery. Recently, whole exome 
sequencing has revealed homozygous SLC19A3 
c.74dupT (p.Ser26Leufs*19) mutation. Molecular 
analysis performed in his family confirmed parental 
inheritance of the identified variant [13].

Patient 2, a boy was born from the 3rd pregnan-
cy, in term (40 weeks of gestation), with a good clin-
ical status (4350 g; 10 Apgar score). The delivery was 
complicated by the collarbone fracture and transient 
hypoxia. The first pregnancy of the mother terminat-
ed with intrauterine foetal death. The healthy brother 
came from the second pregnancy. The patient was 
under neurological care in infancy due to inappro-
priate muscle tension, however his motor develop-
ment was normal. He sat alone between the 7th-8th 
month of age, stood and walked with support in the 
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10th month. He started saying his first words on time. 
At the 12th month of age he stumbled and fell when 
teething and stopped walking due to hypotonia.  
The brain MRI revealed basal ganglia changes and 
diagnosis of Leigh syndrome (LS) was established. 
Blood and CSF concentrations of lactate were at 
the upper control range (2.3 and 1.7 mmol/l, respec-
tively), biotinidase deficiency was excluded. In the 
following year, regression in the boy’s development 
was observed, his emotional contact with parents 
decreased, he stopped standing up and crawled 
on all fours. Muscle biopsy revealed mitochondrial 
complex I deficiency (2.8% of normal value). Further 
deterioration was observed. This included a complete 
loss of contact, choking, axial hypotonia with limb 
hypertonia, strong reflexes, feeding problems requir-
ing a gastric tube and then percutaneous endoscop-
ic gastrostomy (PEG) implantation. Molecular search 
for the most common LS causative mutations in the 
SURF1, MTATP6, MTTL1, POLG, SCO2 and MTFMT was 
negative. At the age of 22 months, a proper diagno-
sis of BTRBGD associated with SLC19A3 homozygous 
c.68G>T (p.Gly23Val) mutation was established by 
WES [13]. A  heterozygous pattern was found in his 
parents. Vitamin B1 and biotin were administered 
one year after the onset of the disease, in high doses 
of 200 mg and 5 mg daily (and 300 mg and 10 mg 
since the age of 4). At the start of treatment the boy 
demonstrated tetraparesis and severe extrapyrami-

dal syndrome with dystonia and sleep-wake phase 
reversal. Development of brain atrophy was found 
on second MRI performed two months later. No clear 
clinical improvement was observed during the vitamin 
supplementation, but the disease course was without 
further regression and without exacerbation episodes. 
Now, at the age of 4, his clinical status is stable, depen-
dent on the type of anticonvulsant treatment with the 
best response to valproic acid administration (and its 
good tolerance). Recently, on ketogenic diet, the boy is 
quieter, has less tensions (spasms) and longer sleep.

Results

The neuropathological abnormalities found in 
the patients related to the diagnostic criteria pro-
posed in the literature are shown in Table I. Repeat-
ability of all assessed parameters indicates that the 
brain neuropathology may present a reliable basis to 
identify patients with SLC19A3 defect. The detailed 
findings of autopsy and MRI are described below.

Neuropathological findings on autopsy 
of patient 1 

Gross examination of formalin fixed brain revealed 
gyral atrophy of frontal, parietal and occipital lobes, 
as well as cerebellar hemispheres and vermis (Fig. 1).  
The degree of gyral atrophy appeared less pronounced 
in temporal lobes. External examination of the brain 

Table I. Topography of neuropathological changes in two patients with SLC19A3 mutations

Topography of changes (according to [3]) Patient 1 Patient 2

Method of assessment Autopsy MRI

Age of assessment 10 months 12 months/3 years

Stage of the disease at assessment End stage Acute/intermediate

Symmetric basal ganglia changes + +/+

Nucleus caudatus + ++/+

Putamen + ++/+

Globus pallidus + ++/+

Thalamus + ++/–

Cerebral white matter changes + ++/–

Subcortical + +/–

Central + –/–

With cortex involvement + +/–

Cerebellar white matter changes + –/–

With cortex involvement + –/–

Abnormalities in the pons + –/–

In midbrain + +/–

Atrophy of affected structures on follow-up Severe –/Severe
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stem structures, including pituitary gland and vascu-
lature, showed no virtual abnormalities. On coronal 
sections, cerebral and cerebellar cortex appeared to be 
atrophic in a diffuse manner. Subcortical white matter 
showed multiple areas of destruction and cavitation. 
The ventricular system was symmetrically widened. 
Basal ganglia showed multiple roughly symmetrical 
areas of pseudocystic destruction. Symmetrical foci 
of discoloration were found in mesencephalon in the 
vicinity of cerebral aqueduct, in the floor of the fourth 
ventricle and dorsal upper medullary region. Discol-
oration and tissue rarefaction and cavitation encom-
passed also cerebellar white matter, with accompany-
ing complete blurring of the dentate nuclei.

Microscopic neuropathological examination reveal
ed diffuse bilateral effacement of hemispheric cortical 
architecture (Fig. 2). Cortex damage included diffuse 
neuronal loss, pronounced astroglial gemistocytic 
reaction and focal massive spongiosis with nervous 
tissue destruction. 

Basal ganglia showed necrosis and calcification 
of multiple neurons with tissue destruction, as well 
as formation of cavities. Bilateral “Leigh-like” foci of 
capillary proliferation accompanied by gliosis, spon-
giosis, oedema and pseudocystic tissue destruction 
encompassed basal ganglia, periaqueductal mes-
encephalon, subependymal pontine and medullary 
areas, as well as cerebellar white matter.

A  striking pattern of damage was found in the 
cerebellar cortex. The most of gyral cerebellar cor-
tical areas showed almost a  total loss of neuronal 
elements. Both external and internal granular layers 
and Purkinje cells presented multiple areas of whole-
cell calcifications or complete cell body disappear-
ance. Diffuse areas of replacement glial proliferation 
occupied most of collapsed, atrophic gyral struc-
tures. Only some peripheral “apical” regions of gyri 
retained some preserved neuronal cortical elements, 
although also with signs of damage.

Olivary nuclei and spinal cord appeared to be rel-
atively well preserved.

Patient 2 – brain magnetic resonance 
examination 

Brain MR examination performed at the age of 
12 months, during the acute phase, demonstrated 
swelling of the basal ganglia with cystic degenera-
tion in both lenticular nuclei on T2-weighted imag-
es. Bilateral lesions in the crus cerebri, cortex and 
grey-white matter junction were seen in both cere-
bral hemispheres. The areas of the cytotoxic oede-
ma were recognized in the cortex and the parts of 
putamina (Figs. 3A-C). FLAIR image clearly demon-
strates cystic degeneration in both lenticular nuclei 
(Fig. 3D). Diffusion weighted image (Fig. 3E) and ADC 

Fig. 1. A) Brain, coronal section showing cortical atrophy, subcortical white matter shrinkage and cavitation, 
as well as bilateral basal ganglia discoloration and pseudocystic transformation. B) Brain stem, pons. Sym-
metrical discoloration of subventricular areas. C) Cerebellum with cortical atrophy and subcortical tissue 
damage. See corresponding histological findings in Figure 2 (areas indicated by circles).
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map (Fig. 3F) show an increased signal representing 
vasogenic oedema with multiple areas of restriction 
diffusion suggesting cytotoxic oedema (Fig. 3F) at 
both putamen. 

Follow-up MR examination at the age of 3 (Fig. 4)  
revealed generalized infra- and supratentorial cor-
tical and subcortical atrophy (Figs. 4A-D). The sig-
nal of both thalami and cerebral cortex normalized.  
An abnormal signal of the atrophic basal ganglia is 
decreased and the size of cystic lesions are dimin-
ished (Figs. 4A-C). Interestingly, in contrast to patient 1, 
the cerebellar cortex showed no detectable atrophic 
changes.

Discussion

In both studied cases, the diagnosis of SLC19A3 
defect was established too late to reliably check the 

effectiveness of biotin/thiamine administration. Intri
guing specificity of brain morphology of “walnut pat-
tern” [8] found at autopsy in patient 1 was the cause 
of the return to investigation after years, with the 
advent of the whole exome sequencing, which final-
ly unravelled the disease cause. In patient 2, Leigh 
syndrome was diagnosed by MRI at onset (in 2013) 
but SLC19A3 defect was not considered and therefore 
biotin/thiamine administration was not tested then. 
After establishing molecular diagnosis of SLC19A3 
defect, the first MRI was re-assessed and found typi-
cal of BTRBGD.

In 2013, the research team of van den Knaap 
identified a distinct MRI pattern [6] in seven patients 
with lethal leukoencephalopathy (out of more than 
3000 MRIs). Using WES technology they linked this 
condition to SLC19A3 mutations. The pattern includ-

Fig. 2. Central nervous system autopsy material, paraffin sections stained with hematoxylin and eosin.  
A) Cerebral cortical and subcortical damage. Original magnification 100×. B) Basal ganglia lesions. Origi-
nal magnification 200×. C) Brain stem (pons). Leigh-like subependymal focus. Original magnification 40×.  
D) Cerebellar cortex atrophy. Original magnification 100×. Detailed description in the text.
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ed: “(i) bilateral signal abnormalities of the nucleus 
caudatus, putamen, globus pallidus and thalamus; 
(ii) extensive signal abnormalities of the subcortical 
and central cerebral white matter and the cerebral 

cortex; (iii) diffuse signal abnormalities of the cere-
bellar white matter with or without involvement of 
the cortex; (iv) extensive signal abnormalities in the 
pons and midbrain; and (v) in the case of follow-up 

Fig. 4. Follow-up brain magnetic resonance at the age of 3 years. Generalized cortical and subcortical brain 
atrophy is seen (A-D). The signal of both thalami and cerebral cortex is normalized. Abnormal signal of the 
atrophic basal ganglia is decreased and the size of cystic lesions is diminished (A-C).

A B C D

Fig. 3. Brain magnetic resonance imaging at the age of 12 months, the acute phase. Axial T2-weighted images 
demonstrate a bilateral and symmetric increased signal of the head of the caudate nuclei, putamina, globus 
pallidi and medial parts of both thalami (A and D). Abnormal T2-hyperintensities of the cerebral cortex and 
grey-white matter junction in both cerebral hemispheres (B and C). Axial FLAIR image (D) clearly demon-
strates cystic degeneration of both lenticular nuclei. Diffusion weighted image (E) and ADC map (F) show an 
increased signal and represents vasogenic oedema with areas of restriction diffusion (F) suggesting cytotoxic 
oedema in parts of both putamina. 
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MRIs, atrophy of affected structures” [6]. Acute, post-
acute, intermediate and end stage of the disease 
were specified in that study [6]. Up to now more 
than 75 patients were reported and natural history 
of the disease was presented in detail [10].

The clinical course of both presented patients 
demonstrated the most severe type of the SLC19A3 
defect. Neuropathological findings were in full accor-
dance with the diagnostic criteria (Table I) for the dis-
ease [6]. We have to emphasize that in both patients 
a mitochondrial disease in the form of Leigh disease 
was also expressed, with typical topography and typ-
ical histopathological features of capillary prolifera-
tion, gliosis, spongiosis, oedema and pseudocystic 
formation in the affected brain regions, as described 
first by David Leigh in 1954 [9]. 

Our detailed description of human brain histolo-
gy of SLC19A3 defect is the second report, after the 
first one [6], which showed almost the same neu-
ropathological damage pattern. Interestingly, there 
is also an animal model of the disease, studied in 
detail [16]. The dogs, Alaskan Huskies, demonstrated 
similar histological features to the affected humans. 
It included bilateral symmetrical, cavitary, malacic 
lesions in the thalamus, putamen, claustrum, junc-
tional grey and white matter in the cerebral cortex, 
brainstem and midline cerebellar vermis [9]. Impor-
tantly, an occurrence of some interspecies differenc-
es was noticed by the authors [16].

About twenty five mutations including these iden-
tified in our study have been reported until today in 
the SLC19A3 gene encoding a ubiquitously expressed 
human thiamine transporter 2 (hTHTR2). Most of 
them are missense/nonsense changes [HGMD Pro-
fessional 2016.4]. 

The c.74dupT variant found in patient 1 is predict-
ed to result in a frameshift starting at codon Ser26 
and premature termination of protein translation 
(Ser26Leufs*19). This mutation was reported twice 
[3,14] in the compound heterozygous state.

The c.68G>T variant identified in patient 2 in the 
homozygous state resulted in substitution of highly 
evolutionary conserved Gly23 into Val. It is a very rare 
variant as its minor allele frequency (MAF) reported 
in the Exome Aggregation Consortium (ExAC) data-
base is 0.000008. It was found up to now in three 
other families [6,10,12,19] including two with the 
same c.68G>T/c.68G>T genotype [19] as patient 2.  
One of them, Yemeni originated, presented first 
symptoms at the age of 12 months, just like our 

patient 2. The biotin supplementation was started 
immediately (in 4 days) and its effectiveness was 
very good [11,19]. The second reported patient with 
a  homozygous c.68G>T variant, of Spanish origin, 
presented with acute encephalopathy and lactic aci-
dosis during early infancy and also responded quick-
ly to the biotin/thiamine treatment [12], however, on 
the follow-up observation, brain necrotic changes 
and cerebral atrophy developed in this patient.

In summary, our observation confirmed that 
morphological characteristics of the brain (autopsy 
or MRI) are quite specific to suspect BTRBGD and 
to start a  cascade family study and/or test of bio-
tin/thiamine administration immediately, before the 
final molecular identification of SLC19A3 defect.
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A b s t r a c t

Neuroinflammation is one of the hallmarks of Alzheimer’s disease. One of the enzymes involved in neuroinflam-
mation, even in early stages of the disease, is COX-2, an inducible cyclooxygenase responsible for the generation  
of eicosanoids and for the generation of free radicals. Individuals with Down syndrome develop Alzheimer’s disease 
early in life. Previous studies pointed to the possible overexpression of COX-2 and correlated it to brain regions affect-
ed by the disease. We analysed the COX-2 expression levels in individuals with Down syndrome and in young, adult 
and old mice of the Ts65Dn mouse model for Down syndrome. We have observed an overexpression of COX-2 in both, 
Down syndrome individuals and mice. Importantly, mice already presented an overexpression of COX-2 at postnatal 
day 30, before neurodegeneration begins; which suggests that neuroinflammation may underlie the posterior neuro-
degeneration observed in individuals with Down syndrome and in Ts65Dn mice and could be a factor for the premature 
appearance of Alzheimer’s disease.
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Introduction

Down syndrome (DS) is the most common chro-
mosomal aneuploidy [26]. Trisomy of chromosome 
21 induces a phenotype with two hallmarks: intellec-
tual disability and early development of Alzheimer’s 
disease (AD) [20]. 

Alzheimer’s disease development may be relat-
ed to the presence of the amyloid precursor protein 
(APP) and the S100 genes on chromosome 21 [1,11]. 
Alzheimer’s disease has been widely associated with 
neuroinflammation, a  process that may be respon
sible for neuronal death observed in patients. One of 
the key enzymes at the top of the neuroinflammatory 
cascade is the COX family (cyclooxygenases) which 

comprises two members: COX-1 that is expressed 
under basal conditions and COX-2, an inducible iso-
form, although expressed weakly under basal condi-
tions. Several studies have analysed the expression 
of COX-2 in AD brains showing contradictory effects, 
probably due to the different disease stages in which 
the studies were performed [5,35].

The Ts65Dn mouse is a DS model which is seg-
mentally trisomic for a portion of mouse chromosome 
16 and orthologous to the long arm of the human 
chromosome 21. This segment contains approximate-
ly 140 genes, many of which are highly conserved 
between mice and humans [32]. Ts65Dn mice repro-
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duce many of the alterations observed in DS, includ-
ing the cholinergic degeneration present in AD.

In this study, we aim to characterize COX-2 ex
pression in the human temporal cortex in DS and in 
the Ts65Dn mouse model with age.

Material and methods

Experimental mice were generated by repeated 
backcrossing of Ts65Dn females to C57/6Ei 9 C3H/
HeSnJ (B6EiC3) F1 hybrid males. The parental gen-
eration was obtained from the research colony of 
Jackson Laboratory. Euploid littermates of Ts65Dn 
mice served as controls. We used a  total of 18 tri-
somic and 18 euploid mice in three groups: young  
(1 month), adult (3-4 months) and old (12-14 months). 
The genotypic characterization was established by 
qRT-PCR using SYBR Green PCR master mix (Applied 
Biosystems). The amount of each gene was quan-
tified by the ABI PRISM 7700 (Applied Biosystems). 
The genes analysed were APP (3 copies) and Apo-B 
(2 copies) [13,18]. Animal experimentation was con-
ducted in accordance with Directive 2010/63/EU of 
the European Parliament and Council of 22 Septem-
ber 2010 on the protection of animals used for sci-
entific purposes and was approved by the Commit-
tee of Bioethics of the University of Valencia. Every 
effort was made to minimize the number of animals 
used and their suffering. 

Animals were transcardially perfused under deep 
anaesthesia (choral hydrate 4%, 1 ml/100 gr bw) 
using 4% paraformaldehyde in phosphate buffer. 
Brains were cryoprotected using 30% sucrose. Fifty 
microns thick sections (6 subseries) were collected 
from each brain using a sliding freezing microtome.

Human samples were obtained from the BiOBANC 
HCB – IDIBAPS (Barcelona, Spain). Temporal cortex 
human brain tissue had been fixed (24 h, paraform
aldehyde 4% in buffered solution), cryoprotected 
(sucrose 30%), stored at –80ºC and cut (8-10 µm) with 
a cryostat. We tested 5 controls (average age 55 years 
old, 31-78, PMI 11 h, 7-17 h) and 5 individuals with DS 
(average age 53.6 years old, 36-67, PMI 11.5, 6-18 h). 

Single and double immunofluorescence

Tissue was processed “free-floating” (mouse brain 
sections) or on slides (human sections) for immuno-
fluorescence as follows. Sections were incubated 
with citrate buffer (0.01 M, pH 6.0) for 1 minute at 
100ºC. After this, sections were treated for 1 h with 

5% normal donkey serum (NDS) (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA) in PBS with 
0.2% Triton-X100 (Sigma-Aldrich, St. Louis, MO, USA) 
and incubated overnight at room temperature either 
with only polyclonal goat IgG anti-COX2 (1 : 500, San-
ta Cruz) antibody or with a mix of COX-2 antibody 
and one of the following antibodies: monoclonal 
mouse IgG anti-NeuN (1 : 100, Chemicon), monoclo-
nal mouse IgG anti-Iba1 (1 : 1000, Chemicon), poly-
clonal rabbit IgG anti-GFAP (1 : 1000, Sigma-Aldrich) 
or monoclonal mouse IgG anti-RIP (1 : 500, DSHB). 
Secondary antibodies were Alexa 488 donkey anti-
goat IgG (1 : 200 Molecular Probes) and one of the 
following: Alexa 555 donkey anti-mouse IgG (1 : 200 
Molecular Probes) or Alexa 555 donkey anti-rabbit IgG  
(1 : 200 Molecular Probes). Sections were mounted 
using Dako fluorescent medium (Dako North Amer-
ica, California). The sections were analysed using 
a confocal microscope (Leica TSC-SPE). Stacks (z-step 
1.15 μm) were analysed using ImageJ software. All 
studied sections passed through all procedures 
simultaneously. All slides were coded prior to analysis 
until the experiment was completed.

Quantification of COX-2 expression

We analysed (1) the number of cells express-
ing COX-2 (high expression and low expression 
cells) and (2) the intensity of expression per cell in 
the temporal cortex of humans and mice (euploid 
and trisomic) of different ages. (1) For the number 
of cells, we counted the immunoreactive cells in 
500-µm-wide strips (20 strips per group) running 
perpendicular to the pial surface including all layers 
of the temporal cortex. After measuring the area, 
we calculated cellular density. (2) For the intensity 
of expression per cell, we measured the intensity 
of fluorescence emission in 50 cells per individual 
using ImageJ software. Means were determined for 
each experimental group and data were statistical-
ly analysed using SPSS (version 15). The difference 
between groups was analysed in humans with one 
way ANOVA (phenotype) and in mice with two way 
ANOVA (age and phenotype). Parallel Nissl-stained 
sections were used to locate the analysed region.

Results

COX-2-positive cells could be found in all layers 
of the temporal cortex, as well as in other cortical 
regions of the adult mouse. We observed COX-2 
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Fig. 1. COX-2 expression in mice and humans. A) Adult mouse cortex. High expression of COX-2 in small cells 
(arrowheads) and low expression in large cells. B) COX-2 in the human temporal cortex. C) In mice, large COX-2 
expressing cells are NeuN positive (neurons, arrowheads) but small cells are not. D) COX-2 small cells are Iba-1 
(microglia, arrowhead). GFAP-positive astrocytes (E) and RIP-positive oligodendrocytes (F) lack COX-2. Scale 
bar 50 µm. 
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expression in two types of cells: small cells with 
high expression (arrowheads, Fig. 1A) and large cells 
with low expression (Fig. 1A). Expression of COX-2 in 
the temporal cortex of humans presented a similar 
pattern to that of mouse; however the population 
of small intensely stained cells was absent (Fig. 1B).

Phenotypic characterization of COX-2-expressing 
cells in the mouse temporal cortex reflected that 
the large COX-2-positive cells corresponded to neu-
rons (NeuN positive, Fig. 1C) while the small COX-2 
positive cells corresponded to microglia (Iba-1 posi-
tive, Fig. 1D). COX-2 was absent in astrocytes (GFAP,  
Fig. 1E) and oligodendrocytes (RIP, Fig. 1F).

Next, we studied COX-2 expression in DS indi-
viduals (5 controls and 5 individuals with DS) and 
found more COX-2-positive cells in individuals with 
DS (428.0 ± 29.4 cells/mm2) than in controls (331.0 
± 25.4 cells/mm2, p < 0.05) (Fig. 2A). Analysis of the 
intensity of COX-2 expression in both, control and 
DS individuals, showed that it was similar in the pos-
itive cells in the two groups (Fig. 2B).

In the second part of the study we set out to study 
whether the increase in COX-2-positive cell number 
observed in humans was present in the temporal 
cortex of the mouse model for DS Ts65Dn and if so, 
to determine the time point of onset of the over-
expression of this molecule. As shown above, there 
are two populations of cells in mice (Fig. 1B): small, 
high COX-2-expressing cells (microglia) and large, low 
COX-2-expressing cells (neurons) in young (1 month), 
adult (4 months) and old (12-14 months) mice. Anal-
ysis of the microglial cells expressing COX-2 (Fig. 3A) 

revealed a phenotype-dependent decrease (p < 0.05).  
Moreover, the number of microglial cells expressing 
COX-2 was reduced with age (young-adult p < 0.001, 
and adult-old p < 0.05). Young: control 122.0 ± 11.2  
vs. trisomic 94.4 ± 4.1 cells/mm2; adults: control 70.3 
± 3.0 vs. trisomic 62.5 ± 7.9 cells/mm2; old: control 
48.9 ± 10.6 vs. trisomic 38.4 ± 10.8 cells/mm2. Analysis 
of the number of neurons expressing COX-2 in mice 
(Fig. 3B) (similar population as observed in humans) 
showed that the COX-2 neuronal density was not 
altered between age groups, but similar to humans, 
we found more COX-2-expressing neurons in trisom-
ic mice (p < 0.001; Fig. 3B). Control: young 696.9 ± 
20.1; adult 680.3 ± 25.2; old 669.7 ± 22.4 cells/mm2; 
trisomic: young 843.9 ± 25.7; adult 836.4 ± 30.5; old 
824.2 ± 58.2 cells/mm2. Finally we analysed the inten-
sity of COX-2 expression in the cytoplasm of neurons 
(Fig. 3C) in the different groups of mice. We observed 
a decrease in the intensity related to age, however, 
similar to our findings in humans, there was no differ-
ence in the intensity of expression of COX-2 between 
control and trisomic mice at any age studied.

Discussion

In conclusion, we have found an increased num-
ber of COX-2 immunoreactive cells in the human DS 
temporal cortex as well as in the brain of the mouse 
model for DS (Ts65Dn) at any age examined. Our 
findings in humans confirm previous studies where 
an increased expression of COX-2 has been observed 
in other brain regions [24].

Fig. 2. Alterations in COX-2 expression in the human temporal cortex in DS. A) COX-2 cell density in the 
human temporal cortex (control vs. DS). B) Intensity of expression of COX-2 in the cytoplasm of neurons in 
the human temporal cortex (control vs. DS), values are represented in %, being 100 in control conditions 
(*p < 0.05).
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In mice it has been shown previously that COX-2 
is present in neurons [16,35], although some studies 
found it in microglia [4,34], and even astrocytes [14]. 
Using an antibody previously tested in humans, we 
and others have shown that in humans COX-2-pos-
itive cells are always neurons [22]. However, in the 
mouse temporal cortex we found, in addition to 
large COX-2-expressing NeuN-positive cells (neu-
rons, Fig. 1C), small COX-2-expressing cells which 
were Iba-1-positive and therefore microglia (Fig. 1D). 
COX-2 was absent in astrocytes (GFAP, Fig. 1E) and 
oligodendrocytes (RIP, Fig. 1F). Here we show that in 
the Ts65Dn mouse model, the increased number of 
COX-2-expressing neurons in DS is independent of 
age. The principal observation of our study is that this 
alteration starts early in DS, even in young animals 
(1 month old). This fact opens the possibility that, 
given that the alteration in COX-2 is previous to any 
deleterious observation, perhaps the degeneration 
observed in DS could be related to the alterations 
observed in markers such as COX-2.

The mechanism underlying the overexpression of 
COX-2 in DS has not been elucidated. One possibility 

is that the higher expression of COX-2 may be relat-
ed to an extra copy of S100B present in individuals 
with DS [4]. S100B induces the expression of NF-kB, 
which is responsible, in turn, for COX-2 transcription. 

Overexpression of COX-2 seems to be beneficial in 
the short run [9]. However, a chronic expression may 
be deleterious for the brain. In our animals, the den-
sity of COX-2 neurons remains unaltered with age, 
although some studies in old animals reported an 
increase with age [17]. Perhaps the reduced expres-
sion observed in the cytoplasm of old neurons in con-
trol and Ts65Dn mice, could lead to an underestima-
tion of the number of positive cells in old animals.

Control of COX-2 expression is fundamental 
because of the reaction products of COX-2, pro-
inflammatory prostanoids and reactive oxygen spe-
cies, may be cytotoxic and cause CNS injury [29]. 
However the clear role of COX-2 in the neuroinflam-
matory process is still a matter of controversy (for 
a  review, see [31]). COX-2 shows a  low expression 
under basal conditions, but is increased during 
inflammatory responses and can be induced by 
cytokines and tumour necrosis factor [33]. Pathol-

Fig. 3. Alterations in COX-2 expression in the 
Ts65Dn temporal cortex, changes with age.  
A) Change in the density of COX-2 positive 
microglia in the temporal cortex in control and 
trisomic mice at different ages. B) Change in the 
density of COX-2 positive neurons in the tempo-
ral cortex in control and trisomic mice with age. 
C) Intensity of expression of COX-2 in the cyto-
plasm of neurons in the mouse temporal cortex 
(control vs. Ts65Dn), values are represented in %, 
being 100 in young control conditions (*p < 0.05, 
**p < 0.01, ***p < 0.001).
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ogies are AD [23] or epilepsy [27] course with an 
increment in COX-2. Both pathologies present a high 
prevalence in DS individuals [20,30]. Moreover, DS 
is a syndrome that induces a premature ageing pro-
cess. Human fibroblasts of individuals with DS show 
an excess of COX-2, and, when submitted to pro-in-
flammatory treatment, respond strongly by increas-
ing COX-2 expression [24]. The elevated expression 
of COX-2 in DS could underlie, at least in part, the 
observed neurodegeneration in this syndrome and 
could explain the early onset of AD. 

COX-2 has been related to adult neurogenesis 
and neuronal function. The KO mice for COX-2 dis-
play a  reduction in hippocampal neurogenesis [21], 
moreover the treatment with COX-2 blockers reduc-
es neurogenesis [8] and impairs the formation of LTP 
[6]. Even animal models for diabetes display parallel 
alterations in COX-2 expression and neurogenesis 
[15]. However, other studies have observed that the 
increased expression of COX-2 reduced the survival 
of the newborn cells. [2]. However, the model for DS 
Ts65Dn, showing an increased expression of COX-2 
display a  reduction in neurogenesis in the hippo-
campus [7,19]. 

This apparent discrepancy could be explained 
attending to three main facts: (a) the analysis of 
the increased expression of COX-2 observed in the 
hippocampus of some animal models of insult, such 
ischemia, which induces an increase in the expres-
sion of COX-2 and neurogenesis reflects that the 
phenotype of the newly generated cells are mainly 
glia cells [28]; (b) the second possibility is related 
to the excess of cellular activity observed in DS [10] 
as well in the Ts65Dn model (Carbonell in prepara-
tion), this overactivation could be the basis of the 
increased expression of COX-2 and (c) the dysregula-
tion observed in the balance between excitation and 
inhibition observed in DS [3,12,25]. This dysregula-
tion leads to an increase in some inhibitory neurons, 
including the so-called IS cells [12,13], which inhibits 
other inhibitory neurons generating an over-activa-
tion that is related with the high prevalence of epi-
lepsy in individuals with DS [30] and could be relat-
ed to the increased expression of COX-2 observed in 
neurons in the Ts65Dn model.
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A b s t r a c t

Protein p53 is known to induce the cell cycle arrest and apoptosis in response to a variety of cellular distress signals 
and DNA damage. A recent study has demonstrated that in blood cells of aging subjects, p53 may induce early patho-
logical changes that precede the amyloidogenic cascade. However, it is not clear whether p53 participates in the local 
deposition of amyloid-beta peptide (Aβ) in the nerve tissue of normal aging subjects. Therefore, in the present study, 
we analyse the distribution of both (Aβ and p53) proteins in the cerebellum of individuals without any history of 
dementia or other neurological illness who died suddenly in traffic accidents.
We found that in the subjects at the beginning of their aging process (60-65 years of age) Aβ deposits were localized 
in subependymal areas of the cerebellar cortex and such deposits were not linked to the presence of p53 in the nerve 
tissue. In groups of subjects over 65 years of age, numerous Aβ diffuse plaques were scattered throughout the cerebellar 
cortex. In these subjects, p53 protein was detected in the cytoplasm or in the nucleus of the cerebellar nerve cells.
All the results lead to the conclusion that in nerve tissue p53 participates in the process of neurodegeneration and 
then it is involved in the deposition of Aβ in the nerve tissue. 
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Introduction

The brain as any other organ shows morphologi-
cal changes with the increasing age. In humans, most 
prominent morphological features of the brain aging 
include extracellular deposits of amyloid and intra-
cellular neurofibrillary tangles. Amyloid deposits may 
take a form of diffuse, neuritic or senile plaques and 
angiopathy in small blood vessels. The main compo-
nent of such deposits is beta-amyloid (Aβ) which is 

a  fragment of the amyloid precursor protein (APP) 
snipped from APP during its metabolism.

Clinical symptoms at the beginning of human aging 
are characterized by a  decrease in muscle strength, 
impairment of vision, and diminution of hearing but 
progress of aging leads to the further symptoms 
such as loss of memory for recent events, decreased 
abstract thinking, disorientation and dementia includ-
ing Alzheimer’s disease (AD). 
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Currently, with the increasing life expectancy 
across the world, problems inherent in aging are  
the focus of the intensive study. A substantial body  
of evidence suggests that the lifespan is under genet-
ic control but decades of quest for human longevity 
genes were not successful. Results of the studies sug-
gest that the epigenetic mechanisms probably play 
a role in modulating the lifespan [13,23,34]. Moreover, 
these studies document that the heritability of epi-
genetic age acceleration in various brain regions is 
different and that the heritability of age acceleration 
of the cerebellum appears to be higher than that of 
the frontal cortex, pons or temporal cortex.

The role of the cerebellum in motor coordination 
of the body movement is well known [8,11,35] but 
increasing evidence shows that the cerebellum plays 
also a significant role in cognitive functions such as 
attention, language, emotional behaviour, sleep, and 
even non-somatic visceral responses [21,29].

A distinct functional topography for the cerebellum 
has been shown, reflecting connections to distribut-
ed circuits within the central nervous system (CNS) 
[31,32]. These include loops associated with cognitive 
processing where the cerebellum exerts a modulating 
effect that may be impaired in neuropsychiatric dis-
eases [20,24-27].

Coupling within various neural networks and brain 
systems is known to be affected by amyloid patholo-
gy in AD [4,6,18,28], but also in elderly subjects with 
normal cognitive performance effects of brain amy-
loidosis on functional integrity of the cerebro-cerebel-
lar system has been documented [2]. Moreover, brain 
amyloidosis-related changes in cerebro-cerebellar 
coupling indicate brain regions with particular vulner-
ability to amyloid-associated pathology [29,30]. 

For the last few decades, the prevention and 
treatment of the cognitive disorders including AD 
has remained a  major challenge for clinicians and 
scientists. In view of existing and emerging thera-
peutic compounds, the focus has increasingly shift-
ed to accurate detection of the earliest phase of the 
illness. Results of performed studies with a  wide 
variety of different proteins such as inflammatory 
markers, markers of oxidative stress, apolipoproteins, 
and markers of neuronal degeneration suggest [3,36] 
that the measurement of conformational altered p53 
in blood cells has a high ability to early discriminate 
AD cases from normal aging [14]. It was also observed 
that such defective p53 when influenced by very low 
concentrations of soluble Aβ, may induce at a cellu-

lar level, early pathological changes that precede the 
amyloidogenic cascade.

A recent study has demonstrated that Aβ is linked 
to functional reorganization within the cerebro- 
cerebellar system, taking place in elderly individuals 
with normal cognitive performance. However, it is 
not clear whether p53 protein participates in local 
deposition of Aβ in cerebellar of normal aging sub-
jects as it was observed in the cells of peripheral 
tissues. Therefore, in the present study, we analyse 
the distribution of both proteins in the cerebellum of 
individuals without any history of dementia or other 
neurological illness and who died suddenly in traffic 
accidents.

Material and methods

The study was performed performed on archival 
material of brain sections collected routinely at autop-
sies. All subjects were victims of traffic accidents  
in which they participated as drivers or as pedes-
trians. Paraffin blocks were drawn from the files of  
the Mossakowski Medical Research Centre, Polish 
Academy of Sciences, Warsaw, Poland. Serial sections  
5 μm thick were stained with H&E for routine histo-
logical examination or used for immuno-histochem-
ical study.

Immunohistochemistry was performed using 
specific primary antibodies: 
– �monoclonal mouse anti-human p53 protein Clone 

DO-7 Code No. M 7001 Lot 075 was purchased from 
DAKO and supplied in liquid form as tissue culture 
supernatant (RPMI 1640 medium containing foetal 
calf serum) dialysed against 0.05 M Tris/HCl, pH 7.2 
containing 15 mM NaN3. The DAKO antibody recog-
nizes an epitope in the N-terminus of the human 
p53 protein. The epitope for the antibody is known 
to be residing between amino acids 19 to 26; 

– �monoclonal mouse anti-β-amyloid 4G8 which rec-
ognizes an epitope residing between amino acids 
17-24 of Aβ protein was purchased from BioLeg-
end;

– �polyclonal rabbit anti-β-amyloid which recognizes 
an epitope residing between amino acids 1-42 pro-
tein of Aβ was purchased from Bio-Rad; 

– �alkaline phosphatase-avidin-biotin conjugate pur-
chased from Santa Cruz Biotechnology, Inc. (USA); 

– �avidin-biotin-peroxidase complex system purchased 
from Vector Laboratories (USA); 

– �and all of them were used according to the manu-
facturer’s recommendations. 
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Briefly, sections were dewaxed and hydrated 
through descending alcohols to water. For non-en-
zymatic antigen retrieval, tissue sections were heat-
ed in 0.01 M sodium citrate buffer (pH 6.0) to 95°C 
and allowed to cool for 20 min at room temperature 
and washed with PBS. Then, they were incubated in 
a solution of methanol containing 3% H2O2 for 20 min 
to quench endogenous peroxidase. Washed again in 
PBS and blocked with a solution of PBS containing 5% 
appropriate normal serum (rabbit or mouse) for 2 h at 
room temperature, sections were incubated overnight 
at 4°C in solutions of the primary antibody. Immunore-
actions were visualized using biotinylated secondary 
antibodies and ABComplex/HRP or an alkaline phos-
phatase-avidin-biotin conjugate. Then, sections were 
lightly counterstained with Mayer’s haematoxylin. 

For negative controls, primary antibodies were 
replaced with an appropriate isotypic normal mouse 
or rabbit immunoglobulin fraction at matched pro-
tein concentration. These were included for the 
examination of each specimen and consistently pro-
duced negative results.

Results 

Data pertaining to the groups of drivers and 
pedestrians who were victims of traffic accidents 

are shown in Tables I and II. Amyloid β peptide and 
p53 protein were found in approximately 50% of 
subjects. The immunoexpression and distribution of 
both proteins in cerebella of drivers were similar as 
in age-matched groups of pedestrians. In the group 
of subjects of 55-65 years of age, deposits of Aβ in 
form of diffuse plaques were detected only at the 
most peripheral areas of the cerebellar cortex (Table I). 
In groups of the older subjects, such plaques were 
scattered throughout the molecular and Purkinje cell 
layers (Fig. 1). Plaques were of different size and pecu-
liar shape (Fig. 2). 

Distribution of p53 protein in the cerebellum was 
clearly linked with the layer of the Purkinje cells (Fig. 3).

In the youngest groups of subjects (55-65 years 
of age), p53 was not detected in groups of the older 
individuals, p53 immuno-positive grains were found 
only in cytoplasm of some Purkinje cells (Table II). 
These grains were cumulated in the cytoplasm 
around the nucleus of the cells (Fig. 4).

In numerous Purkinje cells and other nerve cells, 
p53 was detected also within the cell nucleus (Table II 
and Fig. 5) but never simultaneously in the nucleus and 
in cytoplasm of the same cell. Accumulation of p53 
protein in the cell nucleus precedes the cell degener-
ation and death. In the double immunostained tissue 

Table I. Distribution of amyloid β deposits in the cerebellum of subjects participating in traffic accidents

Groups Number Age Areas of cerebellar cortex White matter

Drivers SM ML PC GL

7 55-65 4/7 0/7 0/7 0/7 0/7

9 66-75 5/9 5/9 3/9 0/9 0/9

5 76-85 4/5 4/5 4/5 0/5 0/5

Pedestrians 8 55-65 5/8 0/8 0/8 0/8 0/8

7 66-75 5/7 5/7 5/7 0/7 0/7

6 76-85 4/6 4/6 4/6 0/6 0/6

SM – submeningeal area of the cerebellar cortex, PC – Purkinje cell layer, ML – molecular layer of the cerebellar cortex (whole), GL – granular layer

Table II. Distribution of p53 protein in the cerebellum of subjects participating in traffic accidents 

Groups Number Age Distribution of p53 within the cell

Drivers Cytoplasm Nucleus

ML PC GL ML PC GL

7 55-65 0/7 0/7 0/7 0/7 0/7 0/7

9 66-75 0/9 5/9 0/9 0/9 4/9 0/9

5 76-85 0/5 3/5 0/5 0/5 4/5 0/5

Pedestrians 8 55-65 0/8 0/8 0/8 0/8 0/8 0/8

7 66-75 0/7 4/7 0/7 0/7 4/7 0/7

6 76-85 0/6 3/6 0/6 0/6 4/6 0/6

ML – molecular layer, PC – Purkinje cells, GL – granular layer
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Fig. 2. Peculiar “stick-like” shape of the amy- 
loid β deposit in the cerebellum of the subject 
(driver), 72 years of age. Immunoreaction visu-
alized with avidin-biotin-peroxidase complex/
DAB. Magnification ×200.

Fig. 3. Amyloid β immunopositive fibrous material 
coming from degenerating nerve cells of the Pur-
kinje cell layer of the cerebellum. Subject 72 years 
of age. Immunoreaction visualized with avidin-bi-
otin-peroxidase complex system/DAB. Magnifica-
tion ×200.

Fig. 1. Diffuse deposits of amyloid β protein in 
molecular and Purkinje cell layers of the cere-
bellum. Pedestrian, 68 years of age. Immunore-
action visualized with avidin-biotin-peroxidase 
system/DAB. Magnification ×200.

sections, co-localization of Aβ and p53 in the same 
cells was not found.

Discussion

Cerebro-cerebellar couplings modulate the motor 
and cognitive functions of the human brain. In aging, 

these systems may be disordered by Aβ deposits. 
The source of Aβ is the amyloid precursor protein 
(APP) which is a normal structural protein of the cell 
membrane widely distributed throughout the body. 
Numerous environmental factors including the aging 
process, increase catabolism of APP and deliver dif-
ferent fragments of Aβ that are quickly removed from 
the peripheral tissues but some of them may cumu-
late in cerebro-spinal fluid (CSF). Although, the brain 
barrier mechanisms control arrival to the CNS of dif-
ferent products and support the clearance of harm-
ful metabolites, the subependymoma regions of the 
CNS are less controlled by such mechanisms, there-
fore, they may be affected by some systemic diseas-
es including amyloidogenic processes. In the present 
study, amyloid deposits of such localization were 
found in cerebella of our individuals that were at the 
beginning of their aging process. Moreover, lack of 
such deposits in any other areas of the cerebellum 
document that in this period of aging, metabolism 
of APP and the increased concentration of Aβ in the 
peripheral tissues preceded the same process in the 
cerebellum. Protein p53 was not detected in cerebel-
la of those individuals suggesting that p53 did not 
participate in the formation of Aβ plaques of such 
subependymoma localization. In addition, results 
obtained in the present study confirm the previous 
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observations that in other areas of the CNS, the effi-
ciency of the blood-brain barrier may play an import-
ant role in the formation of AB deposits, and suggest 
also that creation of such deposits is independent of 
the p53 local activity. 

However, in the groups of older subjects (over 65 
years of age), p53 was detected in numerous nerve 
cells of the cerebellar cortex. In some Purkinje cells 
we found this protein in cytoplasm but in others in 
the cell nucleus. 

In the normal post mitotic cell as nerve cells are, 
the concentration of p53 protein is generally below 
the detection level of immunohistochemical methods.

Nevertheless, in all such cells endoplasmic reticu-
lum (ER) is responsible for the synthesis and folding 
of different proteins including p53 which are enter-
ing the secretory/tertiary pathway. Many post-trans-
lational modifications that ensure protein function 
occur in this organelle [9,17].

A variety of physiological perturbations can inter-
fere with processes of protein folding in the ER lumen, 
leading to the unfolded or misfolded protein accumu-

lation, which is called “ER stress”. This stress triggers 
and activates an adaptive reaction, termed unfolded 
protein response (UPR) [22]. 

The protein p53 is known to respond to a variety of 
cellular distress signals. In response to DNA damage 
the increased concentration of p53 may induce cell 
cycle arrest and apoptosis [10,12,15]. The “ER stress” 
was observed as the first step of p53 reaction in the 
cytoplasm of cerebellar neurons of our aging subjects. 

The next step of p53 reaction in cerebella neurons 
was the accumulation of p53 in the nucleus of the 
nerve cells that undergo degeneration. The involve-
ment of p53 in neurodegenerative processes has 
been previously demonstrated following ischemia 
and different excitotoxic insults [5,19,37]. Post-tran-
scriptional modification can alter p53 tertiary struc-
ture and prevent it from binding to specific DNA 
structures [38].

It is known that p53 can induce either cell-cycle 
arrest or apoptosis through transcriptional regulation 
of several genes. However, p53 can induce apoptosis 
through multiple mechanisms. Nuclear p53 can bind 

Fig. 4. p53 immuno-positive grains cumulated in 
the cytoplasm around the nucleus of Purkinje cells. 
Immunoreaction visualized with avidin-biotin-per-
oxidase system/DAB, counterstain with haema-
toxylin. Magnification ×400.

Fig. 5. p53 detected in the nucleus of Purkinje 
cells of the cerebellum. Pedestrian 75 years of age. 
Immunoreaction visualized with avidin-biotin/ 
alkaline phosphatase conjugate/AS/TR. Magnifi-
cation ×400.
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to DNA and activate proapoptotic gene expression; 
alternatively, cytoplasmic p53 can trigger transcrip-
tion-independent apoptosis by directly interacting 
with Bcl-2 family members [7]. It has been proposed 
that after specific death stimuli, posttranslation-
al modification of p53 may regulate its subcellular 
localization. Phosphorylation and acetylation of p53 
sequester p53 in the nucleus [1] whereas monoubiq-
uitination of p53 leads to its nuclear export [16] or 
mitochondrial translocation. Movement of proteins 
between the nucleus and the cytoplasm may require 
interaction with the nuclear pore complex compo-
nent [33].

Some proteins that shuttle between the nucle-
us and the cytosol independent of the nuclear pore 
complex may be controlled purely by their molec-
ular size. Other nuclear proteins, especially those 
with larger molecular mass, require interaction with 
nuclear pore components and/or intermediate carri-
ers to escape from the nucleus. The nuclear export 
receptor regulates nuclear export of specific pro-
teins and p53 is one of them. However, in our study, 
accumulation of p53 in the cytoplasm precede the 
immuno-detection of this protein in the cell nucleus 
suggesting that p53 accumulated in the cytoplasmic 
compartments has some handicap to enter the cell 
nucleus. 

The results of our present study show that p53 
immunopositive degenerating neurons were the 
source of Aβ fibrillar material, which in the molecular 
layer of the cerebellum created diffuse Aβ plaques 
of extraordinary shapes. However, neither Aβ nor 
p53 appear universal markers for aging of the nerve 
tissue because in approximately 50% of our aging 
individuals both proteins were not found in studied 
cerebellar sections.

In conclusion, all results document that p53 pro-
tein is involved in degeneration of cerebellar neurons 
thus participating also in the amyloidogenic process 
of the aging cerebellum.
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A b s t r a c t

Introduction: The aim of the paper was to analyze the changes in the macular ganglion cell layer and inner plexiform 
layer (GCL-IPL) thickness in patients with Parkinson’s disease.
Material and methods: The study enrolled 46 patients with established diagnosis of Parkinson’s disease and 46 
healthy subjects. Both groups were age- and gender-matched. An OCT protocol, namely standardized Ganglion Cell 
Analysis algorithm was used to measure the thickness of the macular GCL-IPL layer. The average, minimum, and 
six sectoral (superotemporal, superior, superonasal, inferonasal, inferior, inferotemporal) GCL-IPL thicknesses were 
measured from the elliptical annulus centered on the fovea.
Results: The mean value of the clinical severity of Parkinson’s disease was between 2 and 3, according to the Hoehn 
and Yahr scale. Statistically significant thinning of the GCL-IPL layer was registered in average and minimum GCL-
IPL thickness, as well as in the sectoral layer thicknesses in patients with Parkinson’s disease in comparison to the 
controls. There was no correlation between structural changes in the retina and disease duration or severity. A sta-
tistically significant difference in thickness between the different stages of the disease was registered only in the 
inferior sector.
Conclusions: Parkinson’s disease is accompanied by thinning of the GCL-IPL complex of macula even in the earliest 
stages. This may indicate a possible retinal dopaminergic neurodegeneration. There is no correlation between dura-
tion or severity of Parkinson’s disease with thinning of the GCL-IPL complex.

Key words: Parkinson’s disease, ganglion cell complex, inner plexiform layer, retina.

Communicating author

Srdjan Ljubisavljević, Neurology Clinic, Clinical Center Niš, Faculty of Medicine, University of Nis, Bul. Dr Zorana Djindjica 81,  

18 000 Nis, Serbia, phone: +381 64 67 27 222, e-mail: srljub@gmail.com

Introduction

Parkinson’s disease (PD) is a chronic, progressive 
neurodegenerative disorder mostly affecting the aging 

population. The most common type of presentation 
of the disease is idiopathic, although it may occur 
secondary to the tumor, injury or infection [14,17]. 
Basically, the disease is a movement disorder caused 
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by a decrease in a chemical substance, dopamine, in 
the part of the brain responsible for voluntary motor 
control (the basal ganglia) [11,24]. 

Dopaminergic neurons play key roles in the cen-
tral nervous system (CNS), mediating basic mecha-
nisms of vision, movement, motivation and mood. 
Dopamine as a  neurotransmitter presents in retinal 
amacrine cells. Dopamine is released by a unique set 
of amacrine cells and activates D1 and D2 dopamine 
receptors distributed throughout the retina [2,5,6]. 
Today’s research on the retina focuses a great deal of 
attention on neurotransmission between the neurons 
of the retina. Dopaminergic amacrine cells are one of 
the most sparsely distributed retinal nerve cell types 
found within the mammalian retina [30]. Amacrine 
cells are inhibitory neurons, and project their dendritic 
arbors to the inner plexiform layer (IPL), there interact-
ing with retinal ganglion cells and/or bipolar cells [9].

Amacrine cells operate at the IPL, the second syn-
aptic retinal layer where bipolar cells and retinal gan-
glion cells form synapses. There are at least 33 dif-
ferent subtypes of amacrine cells based just on their 
dendrite morphology and stratification. Each type of 
the amacrine cell releases one or several neurotrans-
mitters where it connects with other cells. They are 
often classified by the width of their field of connec-
tion, the layer(s) of the stratum in the IPL they are 
in, and by the neurotransmitter type [9,20]. There is 
still much to be discovered about all of the different 
functions of all of the different amacrine cells. 

Amacrine retinal cells located in IPL can be mea-
sured with the segmentation of the ganglion cell 
layer and inner plexiform layer (GCL-IPL) by the lat-
est version of Cirrus OCT [11]. Measurement of the 
GCL-IPL layer may prove to be of value in providing 
an objective criterion in diagnosis and/or monitoring 
progression of PD. There are previous works demon-
strating decreased visual acuity, contrast sensitivity 
and color vision defects among patients with PD [1], 
early-onset thinning of the inner retinal layers on 
OCT [3,31] and functional alterations observed in 
retinal ganglion cells [29] may strengthen authors’ 
rationale in conducting this study and can make the 
readers comprehend the aims of the study better.

The aim of the paper was to analyze the changes 
in macular GCL-IPL layer thickness in patients with 
early stages of PD in order to assess whether loss 
of dopaminergic neurons, i.e. amacrine cells, in the 
retina of patients with PD could be demonstrated 
as thinning of the respective retinal layers on OCT 

scans, and whether this thinning is correlated with 
disease severity and/or duration.

Material and methods

This was a  prospective, nonrandomized, obser-
vational study conducted between July 2014 and July 
2016 at the Neurology Clinic and Eye Clinic, Clini-
cal Center Niš, University of Niš, Serbia. The study 
followed the tenets of the Declaration of Helsinki. 
Informed consent was obtained from each patient 
after explanation of the nature of the study.

Patients with PD were consecutively enrolled as 
they presented at the Neurology Clinic. The diagno-
sis of PD was made according to the UK PD Brain 
Bank criteria [15]. All patients were evaluated by 
a neurologist who had no access to ophthalmologic 
findings. All enrolled patients were in a clinically sta-
ble phase using substitution therapies at doses of 
levodopa of 750 mg to 1000 mg per day, in divided 
doses. Patients who were under treatment for less 
than one year (6 months to a year) were included. 
Disease severity was evaluated according to the 
Hoehn and Yahr (HY) scale [14] which is widely used 
to categorize the progression of PD symptoms and 
quantify the patients according to 5 stages. 

Exclusion criteria comprised any ocular disease 
that may confound the assessment of the retina: 
AMD, diabetic retinopathy, glaucoma, retinal vessel 
occlusion, retinal dystrophies, uveitis. Patients with 
myopia and hypermetropia > 2.0 Dsph were exclud-
ed. Also patients with previous intraocular surgery 
were excluded from the study.

All patients underwent a  complete ophthalmic 
examination as follows: best corrected visual acuity 
(BCVA), intraocular pressure measurement by appla-
nation tonometry, gonioscopy, slit lamp examination 
of the anterior segment and fundus examination 
with a plus 90-diopter lens. The OCT protocol was 
performed according to the standardized operating 
procedures included in Cirrus SD-OCT device (mod-
el 4000, software version 6.0, Carl Zeiss Meditec, 
Inc.). The Ganglion Cell Analysis algorithm of the 
aforementioned device was used to process and 
measure the thickness of the macular GCL-IPL layer.  
The average (GCavg), minimum (GCmin), and six sec-
toral (superotemporal, superior, superonasal, infer-
onasal, inferior, inferotemporal) GCL-IPL thicknesses 
were measured from the elliptical annulus centered 
on the fovea. Demarcation of superior sectors was 
performed from nasal to temporal, thus the superior 
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nasal sector of GCL+IPL was marked as GC1, superior 
as GC2, superior-temporal as GC3, while demarca-
tion of inferior sectors was performed from temporal 
to nasal, marking inferior-temporal as GC4, inferior 
GC5 and inferior-nasal as GC6. Images with a signal 
power more than seven were used for analysis. 

A  sex- and age-matched normal control group 
was recruited from normal healthy population. Both 
eyes of healthy participants had to meet the follow-
ing criteria: (1) no history or evidence of retinal and 
eye pathology, (2) no history of ocular surgery, (3) 
IOP < 21 mm Hg, and (4) had to be free of optic nerve 
damage and without any systemic and neurological 
disease.

Statistical analysis 

Statistical analysis was done using the statisti-
cal package SPSS 22 for Windows (SPSS Inc., USA). 
Primary data obtained were analyzed by descrip-
tive statistical methods and methods for testing 
hypotheses. The following descriptive statistical 
methods were used: measures of central tendency 
(mean, median), rate variability (standard deviation 
and variation interval) and indicators of structure 
expressed in percentages. Kolmogorov-Smirnov and 
Shapiro-Wilk tests, skewness value (“skewing”) and 
kurtosis (“taper/flatness”) were used to determine 
the normality of distribution. The t test was used to 
test the difference of arithmetic mean between the 
groups. Analysis of variance (ANOVA) was used to 
test the difference between the stages of the dis-

ease. The conclusion was done at the level of a sta-
tistical significance of 0.05. Correlation analysis was 
performed by measuring the correlation of two vari-
ables. Spearman correlation coefficient of ranks was 
used to determine the direction and strength of the 
connection stages of PD with thickness of GC1-GC6 
as well as GCLavg and GCLmin.

Results

The study included 46 eyes of 46 patients suffer-
ing from PD. Out of the 46 patients, 20 were males 
and 26 were females. The mean age was 66.00 ± 9.67 
years. Average value of PD stage was 2.49. The con-
trol group was composed of 46 eyes of 46 patients, 
of which 21 were males and 25 were females with 
a mean age of 64.47 ± 11.33 years.

We analyzed GCL-IPL average thickness (GCavg), 
minimum thickness (GCmin) and thickness of all 
six sectors. There was a statistically significant dif-
ference between the mean values in the observed 
and the control groups with respect to all 6 sectors, 
GCavg and GCmin (Table I). 

There was no statistically significant difference in 
mean values of GC1, GC2, GC3, GC4, GC6, GCavg and 
GCmin between the stages of the disease. Only the 
mean GC5 value was statistically different (ANOVA, 
p = 0.041) between different PD stages (stages I and II,  
p = 0.046; stages II and III, p = 0.012) (Table II). 

Correlation analysis between the stages of dis-
ease and the value of GC1, GC2, GC3, GC4, GC5, GC6, 
GCLavg, GCLmin has shown that there was no sta-

Table I. Clinical characteristics and ganglion cell-inner plexiform layer measurements of Parkinson’s disease 
patients and healthy subjects

Patients with Parkinson’s disease 
(n = 46)

Control group  
(n = 46)

p

Age (mean ± SD) 66.00 ± 9.67 64.47 ± 11.33 0.081a

Gender (male/female) 20/26 21/25

GC1 72.45 ± 14.36 86.34 ± 2.52 < 0.001a

GC2 69.77 ± 15.64 86.55 ± 2.60 < 0.001a

GC3 71.28 ± 14.10 86.45 ± 2.58 < 0.001a

GC4 72.05 ± 14.23 86.12 ± 3.45 < 0.001a

GC5 70.97 ± 15.38 86.62 ± 2.60 < 0.001a

GC6 72.95 ± 14.23 86.31 ± 2.73 < 0.001a

GCavg 72.44 ± 13.18 86.01 ± 3.68 < 0.001a

GCmin 65.33 ± 19.01 82.49 ± 1.78 < 0.001a

a t-test  
GC1 – superonasal sector of the ganglion cell-inner plexiform layer, GC2 – superior sector of the ganglion cell-inner plexiform layer, GC3 – superotemporal 
sector of the ganglion cell-inner plexiform layer, GC4 – inferotemporal sector of the ganglion cell-inner plexiform layer, GC5 – inferior sector of the ganglion 
cell-inner plexiform layer, GC6 – inferonasal sector of the ganglion cell-inner plexiform layer, GCavg – ganglion cell-inner plexiform layer average thickness, 
GCmin – ganglion cell-inner plexiform layer minimum thickness
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tistically significant correlation between the stages 
of the disease and the thickness of GCL-IPL, as pre-
sented in Table III. 

Correlation analysis between disease duration 
and the value of GC1, GC2, GC3, GC5, GC6, GCLavg, 
GCLmin was not statistically significant. However, 
there was a significant positive correlation between 
the duration of the PD and the thickness of the infe-
rior (GC4) sector, as shown in Table IV.

Discussion

The most accessible dopaminergic neurons of the 
vertebrate CNS are the dopaminergic amacrine cells 
(DA cells) of the retina. Retinal dopamine has multi-

ple roles in vision [4,22,27]. Dopaminergic amacrine 
cells exhibit two classes of intrinsic bursting in the 
dark, shaped by inhibitory synaptic inputs, and two 
classes of light responses, ON-transient and ON-sus-
tained, as well as light-independent activity, tuned 
to mediate specific dopaminergic functions in vision. 
The functional heterogeneity revealed in dopaminer-
gic amacrine cells provides a  cellular basis for the 
multiple roles of dopaminergic amacrine neurons in 
vision and is likely a general property of dopaminer-
gic neurons throughout the CNS [2,5,12,23].

Localization of amacrine cells is very important. 
Specifically, placed in the inner plexiform layer, the 
layer which, with the advent of the latest version of 

Table II. Thickness of the ganglion cell-inner plexiform layer in different stages of Parkinson’s disease

Stage I, n = 14 Stage II, n = 17 Stage III, n = 15 p

GC1 71.57 ± 15.45 71.42 ± 16.11 77.71 ± 6.02 0.358a

GC2 69.43 ± 14.96 68.13 ± 18.52 74.00 ± 7.50 0.503a

GC3 70.30 ± 14.04 70.95 ± 15.71 75.00 ± 8.51 0.585a

GC4 70.78 ± 15.34 70.29 ± 15.98 69.67 ± 8.74 0.621a

GC5 66.65 ± 17.51 69.42 ± 16.62 78.07 ± 5.73 0.041a

GC6 68.70 ± 16.74 71.71 ± 14.76 77.64 ± 4.25 0.183a

GCavg 69.48 ± 16.41 72.16 ± 13.94 76.07 ± 5.30 0.369a

GCmin 64.48 ± 20.91 65.89 ± 20.82 69.64 ± 8.86 0.727a

aANOVA
GC1 – superonasal sector of the ganglion cell-inner plexiform layer, GC2 – superior sector of the ganglion cell-inner plexiform layer, GC3 – superotemporal sector 
of the ganglion cell-inner plexiform layer, GC4 – inferotemporal sector of the ganglion cell-inner plexiform layer, GC5 – inferior sector of the ganglion cell-inner 
plexiform layer, GC6 – inferonasal sector of the ganglion cell-inner plexiform layer, GCavg – ganglion cell-inner plexiform layer average thickness, GCmin – gan-
glion cell-inner plexiform layer minimum thickness

Table III. Correlation with the stage of the disease 
(N = 46)

Correlation coefficient* p

GC1 0.152 0.192

GC2 0.098 0.403

GC3 0.129 0.269

GC4 0.098 0.401

GC5 0.203 0.081

GC6 0.209 0.071

GCavg 0.112 0.340

GCmin 0.058 0.619

*Spearman’s coefficient 
N – number of patients with Parkinson’s disease, GC1 – superonasal sector 
of the ganglion cell-inner plexiform layer, GC2 – superior sector of the gan-
glion cell-inner plexiform layer, GC3 – superotemporal sector of the ganglion 
cell-inner plexiform layer, GC4 – inferotemporal sector of the ganglion cell-in-
ner plexiform layer, GC5 – inferior sector of the ganglion cell-inner plexiform 
layer, GC6 – inferonasal sector of the ganglion cell-inner plexiform layer, 
GCavg – ganglion cell-inner plexiform layer average thickness, GCmin – gan-
glion cell-inner plexiform layer minimum thickness

Table IV. Correlation with duration of the disease 
(N = 46)

Correlation coefficient* p

GC1 0.228 0.252

GC2 0.042 0.834

GC3 0.341 0.082

GC4 0.436 0.023

GC5 0.338 0.084

GC6 0.338 0.084

GCavg 0.275 0.165

GCmin 0.037 0.854

*Spearman’s coefficient
N – number of patients with Parkinson’s disease, GC1 – superonasal sector 
of the ganglion cell-inner plexiform layer, GC2 – superior sector of the gan-
glion cell-inner plexiform layer, GC3 – superotemporal sector of the ganglion 
cell-inner plexiform layer, GC4 – inferotemporal sector of the ganglion cell-in-
ner plexiform layer, GC5 – inferior sector of the ganglion cell-inner plexiform 
layer, GC6 – inferonasal sector of the ganglion cell-inner plexiform layer, 
GCavg – ganglion cell-inner plexiform layer average thickness, GCmin – gan-
glion cell-inner plexiform layer minimum thickness
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the OCT and segmentation of retinal layers, can be 
measured together with the ganglion cell layer [8,19]. 
This made amacrine cells even more accessible. OCT 
technology might prove useful in the diagnosis and 
monitoring changes in patients with PD by monitor-
ing changes in the GCL-IPL layer.

Inzelberg et al. showed a reduction in the infero-
temporal peripapillary retinal nerve fiber layer (RNFL) 
thickness and pointed out that changes in the level 
of internal layers of the retina can be of importance 
for the monitoring PD progression for the first time 
[17]. Some subsequent studies reported also evi-
dence of peripapillary RNFL thinning in patients with 
PD [5,21]. RNFL thickness in patients with PD was 
also monitored by Lee et al. who proved the pres-
ence of statistically significant thinning of the RNFL 
and its association with duration and severity of dis-
ease. Lee was among the first ones who questioned 
whether retina could be a biomarker for disease pro-
gression [21]. Kaur et al. were among the first ones 
who in addition to RNFL also monitored the changes 
in the level of GCL-IPL concluding that GCL-IPL com-
plex may be a  more reliable parameter than RNFL 
thickness for structural alterations at the retina of 
patients with PD [18].

Currently there are not much data in the liter-
ature on the thickness of the GCL-IPL layer in PD. 
The loss of dopaminergic amacrine cells, i.e. failure 
of stimulation of metabotropic receptors with dopa-
mine and subsequent failure in transition from sco-
topic to photopic vision by setting the gain of the 
retina in PD has been demonstrated [13]. The retinal 
thickness as a  biomarker for PD has been investi-
gated in some previous studies [26] and is currently 
under investigation in a clinical trial (https://clinical-
trials.gov/ct2/show/NCT02443779). 

Our results indicate a  statistically significant 
thinning of not only average and minimum GCL-IPL 
in PD, but also in all 6 sectors. Our results are simi-
lar to the results of Bayhan et al. who also pointed 
out thinning but unlike us they monitored ganglion 
cell complex on SD-OCT (RTVue-100), which includes 
the RNFL [7]. Cirrus SD-OCT device (model 4000 
software version 6.0, Carl Zeiss Meditec, Inc.) used 
in our study can perform segmentation by subtract-
ing RNFL from the complex, making the sole moni-
toring of GCL-IPL layer possible. We used ganglion 
cell analysis algorithm, which can automatically 
segment macular GCL-IPL thickness with excellent 
intervisit reproducibility [7,19,25]. Previous studies 

have evaluated GCL or IPL using different segmen-
tation algorithms with similar results [10]. Sari et al. 
also indicated that the retinal dopaminergic neuro-
degeneration in patients with PD can be detected 
with GCL-IPL macular thickness measurements [28]. 
Our results are however not fully consistent with 
the results of Sari, who got a statistically significant 
correlation between the duration and severity of 
PD and the GCL-IPL thinning. Their conclusion was 
that GCL-IPL may be used to follow disease progres-
sion and the efficacy of neuroprotective treatment 
in patients with PD. Unlike their results, our study 
did not confirm the correlation between thickness 
of GCL-IPL, PD severity and duration. We found only 
a  focal positive correlation between disease dura-
tion and the thinning of the GC4 sector.

There was no statistically significant difference 
in values for GC1, GC2, GC3, GC4, GC6, GCavg and 
GCmin between the stages of the disease. The only 
statistically significant differences registered were 
between stages I  and II (p = 0.046), and stages II 
and III (p = 0.012) at sector GC5. These results lead 
to the thinking whether lower sectors were more 
sensitive to dopaminergic neurodegeneration, i.e. 
whether amacrine cells located at lower sectors are 
more prone to the progression of the disease. Addi-
tional studies are necessary to follow progression of 
PD using thickness of GCL-IPL complex. 

Even in the earliest stages, PD is accompanied by 
changes in the internal layers of the macula in the 
form of decreased GCL-IPL layer thickness. This may 
indicate a possible retinal dopaminergic neurodegen-
eration. There is no correlation between duration or 
severity of PD with thinning of the GCL-IPL complex. 
The inferior sector is the only sector where a statisti-
cally significant difference was registered in thickness 
values between the different stages of the disease. To 
assess the significance of the findings in the context 
of their role as a surrogate biomarker for disease pro-
gression, further studies are required, which would 
include a  larger number of patients in all stages of 
the disease.
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A b s t r a c t

Introduction: In data based on ex vivo studies and animal models, fractalkine is considered an important mediator 
in the development and destabilization of atherosclerotic plaques. We do not know how it is associated with human 
carotid plaques morphology. 
Material and methods: The study included 126 carotid plaques taken from 126 patients who underwent endar-
terectomy of internal carotid arteries. We assessed the following characteristics: inflammatory infiltration, connec-
tive tissue elements, foam cells, lipid core, plaque vascularisation, calcifications, intraplaque haemorrhage, thrombi 
built into the plaque structure, and mural thrombi. CX3CR1 expression in plaques as a response to fractalkine was 
assessed.
Results: Compared to those with a low fractalkine receptor expression, plaques with its high expression exhibited 
more intensive inflammatory infiltrations. They were more likely to contain inflammatory than fibrous components. 
They were characterized by a large foam cell component and were less calcified. Intraplaque haemorrhages, the large 
lipid core and mural as well as intraplaque thrombi were more frequent within them. 
Conclusions: High expression of the fractalkine receptor within human carotid plaques is associated with morpho-
logical parameters of plaque instability. Thus we conclude that fractalkine may be involved in vulnerability of human 
carotid plaque.
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Introduction

In data based on ex vivo studies and animal mod-
els, fractalkine (CX3CL1) is considered an important 
mediator in the development and destabilization of 
atherosclerotic plaques. These roles are attributable 
to its proinflammatory and prothrombotic features 
[13,23-26]. 

The biological activities of CX3CL1 are mediat-
ed by CX3C chemokine receptor 1 (CX3CR1) which is 
expressed on monocytes, natural killer cells, T cells, 
platelets, and vascular smooth muscle cells (VSMCs). 
The protein facilitates the migration, adhesion, 
and proliferation of these cell types via CX3CR1. All 
of these processes are involved in atherogenesis 
[2,4,6,11,13,15,23,25].
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To date, case studies of patients with carotid ath-
erosclerosis have confirmed an association between 
fractalkine expression and the development and 
severity of atherosclerotic changes in carotid arter-
ies. Yadaw et al. observed a  significant correlation 
between common carotid artery intima-media 
thickness and the CX3CL1 serum level [27]. Stolla  
et al. found that fractalkine is expressed in early and 
advanced carotid lesions, and they observed a rela-
tionship between elevated soluble CX3CL1 levels 
and a high degree of carotid stenosis [26]. However, 
we do not know how fractalkine is associated with 
human carotid plaques stability from a morphologi-
cal point of view. It is unclear whether it is involved 
in the vulnerability of human carotid plaques. By 
definition, vulnerable plaques are unstable lesions, 
prone to rupture, and susceptible to thrombosis 
[18,20,22].

As mentioned above, fractalkine interacts with 
a  single receptor (CX3CR1) [9,11], and their expres-
sions are positively correlated with each other [26]. 
Considering that fact, we used CX3CR1 expression 
in carotid plaques as a  marker of response to frac-
talkine. We aimed to answer the question whether it 
is associated with plaques morphological instability.

Material and methods

The study included 126 carotid plaques taken 
from 126 patients (38 females and 88 males, aged 
between 40 and 92 years) who underwent endarter-
ectomy of internal carotid arteries. Patients after the 
ischemic stroke or transient ischemic attack (TIA) 
or with no history of cerebrovascular events were 
analysed. They suffered from arterial hypertension, 
type 2 diabetes, dyslipidemia, lower limb obliterative 
atherosclerosis, and coronary arterial disease. Some 
patients had multiple conditions.

We excluded individuals after a possible or prob-
able hemodynamic or cardioembolic stroke (coex-
istence of hemodynamically significant heart fail-
ure, atrial fibrillation, sick-sinus syndrome). We also 
excluded patients with chronic diseases characterized 
by inflammation and immunological factors (system-
ic connective tissue diseases, viral hepatitis, cirrhosis, 
ulcerative colitis, Crohn’s disease, multiple sclerosis, 
Hashimoto’s thyroiditis, Graves’ disease, proliferative 
diseases of the hematopoietic system, other cancers). 
Another exclusion criterion was immunosuppressant 

drug use (steroids and cytostatics) within 5 years 
before study enrolment.

The research was approved by the local Bioeth-
ical Commission. The study subjects gave informed 
consent for their participation.

Microscopic carotid plaque evaluation

Intraoperatively harvested atherosclerotic plaques 
were fixed in 10% formalin solution before they were 
divided into five parts, including the area most affect-
ed by the disease. The material was then submerged 
in paraffin, sliced into 3-mm-thick fragments, and 
stained with haematoxylin and eosin (H&E). 

We assessed the following characteristics: inflam-
matory infiltration, connective tissue elements, foam 
cells, lipid core, plaque vascularisation, calcifica- 
tions, intraplaque haemorrhage, thrombi built into 
the plaque structure, and mural thrombi. We differ-
entiated plaque shoulders, fibrous cap, and central 
part including the lipid core (Figs. 1A and B, magni
fication 100×). 

Several features considered important for plaque 
stability were taken into consideration. Parameters 
of instability were: massive inflammatory infiltra-
tions, dominance of inflammation in relation to the 
plaque connective tissue component, large foam 
cells component, large lipid core, increased vascu-
larity, intraplaque haemorrhages, intraplaque throm-
bus, mural thrombus and plaque rupture. Enlarged 
plaque calcification, chondro-osseus metaplasia as 
a  dominant calcification type were considered as 
markers of plaque stability [1,16,21]. 
1. Inflammatory infiltration: 

a) the intensity of inflammation in the plaque 
shoulder and fibrous cap: inflammatory cells were 
counted in four visual fields at magnification 400x; 
infiltration was considered massive if we counted 
more than 100 cells,

b) the relationship of inflammatory cells with con-
nective tissue elements: the visual fields infiltrated 
by inflammatory cells to the fields with connective 
tissue dominance (without or with single inflamma-
tory cells) at magnification 200x; A – inflammation 
dominance, B – connective tissue dominance.
2. �Foam cells component, separately in plaque shoul-

ders and plaque fibrous cap: the component was 
considered significant if foam cells occupied more 
than one-third of the shoulder/fibrous cap thickness.
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3. �Lipid core (amorphous material containing choles-
terol crystals): large if occupied more than half of 
the plaque thickness.

4. �Plaque vascularity: vessel sections counted in four 
visual fields at magnification 400×: 0, none; I, 1 to 
9 sections; II, > 9.

5. Plaque calcification: 
a) enlargement of plaque calcification: consid-

ered large if calcifications occupied more than half 
of the plaque surface at magnification 400×,

b) calcifications in shoulders, fibrous cap, and 
core: considered large if they occupied more than 
half of shoulder/fibrous cap/core thickness at mag-
nification 200×,

c) dominant calcification type: A – small single or 
dispersed calcifications, B – nodules, C – chondro- 
osseus metaplasia (separately in the fibrous cap, 
shoulder, and core).
6. �Intraplaque haemorrhage (separately in the fibrous 

cap, shoulder, and core): area of erythrocytes within 
the plaque causing disorganization of plaque archi-
tecture or evident organized haemorrhage with 
accumulation of hemosiderin-laden macrophages 
or iron deposition within plaque connective tissue.

7. �Intraplaque thrombus: organized collection of 
fibrin and red blood cells within the plaque.

8. �Mural thrombus: organized collection of fibrin and 
red blood cells in the vessel lumen.

9. �Plaque rupture: clear communication between the lip-
id core and vessel lumen that was not due to surgery.

CX3CR1 expression in human carotid 
plaques

Among 5 fragments of each carotid plaque, one 
fragment – the most affected by the disease was 
taken for analysis of CX3CR1 expression. There 
were 126 specimens examined altogether. We ana-
lysed 3-μm-thick fragments from plaque hot spots 
labelled with human anti-CX3CR1 antibodies (Novus 
Biologicals, 1 : 200). The plaques were divided into 
two groups based on the CX3CR1 expression level. 
Group I included 54 lesions with single or dispersed 
CX3CR1-positive cells (plaques with a  low CX3CR1 
expression and less fractalkine influence), while 
group II consisted of 72 plaques with clusters of 
CX3CR1-positive cells (lesions with a  high CX3CR1 
expression and stronger fractalkine influence)  
(Fig. 2A and B, magnification 400×). The two groups 
were compared with reference to the microscopic 
features mentioned above. 

Evaluations of plaque morphology and fractal-
kine receptor expression were performed at base-
line and 3 months later. Both evaluations were 
performed by one researcher. The second analy-
sis was blinded to the first one. Both were per-
formed without knowledge about clinical data. An 
intraobserver agreement for plaques morphology 
parameters ranged between 85 and 98 percent. It 
was 96.825 percent for assessment of the CX3CR1 
expression. 

Fig. 1. A) Carotid plaque with visible: A – fibrous cap, B – central part of the lesion; B) carotid plaque – visible 
shoulder of the lesion. 

A B
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Statistical analysis

Since distributions of most variables were signifi-
cantly different from normal (Shapiro-Wilk test), the 
results were presented as a number (percentage) for 
qualitative variables. Data were compared between 
groups using the χ2 test for categorical variables. 
The statistical significance threshold was set at  
p < 0.05. Calculations were performed with the use 
of STATISTICA 10 software. 

Results

CX3CR1 expression and inflammatory 
infiltrations in carotid plaques

Compared to those with a  low CX3CR1 expres-
sion, plaques with its high expression exhibited more 
intensive inflammatory infiltrations that were pre-
dominantly localized in the plaque shoulders (Table I, 
Fig. 3, magnification 200×). Notably, high CX3CR1- 
expressing plaques were more likely to contain in
flammatory than fibrous components (Table I).

CX3CR1 expression and foam cell 
components in carotid plaques

We found a significant positive association bet
ween a  carotid plaque CX3CR1 expression and 
enlargement of foam cells component (Table I, Fig. 4, 
magnification 200×).

CX3CR1 expression and carotid plaque 
calcifications 

The plaques with a high CX3CR1 expression were 
less calcified than plaques with a  low expression 
of the receptor. This was especially clear within the 
shoulders (Table II, Fig. 5, magnification 200×).

CX3CR1 expression and carotid plaque 
vascularisation

We did not find a significant difference in plaque 
vascularisation between the two groups. High CX3CR1 
expression significantly correlated with intraplaque 
haemorrhages in the plaque fibrous cap, while the 

Fig. 2. A) Carotid plaque – high CX3CR1 expression. B) Carotid plaque – low CX3CR1 expression.

Table I. CX3CR1 expression and cellular component of carotid plaques 

Low CX3CR1 expression, 
n = 54

High CX3CR1 expression, 
n = 72

p

Massive inflammatory infiltration in the fibrous cap 93.5% (46*) 86.4% (66*) 0.8617

Massive inflammatory infiltration in the shoulder 25% (48*) 47.06% (68*) 0.0591

The dominance of inflammation in the fibrous cap 
in the shoulder 

14.89% (47*) 39.71% (68*) 0.0122

33.33% (45*) 49.27% (69*) 0.0421

Significant foam cells component in the fibrous cap  
in the shoulder 

8.16% (49*) 22.06% (68*) 0.0129

24.49% (49*) 47.06% (68*) 0.0373

*Number of cases with available assessment of particular morphological features

A B
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trend was toward significance in the shoulder (Table III, 
Fig. 6 magnification 200×).

CX3CR1 expression and lipid 
component in carotid plaques

The large lipid core was more frequent within the 
plaques with a high CX3CR1 expression than those 
with a low receptor expression. However, the differ-
ence was not quite significant (Table IV). 

Fig. 3. Visible inflammatory infiltration in the ca
rotid plaque.

Fig. 4. Visible foam cells component in the carot-
id plaque. A – foam cell.

Table II. CX3CR1 expression and carotid plaque calcifications 

Low CX3CR1 expression, 
n = 54

High CX3CR1 expression,
n = 72

p

Large calcifications in the plaque 33.33% (54*) 19.11% (68*) 0.0621

Large calcification in the shoulder 55.55% (54*) 34.72% (72*) 0.0167

Large calcification in the fibrous cap 50% (54*) 38.89% (72*) 0.2133

Dominant calcifications type in the fibrous cap 

A 62.96% (54*) 81.94% (72*)
0.0460B 5.56% (54*) 1.39% (72*)

C 31.48% (54*) 16.67% (72*)

Dominant calcifications type in the plaque shoulder

A 46.3% (54*) 54.17% (72*)
0.4778B 7.4% (54*) 5.55% (72*)

C 46.3% (54*) 40.28% (72*)

Dominant calcifications type in the central part of the plaque 

A 42% (50*) 60.56% (71*)
0.0587B 8% (50*) 8.45% (71*)

C 50% (50*) 30.99% (71*)

*Number of cases with available assessment of particular morphological features  
A – Small single or dispersed calcifications, B – nodules, C – chondro-osseus metaplasia

Fig. 5. Visible dispersed calcifications.
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Table III. CX3CR1 expression and carotid plaque vascularisation

Low CX3CR1 expression, 
n = 54

High CX3CR1 expression, 
n = 72

p

Vascularity of the fibrous cap
0
I
II

47.92% (48*)
35.42% (48*)
16.66 (48*)

56.92% (65*)
24.62% (65*)
18.46% (65*)

0.5530

Vascularity of the plaque shoulder 
0
I
II

23.4% (47*)
23.4% (47*)
53.2% (47*)

15.15% (66*)
22.73% (66*)
62.12% (66*)

0.3363

Vascularity of the plaque central part 
0
I
II

23.91% (46*)
17.39% (46*) 
58.7% (46*)

27.9% (61*)
21.3% (61*)
50.8% (61*)

0.6729

Intraplaque haemorrhage in the fibrous cap 16.33% (49*) 32.35% (68*) 0.0459

Intraplaque haemorrhage in the plaque 
shoulder 

46.94% (49*) 63.23% (68*) 0.0813

Intraplaque haemorrhage in central part of 
plaque 

50% (48*) 31,14% (61*) 0.1661

*Number of cases with available assessment of particular morphological features 
0 – no vessel sections counted in four visual fields at magnification 400×; I, 1 to 9 vessel sections; II, > 9 vessel sections counted in four visual fields at magnifi-
cation 400× 

Table IV. CX3CR1 expression and other features considered important for plaque stability

Low CX3CR1 expression, n = 54 High CX3CR1 expression, n = 72 p

Large lipid core 54.9% (51*) 56.34% (71*) 0.0656

Plaque rupture 26.53% (49*) 11.76% (68*) 0.0412

Mural thrombi 44.23% (52*) 63.23% (68*) 0.0381 

Intraplaque thrombi 4.08% (49*) 15.49% (71*) 0.1611

*Number of cases with available assessment of particular morphological features

Fig. 6. Visible intraplaque haemorrhage in the carot-
id plaque. A – hemosiderin-laden macrophage.

tory components compared to fibrous components. 
Our results are in agreement with limited data from 
experimental studies of carotid arteries and fractal-
kine. Cheng et al. assessed apolipoprotein E knockout 
mice and found that fractalkine stimulated mono-

Relationships between CX3CR1 
expression and plaque rupture and 
mural and intraplaque thrombi

The percentage of ruptured plaques was signifi-
cantly lower in group I  lesions compared to group II. 
However, mural thrombi were significantly more 
frequent in group I  plaques (Table IV). Intraplaque 
thrombi were also more frequent in group I, but this 
difference was not significant (Table IV).

Discussion

Our findings demonstrate that fractalkine 
may influence human carotid plaque morphology.  
The plaques with a greater CX3CR1 expression (sup-
posed stronger influence of fractalkine) possessed 
a  significantly larger component of inflammato-
ry cells infiltration than lesions with a  low CX3CR1 
expression. We also observed that plaques in the high 
CX3CR1 expression group exhibited larger inflamma-
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cyte/macrophage accumulation and reduced carotid 
plaque collagen content [5]. Our results also suggest 
that fractalkine promotes inflammation in plaques. 
The imbalance between inflammatory and repara-
tive mechanisms within atherosclerotic plaques is 
considered to promote plaque destabilization and is 
a feature of vulnerable plaques [14].

We observed that plaques with a  high CX3CR1 
expression had significantly more foam cells and 
were more likely to have a  large lipid-necrotic core 
compared to plaques with a low CX3CR1 expression. 
Based on this, we hypothesize that fractalkine pro-
motes foam cells accumulation and lipid-necrotic 
core formation similarly to what has been reported 
in animal models [5]. A  close connection between 
high CX3CR1 levels and large lipid core, as well as 
active inflammation and destruction of plaque 
fibrous elements, are considered major criteria for 
plaque vulnerability, emphasizing the role of fractal-
kine in carotid lesion destabilization [1,18].

Calcifications should be also taken into consid-
eration during carotid plaque morphological anal-
ysis. Generally, non-calcified/low calcified plaques 
are treated as high risk lesions because they are 
associated more with cerebrovascular events than 
calcified lesions [18-20,22]. We also observed (data 
not shown) that less calcified plaques were signifi-
cantly more frequent symptomatic than lesions with 
enlarged calcification. 

The results mentioned above have shown that 
plaques with a  high expression of CX3CR1 (under 
stronger influence of fractalkine) were significantly 
less calcified than plaques of the other group. They 
were more likely to contain small single or dispersed 
deposits. Conversely, we observed evidence of chon-
dro-osseus metaplasia in group II plaques. These seem 
to be a further confirmation for association of fractal-
kine with human carotid plaques vulnerability [7,10].

High CX3CR1 expression was significantly associ-
ated with the presence of intraplaque haemorrhag-
es, another feature of plaque instability. Based on 
the literature, fractalkine is involved in the neovas-
cularisation of atherosclerotic plaques, and these 
immature vessels may be a  source of intraplaque 
haemorrhage [8,12]. 

We observed a  significant association between 
a high CX3CR1 expression and mural thrombi; however, 
these characteristics were not related to plaque rupture 
frequency (group I) [3]. Our data suggest that fractal-
kine may promote mural thrombus formation without 

plaque rupture. Experimental data suggest that fractal-
kine activates platelets to stimulate their adhesion and 
aggregation [24]. The interaction between fractalkine 
receptors (CX3CR1) on platelets with membranous frac-
talkine on endothelial cells is responsible for platelet 
adhesion to the endothelium [17,24]. 

We assessed the fractalkine influence parameter 
within the plaques and we observed that it is associ-
ated with plaques instability. To answer whether frac-
talkine could be used as a marker of unstable carotid 
plaques, additional analysis of plaque morphology 
with a fractalkine blood level should be performed. 

Conclusions

High expression of the fractalkine receptor with-
in human carotid plaques is associated with mor-
phological parameters of plaque instability. Thus we 
conclude that fractalkine may be involved in vulner-
ability of the human carotid plaque. 
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