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Abstract

The biopathology of astrocyte cells in severe human brain traumatic injuries complicated with subdural and epi-
dural haematoma and hygroma is reviewed. Clear and dense oedematous and hypertrophic reactive astrocytes are
distinguished in severe primary traumatic vasogenic and secondary cytotoxic brain oedema. Swollen perineuronal
astrocytes appear compressing and indenting clear and dark degenerated pyramidal and non-pyramidal nerve cells,
degenerated myelinated axons and synaptic contacts. Hypertrophic astrocytes display dense cytoplasm and contain
numerous rosettes of alpha, beta- and gamma-type glycogen granules, swollen mitochondria, dilated smooth and
rough endoplasmic reticulum, oedematous Golgi apparatus, microtubules, gliofilaments, intermediate filaments, lyso-
somes and liposomes. The perisynaptic astrocyte ensheathment of synaptic contacts, containing beta type-glycogen
granules, can be traced in the neuropil, surrounding swollen, bead-shaped dendritic profiles, and degenerated myelin-
ated axons. This perisynaptic glial layer is absent in severe oedematous regions. The glycogen-rich and glycogen-
depleted perivascular astrocyte end-feet appear attached or dissociated from the capillary basement membrane.
Phagocytic astrocytes can be seen engulfing degenerated synaptic contacts, necrotic membranes, degenerated
myelinated axons, and myelin ovoids. Lipofuscin-rich astrocytes are also observed. The interastrocytary gap junctions
appear either widened, fused or fragmented.

The key role of aquaporin in astrocyte swelling and brain oedema is emphasized. The findings are compared with
those reported in experimental traumatic animal models, a large variety of pathogenetically related neuropatho-
logical conditions, and in vivo and in vitro experimental conditions. The contribution of pathological astrocytes to
neurobehavioral disorders, such as loss of consciousness, neurological deficits and seizures is emphasized. Some
hypotheses are postulated related to the dissociated or absent perisynaptic layer, neurobiology of glycogen-rich and
glycogen-depleted perivascular astrocytes, the glio-basal dissociation process, abnormal astrocyte-neuronal unit,
and astrocyte participation in seizures in patients with severe and complicated brain injuries.

Key words: astrocytes, brain trauma, brain oedema, light microscopy, electron microscopy.

that glial cells, mainly astrocyte cells, have a pivotal
role in degeneration and regeneration of the gray
matter, and that astrocyte changes are one of the
hallmarks of the response of the central nervous sys-

Introduction

Astrocyte changes in traumatic brain
injuries

Astrocyte reactions to traumatic brain injuries
have been the topic of many studies and of much
debate for almost a century. The current consent is

tem (CNS) to injury [1,8,12,15,17,44,58,65,68-70,74,
76,81,86,88,94-96,98,99,102,109,129,138]. The astro-
cyte cell changes in brain injuries have been widely
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studied at light and electron microscope levels. Such
earlier studies in human and experimental animals
reported a wide spectrum of pathological changes,
such as astrocyte swelling, division and proliferation
(gliosis), gemistocytic astrocytes, a type of round to
oval hypertrophic astrocyte cell with abundant cyto-
plasm containing glial filaments and an eccentric
nucleus or two nuclei, clasmatodendrosis or astro-
cytes with breaking up of astrocytic protoplasmic
expansions, active and reactive changes, accumu-
lation of glial fibres and increased synthesis and
expression of glial fibrillary acidic protein (GFAP),
vimentin and glutamine synthetase, phagocytic
properties, glycogen accumulation, intermediate fil-
ament gene expression, secretion of neurotrophic
factors, migration, and down regulation of astrocyte
glutamate transporter. An increased immunochemi-
cally detectable GFAP level was one of the earliest
responses to specifically characterize CNS injuries [18,
21,51,52,54,60,65,68,77,81,125].

Castejon previously described astrocyte subtypes,
morphological astrocytic changes and human neuro-
behavioral disorders in traumatic human oedema-
tous cerebral cortex [27-32]. Ragaisis [120] found isch-
aemic swelling of astrocytes in brain contusion after
increasing concentrations of potassium ion. Derugin
et al. [45] and Fotheringham et al. [55] reported reac-
tive astrocytes after transient middle cerebral artery
occlusion. Del Bigio et al. [44] described astrocytic
swelling and eosinophilia in human post-mortem
brain indicative of plasma extravasation and brain
oedema. According to Raivich et al. [119], damage
to the CNS leads to cellular changes not only in the
affected neurons but also in adjacent glial cells and
endothelia, and frequently to recruitment of cells of
the immune system. These cellular changes form
a graded response which is a consistent feature in
almost all forms of brain pathology. These authors
provide evidence about the biological function of the
neuroglial activation in the injured brain. Vajtr et al.
[138] described in human cortical biopsies cytotoxic
astrocyte oedema occurring during blood brain bar-
rier damage after traumatic brain injury. According
to Eng [52], GFA protein or GFAP is the major protein
constituent of glial intermediate filaments in differ-
entiated fibrous and protoplasmic astrocytes of the
CNS. A putative function ascribed to glial filaments
as a component of cytoskeletal substructures is
defining and maintaining the shape of the astrocyte.
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In the present review, | shall present the view
supported by our light and electron microscopic lab-
oratory data based on examinations of more than
60 human cortical biopsies immediately taken in
the surgical room, and optimally fixed during the
neurosurgical treatment. These studies have provid-
ed some insight into the subsets of astrocyte cells
generated after severe and complicated traumatic
brain injuries. A widely accepted view is that adult
human CNS is inherently different from experimental
animal models, and that astrocyte reactivity changes
according to the aetiology or primary insult of human
neuropathological conditions. Therefore, we char-
acterize astrocyte pathological and heterogeneous
populations in different cortical regions of patients
with complicated and severe brain trauma associat-
ed with subdural, extradural haematoma or hygroma
(a subdural body of cerebrospinal fluid (CSF), without
blood, believed to be derived from chronic subdural
haematomas). Additionally, we have compared the
electron microscopic features of astrocyte subtypes
in complicated human traumatic brain injuries with
those reported in a large variety of nervous and men-
tal diseases, and in vivo and in vitro experimental
conditions, in an attempt to establish a link between
basic and clinical neuroscience, and to gain a better
insight into the real significance of heterogeneity of
astrocytes that occur at the immediate site of severe
and complicated human brain injuries. This compar-
ative extrapolation of findings will allow us to explore
new and common pathogenetic mechanisms, and to
study new therapeutic strategies.

Light and electron microscopy fixation
procedures for human cortical biopsies

Two to five mm thick cortical biopsies from the
perifocal area of a traumatic lesion of the frontal and
parietal region were taken by the neurosurgeon, and
immediately fixed in the neurosurgical room in 4%
glutaraldehyde-0.1 M phosphate or cacodylate buf-
fer, pH 7.4, at 4°C, in order to avoid delay fixation.
After 2 hours of the glutaraldehyde fixation period,
the cortical biopsies were divided in our laboratory
into approximately 1 mm slides, and observed under
a stereoscopic microscope to check the quality of
fixation of the sample, the glutaraldehyde diffusion
rate, and the brownish coloration of the surface
and deeper cortical regions, indicative of good glu-
taraldehyde fixation by the immersion technique.
Immersion in fresh glutaraldehyde solution of 1 mm

Folia Neuropathologica 2015; 53/3
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slices was secondarily done for 2 hours after elimi-
nating the remaining blood from the cortical biopsy
by washing in similar 0.1 M phosphate or cacodyl-
ate buffer, pH 7.4, to avoid oxidation of the primary
fixative solution. Secondary fixation in 1% osmium
tetroxide 0.1 M phosphate buffer, pH 7.4, was carried
out for 1-2 hours at 4°C. Black staining of the cortical
slices also was observed under a stereoscopic micro-
scope to determine the osmium tetroxide diffusion
rate and quality of secondary fixation. The samples
were then rinsed for 5 to 10 minutes in phosphate
or cacodylate buffer of similar composition to that
used in the fixative solution, dehydrated in increas-
ing concentrations of ethanol, and embedded in
Araldite or Epon. For proper orientation during the
electron microscope study and observation of corti-
cal layers, approximately 0.1 to 1 um thick sections
were stained with toluidine blue and examined with
a Zeiss photomicroscope. Light microscope study
of neurons, glial cells, and blood-brain barriers was
performed. Ultrathin sections, obtained with Por-
ter-Blum and LKB ultramicrotomes, were stained
with uranyl acetate and lead citrate, and observed in
a JEOL 100B transmission electron microscope (TEM)
at magnifications ranging from 20,000 to 90,000x.
Approximately one hundred electron micrographs
were taken of each cortical biopsy. Those cortical
biopsies with delayed and poor fixation, due to inac-
tivation of the primary fixative for the presence of
tissue blood, were discarded. Since poor or delayed
fixation of brain parenchyma exhibits features quite
similar to those observed in an oedematous tissue,
in each case we critically differentiate between true
pathology and fixation artefacts. The different sub-
microscopic features that characterize moderate
and severe brain oedema allowed us to discard fixa-
tion artefacts, mainly when analysing substructures
such as the multilamellar arrangement of myelin lay-
er [23]. To characterize a subpopulation of astrocytes
we assemble a montage of serial electron micro-
graphs to analyse the entire cell body and processes.
A clear distinction between astrocytes and oligoden-
drocytes was made in each case examined.

Heterogeneity of astrocyte population
after severe and complicated brain
injuries

The following astrocyte populations are found

at the light and electron microscopic levels in the
oedematous human cerebral cortex associated with

Folia Neuropathologica 2015; 53/3

complicated brain trauma: reactive clear and dense
swollen astrocytes, reactive hypertrophic astrocytes,
lipofuscin-rich astrocytes, glycogen-rich and glyco-
gen-depleted astrocytes, and phagocytic astrocytes
[28,30,32].

Clear oedematous astrocytes in light
and electron microscopy

Semithin plastic sections stained with toluidine
blue show the presence of clear and dense notably
swollen astrocytes at the perineuronal, interfascic-
ular, and perivascular localizations. They appear
surrounded by notably enlarged extracellular spac-
es (Fig. 1A), which feature the status spongiosus of
brain parenchyma. Perineuronal astrocytes appear
intimately applied to shrunken and ischaemic neu-
ronal bodies (Fig. 1B). Binucleated and multinucleat-
ed astrocytes, indicating astrocyte proliferation, are
also observed (Fig. 1C). Electron micrographs show
the clear astrocytes characterized by an electron
lucid cytoplasm matrix, widened rough endoplasmic
reticulum, clear and swollen mitochondria with dis-
located or fragmented cristae, lysosomes, phagoly-
sosomes, and glycogen granules [24,26] (Fig. 1D).

Very severely oedematous clear astrocytes show
lacunar or vacuolated enlargement of rough endo-
plasmic reticulum, an increased amount of glial
filaments, fragmentation of Golgi apparatus, and
numerous lysosomes (Fig. 2A).

Oedematous astrocyte were also reported by Ito
etal.[67]in focal cortical infarction, and by Kuchiwa-
ki et al. [79] in cytotoxic brain oedema.

These astrocytes are characterized by robust pro-
cesses containing bundles of glial filaments (Fig. 2B).

Similar cable-like bundles of glial filaments were
reported by Graeber and Kreutzberg in facial nerve
axotomy [60].

Figures 2C and 2D show “control” electron micro-
graphs of the apparently normal astrocyte cell body
and processes from a patient with anomaly of the
anterior cerebral artery. It is important to keep in
mind that brain oedema is produced as soon as
the brain is exposed to the air during neurosur-
gery following opening of the meningeal covering.
The neighbouring neuropil shows the best ultra-
structural preservation obtained with the immedi-
ate glutaraldehyde-osmium fixation procedure of
cortical biopsies in the neurosurgical room. Note
the integrity of subcellular structures of apparently
normal nerve cell bodies and processes, the conti-
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Fig. 1. A) Brain trauma. Subdural haematoma. Left parietal cortex. Light microscopy of a toluidine blue
stained semithin plastic section exhibiting notably swollen clear astrocytes (CA) surrounded by enlarged
extracellular space (ES). A non-pyramidal neuron (NP), an ischaemic and dense perineuronal oligoden-
droglial cell (PO) and degenerated myelinated axons (MA) are seen in the neighbouring neuropil. Note
the status spongiosus of brain parenchyma. B) Similarly stained semithin plastic section showing swollen
perineuronal (PA) and clear interfascicular astrocytes (CA) surrounding dense and ischaemic neurons (DN).
A longitudinally sectioned capillary (C) also is noted. C) Semithin plastic section depicting a multinucleated
astrocyte (MA). A dark neuron (DN), a clear non-pyramidal neuron, and a swollen clear astrocyte (CA) are
distinguished. D) Electron micrograph of a swollen and clear astrocyte (CA) characterized by an electron
lucid cytoplasmic matrix, dense mitochondria (M) with fragmented cristae, dilated rough endoplasmic retic-
ulum (ER) and nuclear (N) envelope, glycogen granules (GG), and a phagolysosome (PL).

nuity of limiting plasma membrane profiles, glial
filaments, and the membrane-to-membrane, 20 nm
in width, non-dilated extracellular space separating
nerve cell processes in the neuropil [24].

Brain trauma induces dense swollen
reactive astrocytes

Dense, swollen astrocytes are easily identified
by the higher electron density of their cytoplasmic
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matrix. They exhibit vacuolization of rough endoplas-
mic reticulum, detachment of associated ribosomes,
plasma membrane disruption, clear and swollen
mitochondria with cristae fragmentation and dis-
solution, and bundles of glial filaments extended
toward the vacuolated astrocyte processes [28,29]
(Figs. 3A and 3B).

Clear and dense astrocyte swelling also have
been widely reported by Allen et al. [5] after high

Folia Neuropathologica 2015; 53/3
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Fig. 2. A) Brain trauma. Subdural haematoma. Left parietal cortex. Clear and notably swollen astrocyte
showing irregular enlargement of nuclear (N) envelope, vacuolated rough endoplasmic reticulum (RER), and
lysosomes (L). B) Clear astrocyte (CA) showing alpha-type glycogen granules (circle), and a robust astrocyte
process containing bundles of glial filaments (short arrows). A small astrocyte process, containing alpha-
type glycogen granules (GG), is seen enveloping a degenerated myelinated axon. Another degenerated
axon (AX) is seen at the upper right side of the figure. C) Electron micrograph of a “control” clear astrocyte
cell body (CA) and processes (AP) of a cortical biopsy taken and fixed in the neurosurgical room from
a patient with malformation of the anterior cerebral artery, and using the same glutaraldehyde-osmium
fixation protocol employed in the cortical biopsies with traumatic brain injuries. Note better ultrastructural
preservation of nuclear envelope, mitochondria, and bundles of glial filaments at the astrocyte process-
es. A glycogen-rich astrocyte process containing beta-type glycogen granules (GG) is also well preserved.
D) “Control” neuropil of the same patient displaying optimal preservation of dendrites (D), astrocyte cyto-
plasm (A), and synaptic contacts (SC). Note the normal appearance of membrane-to-membrane spaces, and
the absence of widened extracellular spaces.

Folia Neuropathologica 2015; 53/3 177
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Fig. 3. A) Dense and swollen astrocyte displaying vacuolated rough endoplasmic reticulum (ER) with detach-
ment of associated ribosomes, clear notably oedematous mitochondria (M) with granular disintegration
of mitochondrial cristae, bundles of microfilaments, and notably enlarged nuclear (N) envelope. B) Dense
astrocyte process containing bundles of glial filaments (BGF) at sublemmal localization, and sparse beta-
type glycogen granules, large vacuoles (V), and low electron dense liposomes (LP).

velocity penetrating head injuries, Bullock et al. [15]
following human cerebral contusion, Dietrich et al.
[48] after fluid percussion brain injury, Fujisawa et
al. [56] using a rat model of subdural haematoma,
Mathew et al. [94] in an experimental model of con-
tusion and focal cortical injury, Kuroiwa et al. [80]
during early ischaemia, and by non-traumatic neuro-
pathological conditions, such as Matyja et al. [96] in
amyotrophic lateral sclerosis (ALS), a model of slow
glutamate excitotoxicity. Similar findings have also
been observed in vitro in a variety of experimental
conditions, such as swelling-induced release of glu-
tamate, aspartate, and taurine from astrocyte cul-
tures, hypoosmotic media, high K*, high glutamate,
ethanol, free fatty acids, lacto-acidosis and acid-
base exchange [7,73-75], and the role of Na*, K™ and
Cl™ cotransporters in brain ischaemia [39].

Interfascicular and swollen perisynaptic
astrocyte processes

The clear and swollen astrocytic processes con-
taining beta type-glycogen granules can be traced in
the neuropil in moderate oedema far from the trau-
matic perifocal region, where they appear surround-
ing the synaptic contacts, swollen and bead-shaped
dendritic profiles, and degenerated myelinated axons.
These swollen astrocyte processes compress and
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indent the degenerated myelinated axons. At the level
of this compression zone, the degenerated myelinated
axons appear constricted with distorted and vacuolat-
ed myelin sheath [23] (Figs. 4A and 4B).

The presence of notably swollen astrocytes and
degenerated myelinated axons has been described
previously by Graeber and Kreutzberg [60] following
facial nerve axotomy, by Gilmore et al. [59] after sci-
atic axotomy, and by Murray et al. [103] in dorsal root
or peripheral nerve lesions.

In those patients with very severe brain oedema,
located at the perifocal area, the haematogenous
oedema fluid rejects the astrocyte perisynaptic cyto-
plasm, and the pre- and postsynaptic endings and
the synaptic cleft appear in direct contact with the
extracellular space [29,31] (Fig. 4C).

These findings indicate that astrocytes lost
both the prime location to receive synaptic infor-
mation from released neurotransmitters and the
neurotransmitter receptor expression in response
to injury [104]. Additionally, the diffusion of nerve
impulse transmission to the extracellular space indi-
cates loss of astrocyte modulation of extracellular
space [6]. If we consider that the perisynaptic astro-
cyte should be viewed as an integral modulatory
element of the tripartite synapse [6], we are really
dealing with dissociated tripartite synapses.

Folia Neuropathologica 2015; 53/3
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Hypothesis on the biopathological
significance of absent perisynaptic
astrocyte ensheathment

Our electron microscopic studies suggest that
in the perisynaptic glial-synaptic contact dissocia-
tion process, the specific functions of astrocytes in
synaptic transmission, such as the ability to take
up and metabolize neurotransmitters, are disrupt-
ed — for example, glutamate uptake and glutamate
release at the synapses that they envelop, to pro-
tect these synapses against inappropriate activation
by excess transmitter released or regulate synaptic
transmission [6], and also inactivate neurotrans-
mitters [92]. Such modulatory regulation or inacti-
vation is disrupted by traumatic brain oedema. The
alteration of these specific functions would help to
explain the contribution of pathological astrocytes
to development of neurobehavioral disorders, such
as loss of consciousness, neurological deficits, and

Folia Neuropathologica 2015; 53/3

Fig. 4. A) Brain trauma. Epidural haematoma.
Right parietal cortex. Perisynaptic glycogen-rich
(GRA) and glycogen depleted (GDA) astrocyte
processes located in an area of moderate brain
oedema surrounding an axo-dendritic contact
(SQ). B) Glycogen-rich and filamentous astrocyte
(GRA) cytoplasm intimately applied to presynap-
tic endings (PE) and to a degenerated myelinat-
ed axon (DMA) containing inner myelin ovoids
(IMO). €) Degenerated axodendritic contact
(DSC) devoid of perisynaptic layer located in
a severely oedematous area. The synaptic cleft
(asterisks) appears in direct contact with the
enlarged and electron lucid extracellular space
(ES) containing non-proteinaceous oedema flu-
id. Note the neighbouring and longitudinally sec-
tion of a degenerated myelinated axon (DMA).

seizures [27,31]. In addition, Uranova et al. [137] have
described ultrastructural alterations of both synap-
tic contacts and astrocytes in the postmortem cau-
date nucleus of schizophrenic patients, suggesting
that perisynaptic ensheathment dissociation is not
a specific finding of human traumatic brain injuries.

The glio-basal dissociation process
in severe traumatic brain injuries

At the light microscopy level, clear and dense peri-
vascular astrocytes appear mostly attached to the
outer surface of the capillary basement membrane
mainly in areas of moderate, and some regions of
severe oedema located far from the traumatic peri-
focal region [25,37] (Fig. 5A and 5B).
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In severe and complicated brain injuries, a glio-
basal dissociation process occurs and a separation
of astrocyte end-foot limiting plasma membrane
from the capillary basement membrane is observed
(Fig. 5C). Additionally, the astrocyte perivascular
end-feet are fragmented and remnants of their lim-
iting plasma membranes are observed. Extensive
areas of the capillary basement membrane devoid
of astrocytic end-feet appear in direct contact with
the enlarged extracellular space containing elec-
tron lucid or proteinaceous oedema. These findings
demonstrate the absence of the glial cell compo-
nent of the blood-brain barrier, and indicate the glial
barrier dysfunction induced by the traumatic brain
oedema [37], and interruption of the route between
capillaries, astrocytes and the neuronal membranes
by which metabolic substrates reach the neurons

180
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Fig. 5. A) Brain trauma. Subdural haematoma.
Right parietal cortex. Light microscopy of a tolu-
idine blue-stained semithin plastic section of
a longitudinal section of cortical capillary in
a moderate oedematous region showing swol-
len and clear perivascular astrocytes (CPA), and
adense perivascular astrocyte (DPA) attached to
the capillary outer surface. The endothelial cell
(EC) and the capillary lumen (C) are also seen.
B) Shows a semithin section of a longitudinally
sectioned capillary (C) in a severely oedematous
region showing a swollen and clear perivascular
astrocyte (PVA) attached to the capillary outer
surface, and surrounded by large extracellular
spaces (ES). Numerous degenerated myelinated
axons (DMA) are also seen in the spongy neuro-
pil. C) Electron micrograph of extremely swollen
and glycogen-depleted perivascular astrocytic
end-feet (GDA) localized in a severely oedem-
atous area and dissociated from the thickened
capillary basement membrane (BM) by pro-
teinaceous oedema fluid (PEF) and a thin layer
of dense astrocyte cytoplasm. Note the dis-
continuities of the limiting plasma membranes
(asterisks). A swollen and vacuolated endotheli-
al cell (EC) and the capillary lumen (CL) are also
seen.

[25,37,139]. Subsequently, vasogenic and cytotoxic
oedema are superimposed, and degeneration and
death of pyramidal and non-pyramidal nerve cells

Folia Neuropathologica 2015; 53/3
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Fig. 6. A) Brain trauma. Subdural haematoma. Glycogen-depleted (GDE) and glycogen-rich (GRE) perivas-
cular astrocytic end-feet appear applied to the outer surface of the capillary basement membrane (BM)
in a moderate oedematous region. The GRE exhibits beta-type glycogen granules and vacuoles. The gap
junction between both astrocyte end-feet shows areas of fused astrocyte confronted limiting membranes
(asterisks) and absence of the intercalated extracellular space. A pericyte (P) and endothelial cell (EC) are
also visualized. B) Extremely swollen glycogen-depleted perivascular astrocytic end-feet (GDA) dissociated
from the capillary basement membrane (BM) by the oedema fluid and exhibiting discontinuities of the
limiting membrane. A swollen and degenerated mitochondrion (M) is observed. Note the enlarged extracel-
lular space (ES), and the denuded capillary basement membrane outer surface (BM). The gap junction (GJ)
shows fused and disrupted confronted membranes. The vacuolated endothelial cells (EC), and the capillary

lumen (CL) are also distinguished.

occur [25,37]. Similar findings were reported by Ito
et al. [67] in experimental ischaemic brain oedema
in gerbils.

Astrocytes’ supply of substrates of
glycogen metabolism to ischaemic
neurons and oligodendroglial cells

Glycogen-rich and glycogen-depleted perivascu-
lar astrocyte end-feet are found in severe traumatic
brain injuries [30]. The glycogen-rich perivascular
astrocyte end-feet show enlarged vesicular and vac-
uolar profiles of endoplasmic reticulum, and beta-
and alpha-type glycogen granules. In contrast, glyco-
gen-depleted astrocyte end-feet are distinguished by
a scarce amount or absent isolated beta- and gam-
ma-type glycogen granules, characterized according
to Drochman’ s classification [49]. This classification
allowed us to distinguish among beta or monogran-
ular, alpha or in rosette clusters, and gamma or mini
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type, according to glycogen granular size and degree
of aggregation (Fig. 6A and 6B).

In physiological conditions there is no evidence
for transfer of glycogen substrate energy from glial
cell stores to neurons [42]. Our electron microscop-
ic findings suggest that glycogen accumulation and
breakdown are induced by the severity of traumatic
brain injuries [30]. The fact that both glycogen-rich
and glycogen-depleted astrocyte perivascular pro-
cesses are simultaneously found strongly suggests
the hypothesis that in human brain trauma astro-
cytes exert a neuroprotective action supplying sub-
strates of glycogen metabolism for the survival of
ischaemic neurons and oligodendroglial cells. In
support of our hypothesis is the fact that glycogen
accumulation after an initial decrease is a distinc-
tive feature of astrocytes responding to injury [64].
According to Magistreti et al. [89], astrocytes may
help neurons with their energy requirements during
periods of activity.
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Enlargement, fusion and disruption
of interastrocytary gap junctions induced
by the traumatic agent

At the level of interastrocytary gap junctions (gap
junctions localized between two neighbouring astro-
cyte end-feet belonging to the same or to different
clear or dark perivascular astrocytes), the severe trau-
matic injury induces widening of confronted astro-
cyte end-feet limiting membranes and enlargement
of extracellular space between the astrocyte end-feet,
or they appear either fused or disrupted by the nota-
bly swollen astrocyte end-feet [22,26] (Fig. 6A and 6B).

There is a relationship between swollen capillary
endothelial cells and swollen perivascular astro-
cytes. The open endothelial junctions [35] and the
increased transendothelial vacuolar and vesicular
transport [32] discharge the brain oedema fluid into
the thickened basement membrane, and into the
astrocyte perivascular end feet [37].

These findings indicate blood brain barrier break-
down and the genesis of vasogenic brain oedema
in severe human brain trauma. These findings also
tend to demonstrate that in human traumatic brain
oedema, the connecting hemichannels of each con-
fronting astrocytic end-foot process forming the gap
junctions [46,89,104,121] are set apart or damaged
with subsequent disruption of connexin proteins.
In normal physiological conditions, astrocytes in
vitro modulate the blood-brain barrier permeability,
but there is no correlation with alterations of tight
junction protein from the cellular contacts. How-
ever, as previously demonstrated by Hossain et al.
[66], astrocytes respond to an ischaemic insult reor-
ganizing their gap junctions. Theriault et al. [133]
described alteration of connexin 43 and astrocytic
gap junctions after acute compression injury. Nerve
cell injury causes large intracellular increase in intra-
cellular K* and Ca?*, which could lead to astrocytic
uncoupling [108]. In addition, intracellular acidifica-
tion mediated by lactate also results in irreversible
astrocytic uncoupling [3]. Additionally, Li et al. [84]
reported the phosphorylation status of gap junc-
tions and connexin 43 in rat brain after cerebral focal
ischaemia.

The above-mentioned findings on damaged astro-
cytic gap junctions suggest a whole alteration of the
pan-glial syncytium postulated by Rash et al. [122]
and Li et al. [84], or an interruption of the gap junction
wiring described by Dermietzel et al. [46]. In addition,
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it would mean an alteration of the coordinating role
of gap junctions in motor behaviour [71].

Dense and reactive hypertrophic
astrocytes

Hypertrophic astrocytes are observed at the inter-
fascicular level at the neuropil and in perivascular local-
ization. Their perivascular end-feet can be observed
attached to the capillary basement membrane. They
are characterized by increased cytoplasmic matrix
density, distended rough endoplasmic reticulum pro-
files, swollen mitochondria, fragmentation of Golgi
apparatus, and presence of alpha- and beta-glycogen
particles. Close examination of the cytoplasm at high-
er magnification shows increased numbers of glial
filaments, microtubules, and numerous round and lob-
ulated lysosomes. They exhibit robust and extended
processes in the neuropil containing compact bundles
of glial filaments [26,28,29] (Fig. 7A).

These types of astrocytes have also been found
by Kaur et al. [70] after a non-penetrative blast. How-
ever, hypertrophic astrocytes seem to be an unspe-
cific population present in traumatic brain injuries
since they have been described in a large variety of
distinct human nerve pathological entities, and in
experimental animal models, such as those report-
ed by Ludowyk et al. [87] in chronic experimental
autoimmune encephalitis in aged rats, Khurgel and
Ivy [72] in kindling-induced seizures, Krsulovic et al.
[78] in nerve cells of taiep rats, and by Harsan et al.
[63]in dysmyelinated jimpy mouse brain. The mouse
jimpy mutation of the X-linked proteolipid protein
(Plp) gene causes dysmyelination and premature
death of the mice. The established phenotype is
characterized by severe hypomyelination, increased
numbers of dead oligodendrocytes and astrocytosis.
This astrocytosis exhibits similar features as in the
case of the astrocytes described above. Therefore,
dense and reactive hypertrophic astrocytes are not
a subpopulation of astrocytes specifically induced
by severe and complicated human brain injuries.

Dark astrocytes, which should be considered
as a variety of hypertrophic astrocytes, have been
found by Gallyas et al. [57], and by Téth et al. [136]
after compressive or concussive head injuries. These
reactive astrocytes with dense processes are GFAP
immunoreactive [51-53], and have been co-labelled
by antibodies to GFAP and vimentin [54]. For further
details the reader is referred to the elegant review of
Malhotra et al. [91] on reactive astrocytes.
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Fig. 7. A) Brain trauma. Subdural haematoma. Left parietal cortex. Electron micrograph of a dense hyper-
trophic astrocyte showing numerous canaliculi and vesicles of smooth endoplasmic reticulum (SER), multi-
ple rosettes of multigranular or alpha-type glycogen particles (circle), clear and swollen mitochondria (M),
lobulated lysosomes (L), fragmented Golgi apparatus (GA), and microfilaments (arrows). B) Brain trauma.
Subdural haematoma. Frontal cortex. Light microscopy of a semithin section stained with toluidine blue
showing a swollen and lipofuscin-rich clear astrocyte (LRA) surrounding a clear oedematous neuron (CEN).
A dark ischaemic neuron (DN) and a degenerated myelinated axon (DAX) are also distinguished. C) Electron
micrograph of a lipofuscin-rich astrocyte cytoplasm exhibiting lipofuscin granules (LG) and vacuoles (V).
D) Lipofuscin-rich astrocyte process (AP) containing a huge lipofuscin granule (LP).
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Lipofuscin-rich astrocytes favour

the aging process and neuronal

degeneration in traumatic brain

injuries

In traumatic brain injuries, accumulation of lipo-
fuscin granules has been found in the astrocyte body
and processes [32] (Fig. 7B, 7C and 7D).

This lipofuscin accumulation has been widely
reported in normal aging subjects [100]. Although age
is considered an important factor reducing astrocyte
reactivity, in aging patients with severe brain trau-
ma, increased reactivity of astrocytes was observed
characterized by a large amount of lipofuscin-rich
astrocytes. The significance of lipofuscin accumu-
lation for astrocyte biopathology is a subject that
remains relatively poorly defined in the world litera-
ture. Our studies have demonstrated that lysosomes
coexisting with an increased amount of lipofuscin
granules are observed in young and adult patients
with brain trauma, tumours and vascular anoma-
lies, implicating a dysfunction of the endolysosom-
al system in astrocytes [32]. We have also reported
lipofuscin granules in neonate and infant patients
with congenital hydrocephalus [32], suggesting that
lipofuscin formation is a life span process in imma-
ture and mature astrocytes, and not only due to the
aging process, as it has been classically conceptu-
alized. The neurodegeneration associated with lipo-
fuscin accumulation may be caused by that accumu-
lation, and induces astrocyte activation. Lipofuscin
and ceroid are usually held responsible for impaired
cellular performance, via oxidative damage and the
irreversible accumulation of fluorescent products of
lipid peroxidation. The participating evidence of free
radical oxidative interactions in promoting astrocyte
injury in such conditions as brain trauma, ischaemia,
toxicity, and in neurodegenerative diseases such as
Parkinson’ s disease, Alzheimer’ s dementia, multi-
ple sclerosis, and lipofuscinosis, is growing and accu-
mulating, and favouring the idea of an overall spec-
trum of an altered endosomal/lysosomal system.
Accumulation of heterogeneous non-degraded mac-
romolecules in dysfunctional lysosomes and autoly-
sosomes ultimately leads to early-onset apoptotic
death with subsequent activation of astrocytes [111].
The general hypothesis, as developed from chronic
neurodegenerative diseases [14,16], is that astrocyte
activation occurs in juvenile neuronal ceroid lipo-
fuscinosis (JNLC) and Batten disease. Additionally,
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the role of peroxy radicals or their products formed
by lipoperoxidation of polyunsaturated fatty acids
has also been implicated [13].

In spite of recent advances in immunohistochem-
ical identification of biochemical markers, the ultra-
structural identification of lipofuscinic pigments
remains the gold standard to identify neuronal
ceroid lipofuscinosis (NCL), together with the clinical
aspects and respective gene defects [14]. Neuronal
cell cultures offer a good model to study systemati-
cally lipofuscin’ s impact on astrocyte biopathology.

Traumatically reactive astrocytes
phagocytose synaptic contacts,
myelinated axons and undifferentiated
nerve cell debris

Clear and swollen dense perineuronal phago-
cytic astrocytes can be seen engulfing remnants of
degenerated myelin sheath, myelin ovoids, degen-
erated myelinated axons, and entire degenerated
axo-dendritic contacts, and fragments of nerve cell
debris.

These two types of phagocytic astrocytes are fre-
quently found in traumatic brain oedema: the clear
type characterized by lamellar processes contain-
ing osmiophilic vesicles, as previously described by
Gonatas et al. [62] (Fig. 8A), and a second type: the
dark phagocytic astrocytes [26,28]. Figure 8B shows
a clear phagocytic astrocyte cytoplasm with osmio-
philic vesicles in the neuropil engulfing a presynaptic
ending. These findings indicate the participation of
phagocytic astrocytes in the removal of degenerated
nerve cell substructures in the traumatic oedema-
tous human cerebral cortex [28,29].

Table | below summarizes the features of astro-
cyte changes in moderate and severe oedema.

Traumatic brain oedema induces
disruption of astrocyte plasma
membrane and cytomembranes

The physical stress elicited by the intensity of
the traumatic agent induces rupture of the astrocyte
plasma membrane, nuclear membranes, cytomem-
branes and Golgi apparatus, and perivascular astro-
cyte end-feet exhibit membrane defects induced
by decreased Na*-K*-ATPase activity exerted by the
trauma [41], and changes in the extracellular ion Na*
and K* concentrations [101]. Increased membrane
tension could open stretch-activated ions chan-
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nels in astrocyte cultures [73], and astrocyte amino
acids could diffuse through these channels (swell-
ing-induced release of amino acids from astrocytes).
Mechanical injury alters the volume of activated ion
channels [47]. As pointed out by Levi and Gallo [82],
it is possible that the establishment of a vicious circle
will cause self-potentiation of the pathological pro-
cess. For example, the accumulation of extracellular
glutamate and K* following the traumatic and isch-
aemic insults could induce astrocyte swelling with
further glutamate and K* efflux, and consequent
potentiation of swelling and excitotoxicity.

Astrocyte cell death types in severe
and complicated traumatic brain
injuries

In severe brain trauma complicated by subdu-
ral or epidural haematoma we found astrocyte cells
exhibiting oncotic cell death type characterized by
electron lucent and swollen cytoplasm and nucleo-
plasm, lobulated nucleus, presence of intranuclear
inclusions, apparently intact and disrupted nuclear
pore complex, numerous clear vacuoles, lysosomes,
and numerous small dense bodies [33] (Fig. 9A).

The presence of typical apoptotic astrocyte cell
death is characterized by chromatin condensation,
a disrupted perinuclear cistern and the finding of apop-
totic bodies in the nucleus and cytoplasm (Fig. 9B).

Other astrocytes display coexisting oncotic and
apoptotic cell death, showing chromatin condensa-
tion, empty electron lucent and disrupted cytoplasm,
and swollen degenerated mitochondria. Some of
these astrocytes show postmortem morphological
features of necrotic cell death, characterized by dis-
organized nuclear chromatin, clear or dense fibrillar
and granular euchromatin, clear or dense nucleoplasm,

Fig. 8. A) Brain trauma. Subdural haematoma.
Left parietal cortex. Phagocytic astrocyte (PA)

exhibiting lamellar pseudopods containing
osmiophilic bodies (OB) and vesicles, and engulf-
ing a degenerated myelinated axon (DMA).
The cytoplasm shows lipofuscin granules (LG)
and remnants of nerve cell debris (CD). B) Insert
showing a phagocytic astrocyte process (A) in
the neuropil engulfing a degenerated presynap-
tic ending (DSE).

remnants of cytomembranes, small dense vesicles,
massive vacuolar degeneration, plasma membrane
fragmentation and degeneration, and dispersed,

Table I. Astrocyte changes in human severe traumatic brain injuries

Moderate oedema Severe oedema
Reactive clear swollen astrocytes Dilated RER Vacuolated RER
Reactive dense swollen astrocytes Increased NF, Numerous L

Fragmented GA Oedematous GA

Astrocyte plasma membrane Mostly preserved Disrupted
Reactive hypertrophic astrocytes Present Present
Glycogen-rich and glycogen-depleted astrocytes Present Present
Phagocytic astrocytes Present Present
Lipofuscin-rich astrocytes Present Present
Astrocyte nerve cell death types (Oncosis, Apoptosis, Necrosis) Present Present

RER — endoplasmic reticulum, M — mitochondria, GA — Golgi apparatus, NF — neurofilaments, MT — microtubules, MA — myelinated axons, L — lysosomes,

LG — lipofuscin granules
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degenerated mitochondria at cytoplasmic and extra-
cellular localizations [33] (Fig. 9C).

Ischaemic neuronal death influenced by astro-
cytes has been described by Swanson et al. [132].
Experimental brain injury induces regional distinct
apoptosis during the acute and delayed post-trau-
matic period [43].

A continuum of increased oncosis, apoptosis
and necrosis appeared to involve astrocytes and oli-
godendrocytes in traumatic human brain oedema
[33], and in animals following blast exposure [139].
In patients with higher brain dysfunction after mild
traumatic brain injury, diagnostic imaging showed
cortical neuron loss in the frontal lobes, using sin-
gle-photon emission computed tomography (SPECT)
with l-iomazenil, as a radioligand for the central ben-
zodiazepine receptor [105]. Swanson and Kauppinen
[132] have recently examined the influences of astro-
cytes on ischaemic neuronal death.

The key role of aquaporin in traumatic
astrocyte swelling

Aquaporins (AQPs) play pivotal roles in cerebral
water movement as essential mediators during
oedema and fluid accumulation. Aquaporin 4 (AQP4),
a water channel protein located at the blood-brain
barrier, might facilitate the removal of this excess
of water from the parenchyma into the blood. Aqua-
porin 4 was first located on astrocyte end-feet but
later on the whole membrane of astrocytes that
became hypertrophic in the most severe traumatic
brain injuries [130]. The key role of aquaporin in astro-
cyte swelling and traumatic brain oedema has been
emphasized by several investigators [61,130,131].
More recent studies indicate a key role of aquaporin
in astrocyte swelling, ischaemia and brain oedema
[2,85,106,107,113,141]. According to some of these
studies, AQP4 expression follows an adaptive profile
to the severity of traumatic brain oedema, which is
probably a protective response mechanism. A very
important avenue for future work in traumatic brain
injuries and brain oedema is to study aquaporin as
a target for pharmaceutical treatment.

The dissociated astrocyte-neuronal unit
in human traumatic brain injuries

As mentioned above, normal neuronal-astrocyte
cooperation is important for signalling, energy meta-
bolism, extracellular ion homeostasis, volume regula-
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tion, and neuroprotection [10]. The findings described
above in traumatic and complicated human brain
injuries in the oedematous cerebral cortex reveal
a structural alteration of the astrocyte-neuronal unit.
Swollen and ischaemic neurons and swollen perineu-
ronal astrocytes should be considered an abnormal
metabolic cooperation of the astrocyte-neuronal unit.
This dissociation would mean an altered astrocyte
response to chemical signals from damaged neurons,
which would send back other messages in the form
of neuroactive and neurotrophic substances. These
alterations would include not only those classical
neurotransmitters and neuromodulators, but also
growth factors, cytokines and prostanoids [50,97].
Swollen astrocytes could be responsible for the
degeneration of damaged neurons, not only for
the exerted outer surface physical stress due to the
notably swollen astrocyte soma, but in addition,
for the establishment of high extracellular levels of
glutamate released during severe traumatic brain
injuries (glutamate excitotoxicity) [28,29,73-75].
These findings have led to the prevalent hypoth-
esis that excitatory amino acid efflux is a major con-
tributor to the development of neuronal damage
subsequent to traumatic injury. Obrenovitch et al.
[110] ask an interesting question related to the role of
glutamate excitotoxicity in traumatic brain injuries.

Hypothesis of astrocyte responsibility
for production of seizures

Astrocyte mitochondrial matrix swelling and loss
of cristae [34], and early inactivation of cytochrome
oxidase, have been reported after injury [41]. Since
astrocyte glutamine synthesis requires ATR it is
rational to argue that in human brain trauma due
to mitochondrial swelling, astrocytes would not be
able to convert accumulated glutamate to glutamine.
If we consider that glutamine is also a quantitative-
ly important precursor of GABA [9], we could infer
that a disturbance of the GABA-glutamine cycle and
glutamate excitotoxicity could explain the seizures
observed in some patients studied in our laboratory
[27]. An impairment of glutamate-inactivating ability
of astrocytes in human brain trauma [92] could be
important in increasing the excitotoxic effect of glu-
tamate on neurons. This hypothesis should be con-
sidered in explaining the degeneration of pyramidal
and non-pyramidal nerve cells leading to nerve cell
death.
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DM

Fig. 9. A) Brain trauma. Right epidural haemato-
ma. Right temporal cortex. Oncotic nonpyrami-
dal nerve cell death characterized by flocculent
precipitate of cytoplasmic matrix, degranulat-
ed and vacuolated endoplasmic reticulum (ER),
irregularly enlarged perinuclear cistern (PC),
presence of filament intranuclear inclusion (1),
intact (short arrows) and disrupted (long arrows)
nuclear pores. The decondensed nuclear chroma-
tin (N) exhibits granular and fibrillar organization.
B) Brain trauma. Right epidural haematoma.
Right temporal cortex. The nucleus (N) exhibits
an electron lucent nucleoplasm and chromatin
condensation forming typical apoptotic bod-
ies (AB). Cytoplasmic apoptotic bodies are also
observed in the cytoplasm surrounding a large
vacuole (V). €) Necrotic astrocyte cell displaying
remnants of cell organelles (CO), small dense ves-
icles (DV), vestiges of cytomembranes (VC), and
large vacuoles.
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Table II. Altered astrocyte-neuronal unit

Moderate oedema Severe oedema

Perisynaptic astrocyte Preserved Absent
Astrocytes supply substrates of glycogen metabolism Increased Increased
Glio-basal dissociation process Preserved Dissociated
Gap junction alteration Present Dissociated
Glutamate cytotoxicity Increased Increased

Table Il summarizes the abnormal astrocyte-neu-
ronal unit in traumatic moderate and severe oedema.

Concluding remarks

Severe and complicated traumatic human brain
injuries induce notably swollen astrocytes and numer-
ous subpopulations of astrocyte subtypes, such as
clear and dense oedematous astrocytes, hypertro-
phic reactive astrocytes, glycogen-rich and glyco-
gen-depleted astrocytes, lipofuscin-rich astrocyte,
and phagocytic astrocytes. Swollen clear and dense
perineuronal astrocytes appear compressing and
indenting dark, ischaemic nerve cells, degenerated
myelinated axons, and synaptic contacts. At the level
of the neuropil, in areas of moderate brain oedema,
the perisynaptic astrocyte cytoplasmic layer appears
covering axodendritic synaptic contacts, dendrites
and myelinated axons. In severe oedematous regions
the perisynaptic astrocytic glial ensheathment is
rejected and lost by the brain oedema fluid depos-
ited in the enlarged extracellular space. The synaptic
contacts appear in direct continuity with the extracel-
lular space impairing neurotransmission.

Glycogen-rich and glycogen-depleted perivascu-
lar astrocyte end-feet are found applied or dissoci-
ated from the capillary basement membrane. The
interastrocytary gap junctions appear separated,
fused and fragmented. Reactive hypertrophic astro-
cytes exhibit dense cytoplasmic matrix, increased
amounts of dilated smooth and rough endoplasmic
reticulum, microtubules, gliofilaments, and vac-
uolization and fragmentation of Golgi apparatus.
Lipofuscin-rich astrocytes and phagocytic astrocytes
are also frequently observed, induced by lipid perox-
idation, and an overall spectrum of altered endoso-
mal/lysosomal system. Some hypotheses are raised
related to the absence of the perisynaptic layer, the
neurobiological significance of glycogen-rich and
glycogen-depleted astrocytes, the abnormal astro-
cyte-neuron unit, and the astrocyte responsibility
for production of seizures. The results are compared
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with those described in experimental brain trauma,
related neuropathological conditions, ischaemic pro-
cesses, and in vivo and in vitro experimental condi-
tions, in an attempt to establish a link between basic
and clinical neuroscience, and to design new thera-
peutic strategies.
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Abstract

Multiple system atrophy (MSA) is a rare neurodegenerative disorder associated with parkinsonism, ataxia, and auto-
nomic dysfunction. Its pathology is primarily subcortical comprising vacuolation, neuronal loss, gliosis, and a.-synuclein-
immunoreactive glial cytoplasmic inclusions (GCl). To quantify cerebellar pathology in MSA, the density and spatial
pattern of the pathological changes were studied in o.-synuclein-immunolabelled sections of the cerebellar hemisphere
in 10 MSA and 10 control cases. In MSA, densities of Purkinje cells (PC) were decreased and vacuoles in the granule cell
layer (GL) increased compared with controls. In six MSA cases, GCl were present in cerebellar white matter. In the molec-
ular layer (ML) and GL of MSA, vacuoles were clustered, the clusters exhibiting a regular distribution parallel to the edge
of the folia. Purkinje cells were randomly or regularly distributed with large gaps between surviving cells. Densities of
glial cells and surviving neurons in the ML and surviving cells and vacuoles in the GL were negatively correlated consis-
tent with gliosis and vacuolation in response to neuronal loss. Principal components analysis (PCA) suggested vacuole
densities in the ML and vacuole density and cell losses in the GL were the main source of neuropathological variation
among cases. The data suggest that: (1) cell losses and vacuolation of the GCL and loss of PC were the most significant
pathological changes in the cases studied, (2) pathological changes were topographically distributed, and (3) cerebellar
pathology could influence cerebral function in MSA via the cerebello-dentato-thalamic tract.

Key words: multiple system atrophy, cerebellum, vacuolation, a-synuclein, spatial pattern.

of the disease are recognised: the cerebellar subtype

Introduction (MSA-C) and the parkinsonian subtype (MSA-C) [19-

Multiple system atrophy (MSA) is a rare, largely
sporadic neurodegenerative disorder, associated with
varying degrees of parkinsonism, ataxia, and auto-
nomic dysfunction [25]. The average annual incidence
of the disorder is 3.0/100,000 of the population and
median survival time is 8.5 years [12]. Symptoms
of MSA begin early in the fifth decade and the dis-
order is slightly more common in males than in fe-
males (male : female 1.3 : 1) [37]. Two main subtypes

21]. A third subtype, viz. Shy-Drager syndrome, in
which the symptoms are primarily autonomic, is not
currently included as a subtype of MSA [21].

The neuropathology of MSA largely affects sub-
cortical grey matter including the substantia nigra,
striatum, inferior olivary nucleus, pontine nuclei, and
cerebellum [8,9,17,25]. In some cases, there is a pro-
gressive cerebral atrophy affecting the frontal lobes
[22] and the motor/premotor areas [36]. Histological-
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ly, MSA is characterised by selective neuronal loss,
gliosis, and myelin pathology [25], the ‘signature’
pathological lesion being the glial cytoplasmic inclu-
sion (GCl) found mainly in oligodendrocytes [28].
The GCl are composed of argyrophilic 10-15 nm diam-
eter coated filaments immunoreactive for ubiquitin
and a-synuclein, but glial fibrillar acid protein (GFAP)
reactivity is absent [34]. a-Synuclein-immunoreac-
tive neuronal cytoplasmic inclusions (NCI) have also
been observed in MSA but at significantly lower
densities [8,16,17,29]. a-Synuclein is a small pre-syn-
aptic protein that regulates the normal functioning
of dopamine transporter and tyrosine hydroxylase
[24]. It normally exists in a relatively unfolded state
and is highly soluble, but in synucleinopathies such as
MSA it, undergoes a conformational change to insol-
uble amyloid fibrils that form a major component of
the GCI.

Cerebellar pathology has been reported in previ-
ous studies of MSA [18,20,27] including loss of Pur-
kinje cells (PC) [26] and the presence of a-synuclein-
immunoreactive cellular inclusions in the molecular
layer (ML) [31,33]. Cerebellar pathology could influ-
ence a variety of brain functions in MSA including
motor function, the fine timing of events, sensory
analysis, feeding behaviour, the modulation of cog-
nition, and the regulation of emotion [22]. Hence,
to quantify cerebellar pathology in MSA and iden-
tify the anatomical pathways likely to be affected,
the density and spatial pattern of vacuoles, surviv-
ing neurons, glial cell nuclei, and glial cytoplasmic
inclusions (GCl) were studied in a-synuclein-immu-

nolabelled sections of the cerebellar hemisphere
in 10 MSA and 10 control cases. The specific objec-
tives were: (1) to quantify and compare pathological
changes in the cerebellar hemisphere in MSA and
cognitively normal brain, (2) to determine the spa-
tial topography of the pathological changes within
each layer, (3) to examine the spatial correlations
between the vacuoles, glial cell nuclei, and GCI both
within and between layers, (4) to investigate patho-
logical differences among cases, and (5) to consider
how cerebellar pathology might affect cerebral func-
tion in MSA.

Material and methods
Cases

Ten cases of MSA (details in Table 1) and 10 con-
trol cases (50-80 years of age) were obtained from
the Brain Bank, Department of Neuropathology,
Institute of Psychiatry, King's College London, UK.
Control cases had no neurological or psychiatric his-
tories and were matched as closely as possible for
gender and age to the MSA cases. Multiple system
atrophy cases were diagnosed according to the Min-
neapolis Consensus Criteria [19-21] and subsequent-
ly neuropathologically verified. All cases had GCl in
subcortical grey matter, including the striatum, sub-
stantia nigra, pontine nuclei, and medulla [8]. The
major clinical features of the 10 cases are shown in
Table Il. Four cases were diagnosed as the MSA-C
subtype and two as the MSA-P subtype. Four cas-
es had a more complex pathology, exhibiting both

Table I. Subtypes, demographic data, and brain weights (BW) of the multiple system atrophy (MSA) cases

studied
Case Subtype Sex Onset (years) Death (years)  Duration (years) BW (gm)
A MSA-P F 73 77 4 1274
B M Ma 69 76 7 1290
C MSA-C Ma 63 65 2 1276
D MSA-C Ma 65 67 2 1309
E MSA-C F 70 81 11 817
F MSA-P Ma 66 78 12 1400
G MSA-C Ma 69 72 3 1035
H M F 61 63 2 1283
| M Ma 63 73 10 NA
J M Ma NA 53 NA NA

MSA-P — Parkinsonian subtype, MSA-C — cerebellar subtype, M — mixed pathology, i.e. cases with features of more than one subtype, Ma — male, F — female,

NA — data not available
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Table II. Clinical features of the multiple system atrophy cases studied

Case Clinical features

A Rigidity and akinesia. No cerebellar ataxia. Nocturnal sweating, salivation, and frequent urination. Cognition preserved.
Perseveration of speech

B Minimal parkinsonism. Balance problems. Impotence, urination and swallowing difficulties, impaired blinking. Cognition
preserved. Depression

C Minimal parkinsonism. Restricted mobility and falls. Cerebellar ataxia. Urination difficulty. Cognition preserved.
Dysarthria

D Some tremor of hands. Significant cerebellar ataxia. Dysarthria

E Minimal parkinsonism. Significant cerebellar ataxia affecting limbs and trunk. Memory impairment

F Significant parkinsonism with tremor and cogwheel rigidity. Urination and swallowing difficulties. Cognition preserved

G Minimal parkinsonism. Significant cerebellar ataxia. Confusion

H Significant parkinsonism and cerebellar ataxia. Cognition preserved

| Some rigidity. Significant cerebellar ataxia. Swallowing difficulties. Cognition preserved. Dysarthria

J Significant parkinsonism and cerebellar ataxia. Dysphagia. Cognition preserved.

parkinsonism and cerebellar clinical signs, and could
not easily be assigned to either the MSA-C or MSA-P
subtypes. Hence, the two MSA-P cases exhibited
significant parkinsonism but no cerebellar ataxia,
the four MSA-C cases showed significant cerebellar
ataxia but with minimum parkinsonism, while the
four ‘mixed’ cases exhibited a combination of cer-
ebellar and parkinsonian symptoms. Only cases of
the MSA-C subtype exhibited evidence of cognitive
impairment including memory impairment and con-
fusion.

Histological methods

After death, consent of the next of kin was
obtained for brain removal following local Ethical
Committee procedure and the 1964 Declaration of
Helsinki (as revised in Edinburgh, 2000). A block
of the right cerebellar cortex was taken from each
case at the level of the superior cerebellar peduncle.
Tissue was fixed in 10% phosphate-buffered for-
mal-saline and embedded in paraffin wax. For quan-
titative analysis, sequential coronal 7-um sections
were stained with haematoxylin and eosin (H/E) or
immunohistochemistry (IHC) was performed using
a non-phosphorylated polyclonal rabbit antibody
(al16), after formic acid pretreatment, and at a dilu-
tion 1/3000, against the 116-131 amino acid sequence
of a-synuclein (kindly supplied by Dr D. Hanger). This
type of antibody is regarded as one of the most effi-
cient available, especially for revealing the GCl, and
is particularly recommended for diagnostic use [15].
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The secondary antibody was biotinylated anti-rab-
bit antibody (DAKO diagnostics, Germany), used at
a concentration of 1/200, which binds to the avidin-
peroxidase complex. Chromogen 3,3-diaminoben-
zidene tetrahydrochloride was used to reveal the
GCI. Immunolabelled sections were also stained with
haematoxylin.

Morphometric methods

Variations in density of histological features were
measured parallel to the edge of randomly selected

Fig. 1. Section of cerebellar hemisphere in a case
of multiple system atrophy (MSA) (a-synuclein
immunohistochemistry, haematoxylin; Magni-
fication bar = 1 mm). GCL — granule cell layer,
ML — molecular layer, PC — Purkinje cell layer,
WM — white matter.
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:__f-‘ ly _.:‘ :,.: e T
Fig. 2. Quantitative method of sampling the cer-
ebellum hemisphere in multiple system atrophy
(MSA) showing the 50 x 250 mm plots. (o-sy-
nuclein immunohistochemistry, haematoxylin;
Magnification bar = 50 mm). Arrow indicates
surviving Purkinje cell. GCL — granule cell layer,
ML — molecular layer, PC — Purkinje cell layer.

folia within each case (Fig. 1). Within each folium,
a strip of cerebellar cortex 3200 to 4800 pum in
length, starting at a randomly determined location,
was studied with 64-96, 50 x 250 um sample fields
arranged contiguously (Fig. 2) [3]. First, the sample
field was positioned with the shorter dimension
aligned along the upper edge of the GL at the base
of the PC layer to quantify the density of PC and the
pathology of the inner region of the ML. In each sam-
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Fig. 3. Vacuolation in a case of multiple system
atrophy (MSA) (a-synuclein immunohistochem-
istry, haematoxylin; magnification bar = 20 mm).
GCL — granule cell layer, ML — molecular layer,

PC — Purkinje cell layer.
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ple field, the number of PC, distinct vacuoles great-
er than 5 pm in diameter, neurons, glial cell nuclej,
and a-synuclein-immunoreactive inclusions were
counted. Second, at the same position, the field
was moved to sample the outer region of the GL,
the short edge of the field aligned with the edge of
the granule cells (Fig. 2). It was not possible in these
preparations to differentiate between different cell
types in the GL, e.g. granule cells, Golgi type Il cells,
glia, and a single count of cell density was made.
Third, at the same location, the number of vacuoles,
glial cell nuclei, and GCI (Fig. 3 and 4) were count-
ed in sample fields arranged along the white mat-
ter, the upper short edge of the sample field being
aligned with the lower edge of the GL (Fig. 2).

Data analysis

Data analysis was carried out using STATISTICA
software (Statsoft Inc., 2300 East 14th St, Tulsa, Ok,
74104, USA). First, densities of histological features
in the ML, GL, and white matter were compared in
MSA and control subjects using a ‘t’ test. Second, the
spatial pattern of a histological feature, i.e. whether
the feature was distributed randomly, regularly, or in
clusters, was determined using the variance/mean
(V/M) method described previously [1,2,5,6]. Third,
spatial correlations between histological features
along the folia were tested in each case using Pear-
son’s correlation coefficient (‘') [4]. Fourth, to study
pathological variation among cases, the data were

Fig. 4. High-power view of glial cytoplasmic
inclusions (GCl) (arrows) in the white matter of
the cerebellum of a case of multiple system atro-
phy (MSA) (a-synuclein immunohistochemistry,
haematoxylin; magnification bar = 6 mm).
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analysed using principal components analysis (PCA)
[11]. The result of a PCA is a plot of the ten MSA cas-
es in relation to the extracted PC in which distance
between cases reflects their pathological similarity
or dissimilarity. To correlate the location of a case
on a PC axis with the numerical density of a specific
histological feature, correlations (Pearson’s ‘¥') were
calculated between the densities of each histologi-
cal feature and the factor loadings of cases on PCl
and PC2. Clinical features were also plotted onto the
PCA to determine if cases were segregated accord-
ing to clinical symptoms in relation to PC1 and PC2.

Results

Pathological features observed in MSA included:
(1) modest vacuolation of the ML in some cases and
more extensive vacuolation of the GL, (2) loss of PC,
and (3) GCl in white matter (Fig. 1-4). No a-synucle-
in-immunoreactive GCl or NC| were observed in the
ML or GL. Mean density of vacuoles in the GL was
significantly increased (t = 2.57, p < 0.05) and PC was
decreased (t = 7.65, p < 0.001), in MSA compared
with controls (Fig. 5). In addition, the mean density
of vacuoles was significantly greater in the GCL com-
pared with the ML (t = 3.52, p < 0.01) but was similar
to vacuole density in adjacent white matter (t = 2.01,
p > 0.05).

Examples of the spatial patterns of histological
features along the folia are shown in Fig. 6. The V/M
of the PC was not significantly different to unity at
any field size, suggesting a random distribution.
The V/M of the vacuolation in the ML, however,
revealed significant peaks at field sizes 100 mm and
400 mm, suggesting clustering at two scales in the
tissue, i.e. vacuoles were clustered, the mean dimen-
sion of the clusters being equal to 100 mm, and
they were regularly distributed along the folium, the
smaller clusters being aggregated into larger clusters,
400 mm in diameter.

The spatial patterns of all histological features
in each case are shown in Table Ill. Vacuoles were
clustered in the ML in the majority of cases, regular
spaced clustering of vacuoles along the folia being
present in 4/10 (40%) cases. Similarly, neurons in the
ML were clustered, a regular distribution of clusters
being present in 6/10 (60%) cases. By contrast, gli-
al cell nuclei in the ML were randomly or regularly
distributed. In the majority of cases, PCs were ran-
domly or regularly distributed and there were large
gaps between surviving cells. In the GL, the vacuoles
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and cell nuclei were clustered, a regular distribution
of clusters being present. In the white matter, large
clusters of vacuoles were present and the GCl and
glial cell nuclei exhibited a regular distribution of
clusters along the folia. The frequency of the differ-
ent types of spatial pattern was similar in the differ-
ent layers (y2 = 5.28, 6DF, p > 0.05).

24
22 1
20
18
16
14
12
10
.
6-
4
5

Mean density (50 x 250 um field)

ML-Vac ML-N  ML-Glia  PC GL-Vac GL-Cells WM-Vac WM-GCI
Histological feature

O Control H WSA

Fig. 5. Mean densities (50 x 250 mm field, stan-
dard error of mean in parentheses) of histolog-
ical features (Vac — vacuolation, PC — Purkinje
cells, GCI — glial cytoplasmic inclusions) in vari-
ous layers of the cerebellar cortex (ML — molecu-
lar layer, PC — Purkinje cell layer, GL — granule cell
layer, WM — white matter) in ten cases of multi-
ple system atrophy (MSA) and ten control cases.

4.0 T T T T T T T T
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Fig. 6. Examples of the topographical patterns
of the vacuolation and glial cell nuclei in the
cerebellum in a case of multiple system atro-
phy (MSA) (Case A). *Significant variance/mean
peaks.
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Table lIl. Spatial patterns of histological features in various layers of the cerebellar cortex in 10 cases
of multiple system atrophy

Case Molecular layer (ML) Granule cell layer (GL) White matter (WM)
Vac SN G PC Vac SC Vac GCl G
A 100, R Reg R 200 200 R - Reg
400
B 50, R Reg R > 800 R 400 - 200
400
C R 200 R Reg > 800 400 > 800 Reg 400
D > 800 > 400 > 400 Reg > 400 > 800 > 400 100 > 40
E 200 50, R Reg 100 R > 800 - R
400
F > 800 400 > 800 Reg 400 Reg 200 - 40
G > 400 > 400 R - > 400 > 400 > 400 R > 400
H 100, 400 400 R > 800 100 R - R
400
R 50, 200 R Reg 200 400 - 400
200
J R 50 > 800 R Reg > 800 > 800 100 50,
400

Comparison of spatial patterns (yx? contingency table): ML vs. GL vs. WM, ¢? = 5.28 (6DF, p > 0.05)
Vac — vacuolation, SN — surviving neurons, G — glial cell nuclei, PC — Purkinje cells, SC — surviving cells, GCI - glial cytoplasmic inclusions

Table IV. Frequency of correlations (Pearson’s ‘r') between histological features within and between layers
of the cerebellum in multiple system atrophy. Figures indicate the number of cases in which a positive (+)
or negative (=) correlation was recorded

X variable
Y MLV MLN MLG PC GLV GLC WMV WMGCI WMG
MLV - 2(+) - 30) 10 - - - 1(+)
MLN - 5(-) 1(+) 1(+) - 1(+) 1(+) 1(+)
MLG - 10) - - 1(+) - -
PC - 1(+) - - - 1(+)
GLV - 50) - 1(+) 2(+)
OLC - 1(H20) - -
WMV - - 1(+)2(-)
WMGCI - 1(+)

WMG -

MLV — molecular layer vacuoles, MLN — molecular layer neurons, MLG — molecular layer glia, PC — Purkinje cells, GLV — granular layer vacuoles, GLC — granular
layer cells, WMV — white matter vacuoles, WMGCI — white matter glial cytoplasmic inclusions, WMG — white matter glia

Spatial correlations among histological features a negative spatial correlation between cells and vac-
within and between layers are summarised in Table IV.  uolation, and (3) in the PC layer of 3 cases, a nhegative
The most notable correlations were: (1) in the ML of  spatial correlation between PC and vacuoles. Histo-
5 cases, a negative spatial correlation between gli- logical features in different layers of the cerebellar
al cell nuclei and neurons, (2) in the GL of 5 cases, cortex were not spatially correlated.
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A PCA of the data resulted in the extraction of
two PC accounting in total for 87% of the total vari-
ance (PCl = 72%, PC2 = 15%). A plot of the 10 cases
in relation to PC1 and PC2 is shown in Fig. 7. MSA-C
cases were located at the upper right of the plot
and the MSA-P and cases of mixed pathology to the
left of the plot. In addition: (1) PC1 was negative-
ly correlated with the density of vacuoles in the ML
(r=-0.66, p < 0.05) and (2) PC2 was negatively cor-
related with the density of cells in the GL (r = —0.81,
p < 0.05) and positively correlated with the density
of vacuoles in the GL (r= 0.82, p < 0.001). In addition,
cases to the right of the plot exhibited significant
cerebellar ataxia but with minimum parkinsonism
while those to the left of the plot exhibited a greater
degree of parkinsonism, i.e. rigidity, akinesia, tremor,
and less cerebellar ataxia.

Discussion

In the 10 MSA cases studied, a significant loss
of PC and vacuolation of the GL were the most con-
sistent pathological changes compared with controls
[26,30,37]. Some vacuolation was also evident in
the ML and white matter but at significantly lower
levels than the GCL, and it did not differ quantita-
tively from controls. No a-synuclein-immunoreactive
inclusions were observed in control cases or in the
grey matter of any MSA case, but such structures
have been reported previously in the ML located into
GFAP-immunoreactive radial processes of Bergmann
glia [30,32]. a-Synuclein-immunoreactive GCI were
present in white matter, but not in all cases. GCI
have been observed in other subcortical white mat-
ter tracts in MSA, including the external and internal
capsules and central tegmental tract [9].

The vacuoles and surviving neurons were fre-
quently clustered, and in some cases the clusters
were regularly distributed relative to the edge of the
folia, a pattern evident in both ML and GL In addi-
tion, significant gaps were observed between PC
perikarya, surviving PC often being regularly distrib-
uted, which suggests loss of clusters of PC. These
results are consistent with a topographic pattern
of the cerebellar pathology in MSA, which has also
been observed in the cerebellum in the sporadic [7]
and variant subtypes of Creutzfeldt-Jakob disease
(CJD) [10]. A topographic loss of PC may also occur
in Niemann-Pick type C disease, in which there is
a complex pattern of cell loss in the cerebellum, with
surviving PC being aligned in strips [32]. Further loss
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Fig. 7. Principal components analysis (PCA) of
ten cases of multiple system atrophy (MSA)
based on the densities of all histological fea-
tures in the cerebellum. A plot of the cases in
relation to PC1 and PC2 (MSA-C — cerebellar sub-
type, MSA-P — Parkinsonian subtype, M — mixed
pathology). Arrows PC1 was negatively correlat-
ed with the density of vacuoles in the molecu-
lar layer (ML Vac) and PC2 negatively correlated
with the density of cells in the granule cell layer
(GL Cells -) and positively correlated with the
density of vacuoles in the GL (GL Vac +).

of PC then occurs as the disease develops, resulting
in large gaps between surviving cells similar to those
observed in MSA.

There was a negative correlation between cells
and vacuoles in the GL suggesting that vacuolation
replaces lost neurons. Furthermore, there was a neg-
ative correlation between the densities of neuronal
perikarya in the ML and glial cell nuclei consistent
with gliosis. A negative spatial correlation was also
observed between individual PCs and clusters of vac-
uoles in the ML of three MSA-C cases, which could
represent a more specific cerebellar pathology in MSA.
These vacuoles may have developed in relation to the
dendritic trees of the PC, which branch in a plane per-
pendicular to that of the section, the climbing fibres
that ramify over individual PC, or the parallel fibres
that ramify in the plane of the section and which are
in contact with many adjacent PCs [10].

Although the number of cases of MSA is small,
the PCA suggested some variations in quantitative
pathology among cases. First, PC1 was negatively
correlated with the density of vacuoles in the ML
Although there was no significantly increased vacu-
ole density overall in the MSA cases, the vacuolation
in the ML did vary among cases with more significant
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vacuolation in cases that exhibited more significant
parkinsonism compared with those with cerebellar
ataxia. Second, PC2 was negatively correlated with
cell density and positively correlated with vacuole
density in the GL. This result suggests that increased
vacuolation and cell loss in the GL may be a more
significant feature of the MSA-C subtype.

The cerebellum receives input from several sourc-
es (Fig. 8): (1) the spinal cord (posterior spino-cere-
bellar tract), reticular formation nuclei (reticulo-cer-
ebellar tract), and pontine nuclei (ponto-cerebellar
tract), which relay signals to the cerebellum, via the
inferior and superior cerebellar peduncles, to the
large diameter, rapidly conducting mossy fibres, the
synaptic endings terminating in complex glomeruli;
(2) climbing fibres that originate in the inferior olive
(olivo-cerebellar tract) and which synapse directly
on to the PC; and (3) fibres from the white matter

which enter the GL and course parallel to the pia
mater before synapsing with the PC [14]. a-Synu-
clein-immunoreactive GCls have been observed in
white and grey matter regions, which provide these
inputs to the cerebellum in MSA, e.g. the ponto-cer-
ebellar and reticulo-cerebellar tracts [13], and in the
present study they were also observed in cerebellar
white matter. This pathology has also been observed
in motor tracts providing both the input and output
pathways of the cerebellum, e.g., the cortico-pontine,
cortical bulbar, cortico-spinal, and spino-reticular
tracts. In addition, significant densities of inclusions
have been observed in pre-cerebellar nuclei such as
the inferior olivary nucleus [8], lateral reticular nucle-
us, interfascicular nucleus, and the nucleus of Roller
in MSA [13].

Hence, a-synuclein pathology spreading via cer-
ebellar connections [35] could result in: (1) cell loss-

Cerebral cortex/Limbic system

PF

3

SC

B
Pons PC h g 2 g 2 g 2 g 2 g 2 Ventrolateral
thalamus
MCP +)
CDThT
AST
PST
LVT
RCT
CDRT to red
T nucleus FBT
ocF [ to medulla
SCP
ICP

Fig. 8. Input and output pathways of the cerebellar cortex (ICP — inferior cerebellar peduncle, MCP — mid-
dle cerebellar peduncle, SCP — superior cerebellar peduncle, PF — parallel fibres, CF — climbing fibres, GM
— glomerulus, BC — basket cell, GC — granule cell, SC — stellate cell, ML — molecular layer, PC — Purkinje cell
layer, GL — granule cell layer, DN — dentate nucleus, ASCT — anterior spino-cerebellar tract, CDthT — cerebello-
dentato-thalamic tract, CDRT — cerebello-dentato-rubral tract, FBT — fastigio-bulbar tract, PCT — ponto-
cerebellar tract, PST — posterior spino-cerebellar tract, LVT — lateral vestibular tract, RCT — reticulo-cerebel-
lar tract, CVT — cerebello-vestibular tract, OCF — olivo-cerebellar tract (+ excitatory influence, — inhibitory

influence).

200

Folia Neuropathologica 2015; 53/3



Quantitative pathological changes in the cerebellum of multiple system atrophy

es and vacuolation in the GL, (2) loss of parallel and
climbing fibres, (3) a reduction in the degree of facil-
itation of surviving PC, (4) a reduction in the degree
of inhibitory control by PC of the dentate nucleus
(DN), and (5) a reduction of fine tuning of the cere-
bral output via the cerebello-dentato-thalamic tract,
which leaves the cerebellum as the superior cerebel-
lar peduncle and connects the cerebellum to various
regions such as the red nucleus (cerebello-denta-
to-rubral tract), medulla (fastigio-bulbar tract), and
the cerebral cortex/limbic system, the latter- via the
ventro-lateral thalamus. This pathology could poten-
tially influence a variety of clinical symptoms report-
ed in MSA, including dysfunction of motor activity,
the fine timing of events, sensory analysis, feeding
behaviour, the modulation of cognition, and in the
regulation of emotions [22].

Conclusions

Cerebellar pathology in MSA may affect all layers
of the cerebellar hemisphere, but cell losses and vac-
uolation in the GL and loss of PC were the most sig-
nificant pathological changes in the cases studied.
There was evidence of a topographic distribution of
pathological change, which could reflect the spread
of a-synuclein pathology via anatomical connec-
tions. Cerebellar pathology may ultimately influence
a variety of clinical symptoms in MSA, especially in
the MSA-C subtype. Nevertheless, only 10 cases of
this rare disorder were studied quantitatively, and
these observations should be repeated on a larger
series of well-characterised MSA cases.
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Abstract

Ganglion cell tumours in the sellar region are uncommon. They are usually associated with pituitary adenomas,
while isolated ganglion cell neoplasms are extremely rare. We report the clinicopathological studies of five cases
diagnosed as ganglion cell tumours located in the intrasellar region: four mixed/collision tumours composed of gan-
gliocytoma and pituitary adenoma, and one isolated ganglioglioma unrelated to adenoma. Clinically, two patients
presented with acromegaly, while three others were initially diagnosed as non-functioning adenomas. In four cases,
the histopathological examination of surgical specimens revealed intermixed lesions composed of pituitary adeno-
ma and ganglion cell elements. The adenomas appeared to secrete growth hormone. Electron microscopy enabled
identification of the sparsely granulated somatotroph cells. Neoplastic neuronal lesions were composed of mature
ganglion cells, including binucleate or multinucleate cells. In all cases, boundaries between adenomatous and gan-
gliocytic components were not clearly demarcated, and numerous gangliocytic cells were closely intermingled with
adenomatous tissue. One case lacked endocrine symptoms, and no pituitary adenoma was identified in the surgical-
ly excised material; it was finally diagnosed as low-grade ganglioglioma. The etiopathogenesis of ganglion cell neo-
plasms in the sellar region is not clearly defined. Our study revealed that if ganglion cell neoplasms were combined
with adenoma, both neoplastic components were closely related to each other, and numerous neuronal elements
were strictly intermingled with adenoma cells. Such a tissue pattern indicates that these neoplastic changes, includ-
ing their common respective etiopathogeneses, are closely related. The identification of both components in sellar
regions may have some nosological implications.
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Introduction

Gangliocytic neoplasms in the sella turcica and
parasellar region are uncommon. Ganglion cell
tumours in this location are usually associated with
functioning or nonfunctioning pituitary adenomas
or pituitary cell hyperplasia. Such neoplasms occur
without evidence of adjacent adenoma only occa-
sionally. The majority of ganglion cell tumours
appear in association with growth hormone-secret-
ing pituitary adenoma presenting with acromegaly
[2,4-6,12,17-19,23,25,32,38,40,42]. They appear less
often with adrenocorticotropic hormone-producing
adenomas with clinical presentation of Cushing’s
disease [25,36,40].

We present the clinicopathological features of
five cases of intrasellar ganglion cell tumours: four
mixed/collision tumours composed of gangliocyto-
ma and pituitary adenoma, and one isolated gan-
glioglioma. Clinically, two patients presented with
acromegaly, while three others were initially diag-
nosed with non-functioning adenomas.

Material and methods

The biopsy tissues from neurosurgery procedure
were fixed in 10% formalin, embedded in paraf-
fin and stained with hematoxylin and eosin (H&E).
Immunohistochemical staining was performed on
paraffin-embedded specimens, according to the
labelled EnVision Flex Visualization System (Dako,
K8000) with DAB as chromogen, using antibodies
against anterior pituitary hormones: prolactin (PRL,
1 : 200), growth hormone (GH, 1 : 500), adrenocor-
ticotrophic hormone (ACTH, 1 : 500), thyroid-stimu-
lating hormone (B-TSH, 1 : 500), follicle-stimulating
hormone (B-FSH, 1: 500), luteinizing hormone (B-LH,
1 : 500) all antibodies from Thermo Scientific Lab
Vision Corp., andglycoprotein a-subunit (1 : 100) from
Novocastra. The antibodies against CAMS5,2 from
Cell Marque and: cytokeratins AE1/AE3 (CK), chro-
mogranin A, glial fibrillary acidic protein (GFAP), S100
protein, synaptophysin, neurofilaments (NF) and
Ki-67 (MIB-1) from Dako (all antibodies ready to use)
were also used.

For electron microscopic study, the tissue was
fixed in 2.5% glutaraldehyde, postfixed in 1% osmium
tetroxide, dehydrated in graded alcohols and embed-
ded in Epon 812. Ultrathin sections were counter-
stained with uranyl acetate and lead citrate and exam-
ined in a Philips CM 120 BioTWIN electron microscope.
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Report of cases
Case 1

A 51-year-old woman who presented with acro-
megaly was admitted to the Department of Neu-
rosurgery. Changes in this patient’s facial features
has developed slowly over the last several years,
and included nasal dysmorphism and skin chang-
es. Growth in the acral parts of limbs had been
observed, with increases noted in her foot and
finger sizes. The patient had been complaining of
headaches, significant perspiration, and fatigue for
many years. She denied any visual problems. She
also had diabetes mellitus and menstrual irregu-
larities. There was no family history of pituitary or
brain tumours. Magnetic resonance imaging (MRI)
of the brain revealed a homogenously enhanced,
large pituitary mass with sellar floor destruction and
suprasellar and infrasellar extension (Fig. 1A-C). The
tumour diameter was approximately 2.5 cm. Tumour
growth had resulted in mild compression of the optic
chiasm and invasion of the right cavernous sinus
(Knosp 111°). The pituitary gland appeared normal, but
was displaced to the medial wall of the left cavern-
ous sinus and diaphragm sellae. Endocrine labora-
tory tests revealed elevated GH (8.1 pg/ml). The PRL
level, measured several times, ranged from 57.3 to
189.1 ng/ml; B-TSH and free thyroxine (free T4) were
0.119 mlU/l and 11.88 pmol/|, respectively; serum
cortisol was 85.9 ng/ml at 8:00 AM and 27.3 ng/ml
at 8:00 PM. The patient received 8 months of pre-
treatment with somatostatin analogue (sandostatin,
LAR 30 mg), which resulted in tumour regression on
neuroimaging studies. Surgery was conducted using
a trans-sphenoidal microsurgical approach with
tumour resection. Transitional postoperative hypo-
pituitarism was observed. At follow-up, this patient
had persistent acromegaly caused by tumour rem-
nants in the right cavernous sinus. She was referred
for a radiosurgical procedure.

Histopathology

Histological examination of the resected speci-
mens revealed two different neoplastic components:
pituitary adenoma and ganglion cell neoplasm
(Fig. 2A). The ganglion cell lesion was composed of
large neoplastic neuronal cells scattered in a fibrillar,
eosinophilic background (Fig. 2B). Numerous gan-
glion cells exhibited irregular cytoplasmic outlines

Folia Neuropathologica 2015; 53/3
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Fig. 1. Case 1: A) A coronal, post-contrast, T1-weighted MRI depicts an invasive sellar mass with moderate
heterogeneous enhancement and invasion of the right cavernous sinus. B) A sagittal T2-weighted MRI
shows an isointense tumour with sellar enlargement, moderate suprasellar extension, and slight com-
pression of the optic chiasm. C) A sagittal, post-contrast, T1-weighted MRI depicts the sellar tumour with

moderate enhancement and remnants of pituitary.

and aggregates of Nissl granules at the cell body
periphery. Immunohistochemistry revealed diffuse
immunoreactivity for NF (Fig. 2C) and intense synap-
tophysin expression (Fig. 2D). The lesion lacked any
astroglial component positive for GFAP.

Immunostaining for pituitary hormones demon-
strated GH-positive adenoma cells in the adeno-
matous part (Fig. 2E). The intermingled neurons them-
selves did not express GH immunoreactivity. Other
pituitary hormones were not detected. The pituitary
tumour cells were immunopositive for CK, chromogr-
anin A, and synaptophysin. The boundaries between
adenomatous and gangliocytic components were not
clearly demarcated, and clusters of small adenoma
cells were intermingled with neuronal elements.

Ultrastructural features documented a sparsely
granulated somatotroph adenoma (SG-GH) com-
posed of medium-sized, round cells. Some cells
contained typical globular fibrous bodies of inter-
mediate filaments and sparse, small, electron-dense
secretory granules (Fig. 2F).

The final histopathological diagnosis was estab-
lished as sparsely granulated somatotroph pituitary
adenoma combined with gangliocytoma.

Case 2

A 59-year-old man with a history of headaches
and visual disturbances for the past few weeks was
admitted to the Department of Neurosurgery. The
patient did not present clinical symptoms typical of
acromegaly or Cushing’s syndrome. His levels of PRL
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and other pituitary hormones were within normal
ranges. An MRI revealed a large sellar-suprasellar
mass with moderate heterogenous enhancement
after gadolinium administration. On Tl-weighted
sequences, a rim of compressed anterior pituitary tis-
sue was observed. The tumour caused enlargement
of the sella turcica and invaded the left cavernous
sinus and sellar floor, with submucosal extension to
the left sphenoid sinus (Fig. 3A,B). Its maximal cra-
nio-caudal diameter was 36 mm. The clinical diagno-
sis was a nonfunctioning invasive macroadenoma.

The patient underwent two consecutive surger-
ies with an endoscopic trans-sphenoidal approach.
The initial surgery was a subtotal resection that left
tumour remnants invading the left cavernous sinus
and the diaphragm of the sella. Intraoperatively,
the tumour displayed a biphasic appearance, with
predominant yellow-whitish fibrous tissue and an
admixture of pink-white foci; it resembled a typical
intraoperative view of pituitary adenoma. The pro-
cedure was ceased because of bradycardia and sus-
picion of acute coronary syndrome. The postopera-
tive course was uneventful, with significant visual
improvement.

Eight months later, the residual sellar tumour
was resected through the same operating access.
The sellar floor was reconstructed with an autol-
ogous fat tissue graft, titanium micro-mesh, and
fibrin glue. The postoperative MRI revealed minimal
tissue remnants within the left cavernous sinus. The
postoperative course was uneventful, with no visual
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Fig. 2. Case 1: A) This sellar tumour is composed of small, round, adenoma cells and a lesion of gangliocytic
cells with a fibrillar, eosinophilic background, H&E. B) Large neoplastic ganglion cells are closely intermixed
with adenoma cells, H&E. Note the gangliocytic part of the tumour exhibits strong expression of NF (C)
and synaptophysin (D). E) Adenoma cells are immunoreactive for GH. F) Ultrastructural features of sparsely
granulated somatotroph adenoma with polygonal cells, containing abundant cytoplasm and characteristic
fibrous bodies (arrows). Secretory granules are sparse and small. Original magnification 9700x.
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Fig. 3. Case 2: Coronal post-contrast (A) and axial T1-weighted (B) MRI reveal a hyperintense tumour of the
sellar region with erosion of the sellar floor, invasion of the left cavernous sinus, and moderate suprasellar
extension with optic chiasm compression.

symptoms. The GH level was below 1 ng/ml, with
some minimal elevation of insulin-like growth fac-
tor 1 (363 ng/ml; N: 144-286). The patient did not
require any hormone replacement therapy.

Histopathology

At both surgeries, the tumours were composed
of pituitary adenoma combined with a ganglion cell
component (Fig. 4A). The large part of the lesion
was composed of clusters of randomly distribut-
ed ganglionic cells exhibiting abundant cytoplasm,
large vesicular nuclei with prominent nucleoli, and
aggregates of Nissl granules. Binucleate or multinu-
cleate neoplastic neuronal cells were present. Immu-
nohistochemistry revealed intense synaptophysin
expression outlining the cell borders (Fig. 4B) and
NF in the ganglion cell bodies and their processes
(Fig. 4C). The gangliocytic component correlat-
ed closely with pituitary adenoma, and numerous
ganglion cells were intermixed with adenomatous
tissue. The pituitary adenoma cells were strongly
positive for chromogranin A and cytokeratin. The
adenomatous cells revealed GH immunoexpression
(Fig. 4D), but were negative for other anterior pitu-
itary hormones.

Electron microscopy revealed ultrastructural fea-
tures of sparsely granulated somatotroph adenoma,

Folia Neuropathologica 2015; 53/3

composed of round, medium-sized cells with typical
cytoplasmic fibrous bodies (Fig. 4E). The ganglion
cells were characterized by the presence of a large
nucleus or nuclei, with prominent nucleoli. We also
observed binucleate neuronal cells (Fig. 4F). The
cytoplasm of neuronal cells contained abundant
mitochondria, well-developed endoplasmic reticu-
lum, neurofilaments, and dense core neurosecretory
granules. The neuronal processes contained micro-
tubules and dense core neurosecretory granules.
Ultrastructural studies provided evidence of a close
relationship between neuronal and adenomatous
elements. Silent sparsely granulated somatotroph
pituitary adenoma and gangliocytoma was the final
pathological diagnosis.

Case 3

A 58-year-old, post-menopausal woman with
a 3-month history of headache and diplopia was
admitted to the Department of Neurosurgery. At
admission, neuro-ophthalmological examination
revealed a decrease of visual acuity to 0.9 in both
eyes and diplopia with not restriction of the visual
field. There was a limitation of abduction on the
right side. The color and shape of optic discs were
normal. Apart from the visual impairment, the
neurological examination did not reveal any focal
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Fig. 4. Case 2: A) A mixed sellar tumour composed of an adenomatous component and large ganglion
cells, H&E. B) The gangliocytic component, with strong immunostaining for synaptophysin. C) Ganglion
cells and dense neuronal processes are strongly immunoreactive for NF. D) GH-secreting adenoma cells.
E) Ultrastructure of gangliocytoma admixed with sparsely granulated somatotroph adenoma. Large gangli-
on cells (N) with abundant cytoplasm are surrounded by bands of axons and polygonal cells of somatotroph
adenoma, with characteristic fibrous bodies (arrow); original magnification 4200x. F) The large binucleate
neuronal cell (N) with a prominent nucleolus and abundant cytoplasm, contains numerous mitochondria,
vacuoles, and neurofilaments, as well as small adenomatous cells (A); original magnification 2500x.
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Table I. Preoperative hormonal results (Case 3)

GH IGF-1 TSH T4

0.93 pg/l 197 ug/ml 0.233 plu/ml

19.42 pmol/l

PRL FSH LH Cortisol

6.9 ng/ml 34.33 U/ 15.05 U/ 16.6 ug/dl

deficits of cranial nerves. There were no symptoms
of raised intracranial pressure. Other than obesi-
ty, the patient did not present typical Cushing’s
syndrome features. Acromegaly was not observed.
Pituitary hormone levels were within normal lim-
its, and there were no signs of diabetes insipidus
(Table 1).

MRI revealed an aggressive pituitary tumour
measuring 14 x 13 x 15 mm, with right cavern-
ous sinus invasion, partial encasement of the right
cavernous carotid artery, and sellar floor erosion
(Fig. 5A,B). Microsurgery was performed using
a trans-sphenoidal approach. The tumour was
removed subtotally owing to invasion of the cav-
ernous sinus. The pituitary gland was displaced to
the left side of the sella. The postoperative course
was uneventful. Based on the patient’s postopera-
tive early morning serum cortisol level, insufficien-
cy of the adrenal cortex was excluded. There were
no postoperative indications of diabetes insipidus
or water-electrolyte disturbance (e.g., hyponatre-
mia). This patient was discharged from the Neuro-

surgical Department in good general condition and
transferred to the outpatient clinic.

Histopathology

Microscopically distinct neoplastic components
composed of pituitary adenoma and ganglion cell
neoplasm were found (Fig. 6A). The gangliocytic
component was composed of pure neoplastic gan-
glion cells distributed within a neuropil-like back-
ground, without any glial component. The majority
of ganglion neoplastic cells were large, some of them
binucleate or multinucleate, and were closely inter-
mixed with small adenoma cells (Fig. 6B). Immuno-
histochemistry revealed fairy dense granular reactiv-
ity for synaptophysin (Fig. 6C) and reactivity for NF.
The adenomatous part of the tumour was composed
of GH-positive adenoma cells (Fig. 6D). There was no
immune reactivity against any other pituitary hor-
mones. The pituitary tumour cells expressed chro-
mogranin A, and synaptophysin. Electron microsco-
py was not performed but immunoreaction for Cam

Fig. 5. Case 3: Coronal (A) and axial (B) T1-weighted, post-Gd-DTPA MRI depict an aggressive pituitary
tumour with invasion of the right cavernous sinus (Knosp 111°), partial encasement of the right cavernous
carotid artery, and sellar floor erosion.

Folia Neuropathologica 2015; 53/3
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adenoma, H&E. B) The majority

e

of ganglion tumour cells were large and closely intermixed with small adenoma cells, H&E. C) Dense gran-
ular immunoreactivity for synaptophysin. D) GH-positive adenoma cells in the adenomatous part of the

tumour.

5.2 supported the diagnosis of sparsely granulated
somatotroph pituitary adenoma.

The final histopathological diagnosis was silent
sparsely granulated somatotroph pituitary adenoma
and gangliocytoma.

Case 4

A 63-year-old woman was admitted to the
Department of Neurosurgery with typical clinical fea-
tures of acromegaly lasting 6 years. Her presenting
symptoms were progressive headaches and sleep
apnea syndrome. The patient was under general
medical care because of arterial hypertension and
diabetes mellitus. Neurological examination showed
no impairment of visual acuity or visual fields. The
function of other cranial nerves was also intact. Fun-
doscopic examination revealed no optic nerve atro-

210

phy. The patient had no family history of pituitary
adenoma or multiple endocrine neoplasia. Endocrine
investigation revealed elevated basal serum levels of
GH and somatomedin-C, with an abnormal oral glu-
cose tolerance test. The serum levels of other pitu-
itary hormones were within normal limits (Table I1).

MRI of the sellar region revealed a homogen-
ic tumour mass (12 x 15 x 16 mm) with intrasellar
extension and invasion of the left cavernous sinus
(Knosp 1°) on coronal and sagittal T1-weighted imag-
es before and after the administration of Gd-DTPA
(Fig. 7A,B).

The patient underwent trans-sphenoidal surgery.
During the procedure, a yellowish, fibrous, compact
tumour was separated from the pituitary gland and
completely excised. There were no signs of cavern-
ous sinus invasion. The postoperative period was

Folia Neuropathologica 2015; 53/3
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Table Il. Preoperative hormonal results (Case 4)

GH IGF-1 IGF BP3 TSH T4 PRL FSH LH Cortisol
3.88 ug/l 976 ng/ml 940 ug/ml  1.05 ulU/ml 20.41 pmol/l  5.67 ng/ml  86.21 [U/I 2111 WA 8.00 -

60’ 8.26 ug/dl
5.14 pg/l 20.00 -

120° 1.81 pg/dl
3.81 pg/l

Fig. 7. Case 4: MRI of the sellar region. Coronal (A) and sagittal (B) T1-weighted images before and after
Gd-DTPA administration reveal a homogenic tumour mass with intrasellar extension and invasion of the

left cavernous sinus (Knosp 1°).

uneventful. There were no postoperative indica-
tions of diabetes insipidus or water-electrolyte dis-
turbance (e.g., hyponatremia). The patient was dis-
charged from the Neurosurgical Department in good
general condition and transferred to the endocrino-
logical outpatient clinic.

Histopathology

The tumour comprised mixed pituitary adenoma
and gangliocytoma (Fig. 8A). Both neoplastic com-
ponents were closely intermingled. The gangliocytic
part exhibited clusters of large neuronal cells within
a fibrillar background. Large binucleate or multinu-
cleate ganglion cells were often seen (Fig. 8B). Immu-
nohistochemistry documented strong NF expression
(Fig. 8C). In the adenomatous part of the lesion,
a few small (probably adenoma) cells and short pro-

Folia Neuropathologica 2015; 53/3

cesses also exhibited NF immune reactivity (Fig. 8D).
Both tumour components strongly expressed syn-
aptophysin (Fig. 8E). Tumour cells were negative for
GFAP and S-100 protein. The pituitary adenoma cells
were immunoreactive for GH (Fig. 8F), and negative
for other anterior pituitary hormones. The Ki-67
labeling index was low.

Electron microscopy revealed ultrastructural fea-
tures of sparsely granulated somatotroph adenoma
combined with the ganglion cell component. The
final histopathological diagnosis was sparsely gran-
ulated somatotroph pituitary adenoma combined
with gangliocytoma.

Case 5

A 26-year-old man was referred to the Depart-
ment of Neurosurgery with persistent, distending
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Fig. 8. Case 4: A) A mixed sellar lesion composed of gangliocytic cells intermingled with adenoma, H&E.
B) Large ganglion cells, including binucleate or trinucleate cells, H&E. C) Immunoreactivity for NF. D) A few
small, likely adenoma cells and short processes exhibiting NF immunoreactivity. E) Strong synaptophysin
expression. F) Immunoreactivity for GH in pituitary adenoma cells.
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headache and dizziness that had lasted approxi-
mately 3 months prior to admission. The patient
had suffered from progressive visual impairment
for the last 6 weeks before admission. Two weeks
prior to admission, MRI had revealed a skull base
tumour with extension of the lateral ventricles. Cor-
onal (Fig. 9A) and sagittal (Fig. 9C) T1-weighted MRI
after Gd-DTPA and coronal T2-weighted MRI (Fig. 9B)
revealed a giant, invasive skull base tumour measur-
ing 42 x 29 x 49 mm. The mass lesion originated
from the sella turcica, with invasion of the hypothal-
amus and brain stem, encasement of the arteries of
the circle of Willis, and compression of the pituitary
gland. Treatment with steroids (dexamethasone
12 mg p.o. daily) was initiated. After admission, the
patient was conscious, but confused and drowsy. The
ophthalmological examination revealed a decrease
of visual acuity to 0.5 in both eyes, as well as bilat-
eral temporal field restriction without diplopia. The
optic discs were pale and without papilloedema.
Neurological examination demonstrated no obvious
clinical signs. We measured this patient’s hormone
levels in order to assess pituitary function, and the
results confirmed secondary adrenal insufficiency.
Anterior pituitary insufficiency was diagnosed based
on the obtained results (Table III).

The patient underwent subtotal tumour resec-
tion through a right-side temporal craniotomy. In the
course of this treatment, the visual abnormalities
resolved, but third cranial nerve paresis occurred.

The postoperative control axial computed tomog-
raphy scan revealed lateral ventricle extension.
The patient’s neurological state improved gradually
after a ventriculo-peritoneal shunt was implanted.
The patient was finally discharged on the 23™ day of
his hospital stay, and was administered replacement
hormonal therapy (hydrocortisone, 30 mg once daily;
levothyroxine supplementation, 100 ug/day). Three
months after surgery, the patient died during com-
plementary radiotherapy.

Histopathology

Microscopically, the sellar lesion appeared to be
a mixed glioneuronal tumour composed of large,
often multipolar neurons of various size and neoplas-
tic astroglial elements (Fig. 10A). The ganglion-like
cells displayed conspicuous nucleus and abundant
cytoplasm, with aggregated Nissl granules at the
perikarion periphery. The glial component was com-
posed of bipolar, elongated, pilocytic-like astroglial
cells within a fibrillar background. The lesion lacked

Fig. 9. Case 5: Coronal (A, B) and sagittal (C) T1-weighted MRI depict a homogenously enhanced, huge
intrasellar and suprasellar mass with sellar floor destruction. Note the involvement of the optic chiasm,
floor of the third ventricle, and midbrain, with compression of the aqueductus mesencephali and resultant
hydrocephalus.

Table Ill. Preoperative hormonal results (Case 5)

GH ACTH TSH fT4 PRL FSH LH Testosterone
0.42 pg/l 7 pg/ml 0.93 pulu/ml 6.21 pmol/I 21 ng/ml 1.2 WU/ 0.93 U/l 0.41 ng/ml
(during
steroids
therapy)
Folia Neuropathologica 2015; 53/3 213
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Fig. 10. Case 5: Ganglioglioma of the sellar region. A) Ganglion cells combined with neoplastic astrocytes,
H&E. B) Synaptophysin immunoreactivity at the surface of ganglion cells. C) NF expression in ganglion cell
processes and cell bodies. D) GFAP-positive astroglial neoplastic cells surrounding immunonegative neuro-
nal cells. E) Ultrastructure of a large ganglion cell (N) with abundant cytoplasm filled with numerous organ-
elles. Glial processes were identified in the surrounding neuropil. Original magnification 7400x. F) Neuropil

with numerous neuronal and glial processes. Original magnification 4200x.
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mitotic figures and signs of vascular hyperplasia
or necrosis. Immunohistochemistry supported the
biphasic nature of tumours expressing of both neu-
ronal and glial markers. The neuronal cells exhibit-
ed strong surface and/or cytoplasmic synaptophysin
reactivity (Fig. 10B). The presence of NF was docu-
mented in ganglion cell bodies and neuronal process-
es (Fig. 10C). Astroglial cells were immunoreactive for
GFAP (Fig. 10D) and S-100 protein. The Ki-67 labeling
index was below 1%. There was no adenomatous tis-
sue or normal pituitary gland in the surgically excised
material.

Ultrastructural studies revealed large ganglion
cells with abundant cytoplasm filled with numerous
organelles (Fig. 10E). Numerous neuronal and glial
processes were identified in the surrounding neu-
ropil (Fig. 10F). The histopathological diagnosis was
established as a low-grade ganglioglioma, WHO Gl.

Discussion

Various malignancies arise in the intrasellar or
parasellar region, including pituitary adenomas, cra-
niopharyngiomas, and glial and neuronal neoplasms.
However, these tumours rarely occur together. The
most common tumours of the sellar and suprasel-
lar region are pituitary adenomas and craniophar-
yngiomas, which have occasionally been reported in
collision [15,20,33]. Mixed pituitary adenomas and
craniopharyngiomas usually display a close commix-
ture of both neoplastic components. They are called
“hybrid” cells and exhibit features of both pituitary
adenoma and craniopharyngioma [15]. Such cells
contain small, dense secretory granules, bundles of
cytoplasmic filaments, and desmosomes.

Glial neoplasms, which are occasionally found in
the sellar region, include pilocytic astrocytoma, diffuse
astrocytoma, pilomyxoid astrocytoma, oligoastrocyto-
ma, and mixed glio-neuronal tumours. The clinical pre-
sentation and imaging features of these lesions differ
from those of craniopharyngiomas. These tumours
can cause visual disturbances, GH deficiencies, cystic
changes, and calcification [13]. However, glial neo-
plasms are only occasionally combined with pituitary
adenomas.

The neurohypophysis is also a rare site of gangli-
on cell tumours. The majority of ganglionic tumours
at this location occur in association with pituitary
pathology; less often, they appear as isolated
lesions. Sellar gangliocytomas may cause hyperse-
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cretion of pituitary hormone and enlargement of the
sella turcica. Sometimes, they are separable from the
pituitary gland, stalk, and hypothalamus, and may
be successfully removed without further endocrine
deficit [16]. Most sellar ganglion cell lesions are relat-
ed to functioning or nonfunctioning pituitary adeno-
mas or pituitary cell hyperplasia. However, indepen-
dent of such relationship, they can cause a variety
of clinical symptoms that reflect mass effect or their
own endocrine activity. Occasionally, pure ganglion
cell tumours are themselves hormonally active [35].
An unique case of ganglioglioma of the neurohy-
pophysis associated with syndrome of inappropriate
antidiuretic hormone secretion (SIADH) has been
reported [14].

A few studies describing a larger series of cas-
es with sellar ganglion cell tumours, classified as
ganglioneuromas or gangliocytomas, have been
published [7,35,46]. In earlier reports, the different
terminology was used to describe ganglion cells
lesions, including pituitary adenoma with neuronal
choristoma (PANCH) [34,38,42,43], hypothalamic
hamartomas, and hamartomatous gangliocytomas
[22]. Such a diverse classification may cause noso-
logical confusion. Typical pituitary gangliocytomas
located within the sella turcica are not connected
with hypothalamus, and the distinction between
gangliocytoma and choristoma at a hypothalamic
location is not reasonable [43].

Ganglion cell tumours, considered gangliocy-
tomas and gangliogliomas, are usually benign,
slow-growing neoplasms; they constitute only 0.4%
of all central nervous system tumours and 1.3% of
all brain tumours [28]. They are composed of mature
ganglion cells with or without a glial component.
Gangliocytomas of the pituitary gland are exception-
ally rare and usually coexist with a pituitary adeno-
ma, most commonly a GH-secreting adenoma, with
the clinical manifestation of acromegaly [4-6,12,17,
23,27,32,35,39,44,46]; less often, they are associated
with ACTH-producing adenomas, and present with
Cushing’s disease [25,36,40].

Only in exceptional cases has the coexisting ade-
noma been endocrinologically silent. Occasionally,
gangliocytic lesions of the pituitary gland arise with-
out pituitary adenoma; however, these might them-
selves produce corticotrophin-releasing factor and
display clinical signs of Cushing’s disease [3,8]. Thus
far, few cases of Cushing’s syndrome associated
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with intrasellar ganglion cell lesions, including iso-
lated ganglion lesions, have been described [35,46].

Isolated sellar gangliocytoma without adenoma
may also manifest as acromegaly (or, occasionally,
diabetes insipidus or hypopituitarism). One case
of mixed ACTH adenoma-gangliocytoma with an
opportunistic infection has been described [10].
A very rare case of combined gangliocytoma and
PRL-producing adenoma (prolactinoma) of the pitu-
itary gland has also been reported [9,30,45].

In the presented cases, the histopathological
examination of surgical specimens from four patients
(two cases of acromegaly and two cases of clinically
nonfunctioning pituitary tumours) revealed pituitary
adenomas closely intermingled with neoplastic gan-
glion cells. The adenomatous contribution appeared
to be a GH-secreting adenoma on immunohistochem-
istry, and sparsely granulated somatotroph adenoma
on electron microscopy. In all cases, the neuronal
contribution was diagnosed as a purely gangliocytic
lesion composed exclusively of groups of neoplastic
mature ganglion cells. The two components were
close together and in some places intermingled with
each other. The close relationship of both neoplas-
tic components suggests that they share a common
origin. The neoplastic ganglion cells lacked pituitary
hormone expression. The fifth case had no endocrine
symptoms, and there was no adenoma or normal
pituitary gland in the surgically excised material. The
sellar lesion appeared to be a mixed glio-neuronal
tumour composed of large, ganglioid, often multi-
polar neurons and neoplastic astroglial elements.
Immunohistochemistry supported a biphasic pattern
of neoplastic tissue with expression of both neuronal
and glial markers, and the lesion was diagnosed as
low-grade ganglioglioma.

The etiopathogenesis of pituitary lesions com-
posed of neuronal and adenomatous components
remains controversial. The majority of studies have
confirmed the common origin of neuronal and ade-
nomatous elements from the same stem/progenitor
cells. The presence of focal differentiation of gan-
glion cells within a neuropil-like background has
been documented [23,43]. Whether such composite
lesions are collision tumours that arise from cells of
different histogenesis or the two components are
derived from the same cell is a matter of debate. The
stem/progenitor cells of normal pituitary, which pos-
sess the ability of multidirectional differentiation,
are the most likely cells of tumour origin.

216

Based on these facts, two hypotheses have been
put forward. The first reasonable speculation is that
the majority of ganglion cell tumours arise as a result
of neuronal differentiation within conventional pitu-
itary adenomas, mainly sparsely granulated GH cell
adenoma [18,21,46]. This suggestion was confirmed
by morphological findings, which demonstrated sig-
nificant intermixing of adenomatous and ganglio-
cytic elements. Histopathological and immunohisto-
chemical findings documented the presence of cells
that exhibit intermediate features between ganglion
and GH or PRL adenoma cells [4,18,30]. A close rela-
tionship between neurons and adenomatous GH
cells was also confirmed by electron microscopy [3].
Moreover, pituitary hormones have been detected
within the neuronal element of some gangliocytic
pituitary lesions [25]. Towfighi et al. [46] explained
that the transformation of pituitary adenoma cells
into mature ganglion cells was a result of their com-
mon origin from the same embryonic pituitary cell;
their explanation rests on the fact that the cells
exhibit features that place them on an intermediate
developmental axis between neurons and adenohy-
pophyseal cells. /n vitro studies indicated that ade-
nohypophyseal cells cultured in collagen gels might
transform spontaneously into neuronal cells [29]. The
opposite etiopathogenetic hypothesis suggests that
the primary gangliocytoma, which produces GH-re-
leasing hormone (GHRH), is able to stimulate the
adenomatous transformation of the adjacent nor-
mal pituitary gland. It has been suggested that the
intrasellar gangliocytoma might promote the growth
of a pituitary adenoma through chronic overstimula-
tion resulting from excess GHRH production [23].

Considering the common molecular background
of pituitary adenoma and ganglion cell tumours,
the activation of the mammalian target of rapamy-
cin (MTOR) intracellular pathway and its two main
regulators, Akt and Erk, appears to be important.
Increased mTOR activity was observed in pituitary
adenomas, with the highest frequency in GH-se-
creting pituitary adenomas. The regulation of mTOR
activity was implicated in the treatment of malig-
nant pituitary adenomas and carcinomas [31,41].
Recently, the upregulation of mitogen-activated
protein kinase has also been reported in ganglio-
gliomas [37]. Moreover, when the methylation sta-
tus of O(6)-methylguanine DNA methyltransferase
(MGMT) was examined in pituitary adenomas, the
degree of MGMT expression appeared to be related
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to therapeutic responses to temozolomide [1,24,26].
MGMT protein expression was also implicated as
a prognostic factor for patients with low-grade gan-
gliogliomas [11].

Sellar lesions of double morphology, composed of
adenoma and ganglion cells, ought to be classified as
a mixed/collision pituitary adenoma-gangliocytoma.
Our cases document the close morphological rela-
tionship between ganglion cells and adenomatous
GH-secreting cellular elements. It was suggested
recently that in the cases in which the gangliocytic
component is closely intermingled with adenoma,
the term “pituitary adenoma with gangliocytic com-
ponent” best emphasizes the clinical importance of
the adenomatous parts of the lesion [7].

Conclusions

Ganglion cell tumours rarely appear in the sellar/
parasellar region, either alone or in combination with
pituitary adenoma. A tight mixture of neuronal and
adenomatous components is commonly observed.
Although the pathogenesis of tumours of such inter-
mingled morphology remains unclear, their origin
from the stem/progenitor cells that engender normal
pituitary tissue is speculated. Distinguishing both
components in sellar lesions as precisely defined
individual neoplastic elements may determine the
prognosis and direct therapeutic management.
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Abstract

Malignant gliomas, with an average survival time of 16-19 months after initial diagnosis, account for one of the
most lethal tumours overall. Current standards in patient care provide only unsatisfying strategies in diagnostic and
treatment for high-grade gliomas. Here we describe metabolic phenomena in the choline and glycine network asso-
ciated with stem cell culture conditions in the classical glioma cell line U87. Using high-resolution proton magnetic
resonance spectroscopy of cell culture metabolic extracts we compare the metabolic composition of U87 chronically
propagated as adherent culture in medium supplemented with serum to serum-free neurosphere growth. We found
that the switch to neurosphere growth, besides the increase of cells expressing the putative glioma stem cell marker
CD133, modulated a number of intracellular metabolites including choline, creatine, glycine, and myo-inositol that
have been previously reported as potential diagnostic markers in various tumours.

These findings highlight the critical influence of culture conditions on glioma cell metabolism, and therefore particu-
lar caution should be drawn to the use of in vitro system research in order to investigate cancer metabolism.

Key words: glioma, metabolism, neurosphere, CD133, choline, creatine, glycine, myo-inositol.

ing that neurosphere cultures, compared to adherent
growth, more closely resemble the original patient’s

Introduction

Glioblastoma (GBM) is the most common and

lethal adult glial brain tumour, with a mean over-
all survival of 16-19 months after primary diagnosis
under the current standard-of-care treatment scheme
[26]. Despite enormous research efforts towards ear-
ly diagnosis and more efficient treatment, the prog-
nosis of GBMs remains dismal.

The influence of culture conditions has been wide-
ly investigated in the field of glioma research, suggest-

tumour [29] showing high stem cell compartment [1]
and therefore are more suitable for testing of novel
therapeutic spectras approaches [30]. In this report
we describe altered relative concentrations of the cho-
lines, creatine, myo-inositol, and glycine in the human
GBM cell line U87 propagated under stem cell condi-
tions as compared to classical monolayer culture. Fur-
thermore, U87 neurospheres showed significant high-

Communicating author:

Jarek Maciaczyk, PD, Department of Neurosurgery, University Medical Center Diisseldorf, Germany,

e-mail: Jaroslaw.Maciaczyk@med.uni-duesseldorf.de

Folia Neuropathologica 2015; 53/3

219



UIf Dietrich Kahlert, Katharina Koch, Abigail Kora Suwala, Rudolf Hartmann, Menglin Cheng, Donata Maciaczyk, Dieter Willbold,

Charles G. Eberhart, Kristine Glunde, Jarek Maciaczyk

er levels of the putative GBM stem cell marker CD133
as their serum-propagated counterparts. Detection
and targeting of miss-regulated choline-, myo-inosi-
tol-, creatine-, and glycine-metabolism has been des-
cribed to have potential utility in the diagnosis and
treatment of malignant gliomas [2-4,13,16,19].

This is, to our knowledge, the hitherto first link
of changes in those oncometabolites [4,25] to varia-
tions in cell culture conditions of glioma cells. Inter-
spectral co-analysis of metabolite concentrations
under the two propagation conditions identified
reductions in ratios of phosphocholine to glycero-
phosphocholine (PC/GPC) and glycine to total cho-
line (Gly/tCho) but increases in the quotient of total
choline to total creatine (tCho/tCre) and PC/tCre, as
well as Gly/myo-inositol (Gly/myo). This work should
draw the attention of the scientific community on
possible in vitro artefacts and on the need for appro-
priate models most closely resembling the in vivo
biology of investigated tumours.

Material and methods
Cell culture

U87 cell line was purchased from American Type
Cell Culture bank (www.ATCC.com) and propagated
either as adherent culture in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies) contain-
ing 20% foetal calf serum or as neurospheres (stem
cell culture) in DMEM/F12 (3 : 1, both Life Technolo-
gies) medium supplemented with B27 (Life Technol-
ogies), 20 ng/ml recombinant human basic fibroblast
growth factor (bFGF, Peprotech), 20 ng/ml recombi-
nant human epidermal growth factor (EGF Pepro-
tech), Anti-Anti (Life Technologies), and 5 pug/ml hep-
arin (Sigma-Aldrich), as described before [12]. Cells
were passaged at least eight times in each culture
condition before they were subjected to experimen-
tal analysis.

Cell line identity was confirmed by analysis of nine
tandem repeats plus a gender-determining marker,
Amelogenin, using the StemeElite kit (Promega, Sup-
porting Information File).

Metabolic extractions of in vitro
cultures, proton nuclear magnetic
resonance spectroscopy (*H-NMR) and
metabolite quantification.

A minimum of 7 x 10° cells were collected for each
extraction (each condition n = 3). A methanol-chlo-
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roform-water (1/1/1, v/v/v) dual phase cell lyses pro-
tocol was applied to extract water and lipid-soluble
metabolites as described before [9]. In this study we
only assessed content of the water-soluble extracts.
The lyophilised water-soluble extracts were resolved
in 20 mM phosphate buffer pH 7 (10% v/v D,0, Sig-
ma-Aldrich, MO, USA) supplemented with sodium
(2,2-dimethyl-2-silapentane-5-sulfonate) (DSS; Euri-
so-top, internal NMR-standard, STD) for the scans at
the Research Centre in Jiilich (Germany), and in D,0
containing 0.24* pmol 3-(trimethylsilyl) propionic-
2,2,3,3,-d, acid (Sigma-Aldrich, internal concentration
standard, STD) at John Hopkins Hospital. The spectras
were acquired at 25°C on a Bruker Avance 500 spec-
trometer operating at 11.7 T using a 5-mm HX inverse
probe, as previously described [9], at the Depart-
ment of Radiology in the John Hopkins Hospital, and
a Bruker Avance Il HD 600 spectrometer operating
at 14.1 T using a 5-mm TXI-cryo-probe at the Institute
of Complex Systems (ICS-6) in the Research Centre in
Jiilich (Germany). Water suppression was achieved by
applying a pulse-sequence using excitation sculpting
with gradients. The fully relaxed 1H-NMR data were
processed, and the signal integrals listed below were
measured using Mestrenova V10 software (Mestrelab).
All metabolite concentrations were quantified through
peak integration after standardised performed phase
correction and baseline fitting. The respective con-
centration standard served as intra-spectral normal-
isation for each 1H-NMR spectra, and metabolite con-
centrations within the same spectra were co-analysed
and presented as means plus SDs.

FACS-based assessment of CD133+ cell
population

Cells were stained for cell surface antigen CD133
(AC133-PE, #130-098-826, Miltenyi Biotec) accord-
ing to the manufacturer’s protocols, as described
before [11]. AC133-antibody without a fluorescent
dye (AC133-pure, #130-090-422, Miltenyi Biotec)
was used as control. Fluorescence activated cell sort-
ing (FACS) was performed on an Accuri C6 cytome-
ter (BD Biosciences, Franklin Lakes, NJ) whereas for
post-processing data analysis FlowJo v10 software
(FlowlJo, Tree Star Inc, Ashland, OR) was applied.

Cell apoptosis assays

Cultures were dissociated to single cell suspen-
sion and viable cells were quantified using the MUSE
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Count & Viability Assay Kit (#MCH100102, Merck
KGaA, Darmstadt on a Muse Cell Analyser [#0500-
3115, Merck KGaAl). Apoptotic cells were quantified
using the AnnexinV & Dead Cell Kit (#MCH100105,
Merck KGaA, Darmstadt, Germany) on the Muse Cell
Analyser, according to the manufacturer’s protocol.
A minimum of 2000 gated events were acquired.

Statistical evaluation

Statistical evaluation was performed using Stu-
dents t-test in Statistica (Statsoft, OK, USA) and pre-
sented as means plus respective standard deviations.

Results

Modification of the culture condition alters the
relative concentration of choline, creatine glycine,
and myo-inositol in U87 glioma cells.

High-resolution 'H-NMR spectra were obtained
as described above, and a representative spectrum is
shown in Figure 1A. The most prominent metabolites
were annotated and quantified, including adenine
(Ade), myo-inositol (myo), glycine (Gly), phospho-
choline (PC), glycerophosphocholine (GPC), free cho-
line (fCho), total choline (tCho = fCho + PC + GPQ),
total creatine (tCre), glutathione (GSH), glutamine
(Gln), glutamate (Glu), N-acetylaspartylglutamate
(NAAG), alanine (Ala), lactate (Lac), threonine (Thr),
and valine/isoleucine (Val/lso). Due to the previously
described importance in glioma biology we focused
our guantitative analysis on choline, creatine, gly-
cine, and myo-inositol ratios (Fig. 1B).

The switch to neurosphere media decreased the
ratio of PC/GPC (40%) and significantly diminished
the Gly/tCho concentration (70%). In contrast, we
detected an increase in the ratios of Gly/myo (65%),
tCho/tCre (300%), and PC/tCre (280%), reaching sta-
tistical significance for the latter two.

Neurosphere assay condition increases
the expression of cell surface marker
CD133

U87 culture in classical serum-containing growth
medium expressed very low levels of CD133* cells
(aboutthe amount of the negative control, 1% CD133*
cells on average, Fig. 1C). Following their transfer
into stem cell conditions, the CD133~ population was
increased to 18.5% (p-value <0.001, Fig. 2A). Similar
results of CD133* U87 cells in free-floating culture
conditions have been published previously [6,21].
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U87 neurosphere cultures exhibit
a higher fraction of apoptotic cells

We identified increased levels of apoptosis and
cell death in cells propagated under neurosphere
growth conditions compared to their adherent
counterparts as assessed by AnnexinV/Propiodium
iodide-based quantification (Fig. 2B).

Discussion

In this work we analysed the changes of U87 cell
metabolism depending on whether a monolayer or
3D in vitro propagation has been applied. Our study
of this human glioma cell line confirms the accu-
mulation or preferential selection of CD133* cells,
a putative brain tumour stem cell marker [15], under
prolonged stem cell culture conditions compared
to propagation in serum-containing media. Recent
studies addressing the effect of different culture con-
ditions in in vitro mouse models of GBM described
the robust enhancement of stem cell marker expres-
sion and self-renewal capacity of cells transferred
from adherent growth to spheroid culture [1]. More-
over, neurosphere cultures are suggested to more
closely resemble the original patient’s tumour [29]
and therefore are more suitable for testing novel
therapeutic approaches [30].

Using high-resolution magnetic resonance spec-
troscopy (*H-NMR) in extracts of cells chronically
propagated under serum-free neurosphere growth,
we identified several alterations in metabolite con-
centrations with proposed diagnostic utility as a re-
sponse to changed growth stimuli.

Phosphocholine (PC), glycerophosphocholine (GPC),
and free choline (fCho) all play an important role in
the membrane phospholipid household that accom-
panies cell cycle progression [10]. Moreover, dysregu-
lated choline metabolism has already been proposed
as an underlying molecular event during cancerous
malformation in a variety of cancers [7], including
GBM [2]. Interestingly, we found that U87 glioma neu-
rospheres exhibit a reduced PC/GPC ratio, although it
is not statistically significant. The PC/GPC ratio has
been shown to be elevated in aggressive breast can-
cer cells [8], however, the diagnostic impact of this
parameter in brain cancers has been challenged
[18]. The tCho/tCre quotient is a historically estab-
lished diagnostic biomarker in brain tumours, which
increases with progression of malignancy [20,23,24].
Concordant with this data we revealed that the tCho/
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Fig. 1. Global metabolic profiling of U87 glioma cells under adherent and suspension growth: Represen-
tative 'H NMR spectra of the intracellular metabolites of U87 glioma cells with annotated adenine (Ade),
myo-inositol (myo), glycine (Gly), phosphocholine (PC), glycerophosphocholine (GPC), free choline (fCho),
total choline (tCho = fCho + PC + GPC), total creatine (tCre), glutathione (GSH), glutamine (Gln), glutamate
(Glu), N-acetylaspartylglutamate (NAAG), alanine (Ala), lactate (Lac), threonine (Thr) as well as valine/iso-
leucine (Val/lIso) plus internal concentration standard (STD). A) Relative quantification of phosphocholine,
glycerophosphocholine, glycine, creatine, and myo-inositol revealed altered metabolism after transfer of
U87 cells into neurosphere growth conditions: reduction of PC/GPC and Gly/tCho whereas Gly/myo and
tCho/tCre ratios were increased (B), p = 0.05.
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Fig. 2. U87 neurosphere cells compared to monolayer cells show an increased population of cells expressing the
cell surface marker CD133 (A) (p-value <0.001) and are characterised by a higher number of apoptotic cells (B).

tCre ratio is significantly increased in cells cultivated
as neurospheres.

Glycine (Gly), a currently intensively studied
metabolite with oncogenic potential, has been report-
ed to be directly correlated with glioma malignancy
[4]. Hypoxic glioma cells, which are known to contain
a population of cells with high stem-like signature
[11], are highly susceptible to glycine metabolism
[13]. In addition, efforts using 'H-NMR-spectroscopy
to grade brain tumour malignancy based on their
cellular metabolism suggested glycine as a negative
prognostic biomarker [5,17,22]. The Gly/tCre ratio is
thought to be a suitable parameter for grading of
gliomas and for their distinction from brain metas-
tasis [14]. Interestingly, we did not notice differenc-
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es in Gly/tCre between the two growth conditions.
Therefore, we performed co-analyses with addi-
tional metabolites, including myo-inositol (myo) —
a metabolite reported to be reduced in high-grade
as compared to low-grade brain tumours [3,19].
We could detect that the Gly/myo ratio, reported to
be a valid marker for high-grade gliomas including
GBM [22], is increased in suspension cells, indicating
either the increase of Gly or the reduction of myo
in neurospheres, as compared to adherent cells.
An important route for the synthesis of glycine
involves the degradation of choline [28]. We there-
fore sought to compare their relative concentrations
in the two culture conditions and found the Gly/tCho
ratio significantly diminished (about 75% decrease)

223



UIf Dietrich Kahlert, Katharina Koch, Abigail Kora Suwala, Rudolf Hartmann, Menglin Cheng, Donata Maciaczyk, Dieter Willbold,

Charles G. Eberhart, Kristine Glunde, Jarek Maciaczyk

in neurosphere cells. The reduction of Gly/tCho could
potentially be due to elevated concentrations of
tCho in stem-like neurospheres, as increased tCho
is an accepted marker for high-grade brain tumour
malignancy [27].

Conclusions

In summary, we conclude that switching the cell
culture conditions for U87 cells effectively alters their
cellular metabolism, influencing a variety of metabo-
lites with reported importance in glioma and glioma
stem cell progression. Cells propagated in suspen-
sion and adherent growth can dramatically alter their
cellular proliferation and apoptosis rate due to alter-
ations in environmental stimuli. We confirm increased
apoptosis in U87 neurosphere cells compared to cells
grown as a monolayer. We cannot preclude, that the
described metabolic differences might, at least par-
tially, be due to the increased cell death.

Therefore, particular caution has to be used
interpreting the results of studies on cancer metabo-
lism in the context of the in vitro model. As reported
here, substantial variations in intracellular levels of
metabolites might be a consequence of different cul-
ture conditions, precluding the formulation of gener-
al conclusions.
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Abstract

The neurotoxicity of aggregated amyloid beta (AB) has been implicated as a critical cause in the pathogenesis of
Alzheimer’s disease (AD), which leads to neuronal cell damage by inducing oxidative stress and consequently trig-
gering cell apoptosis. Recently, AB-dependent inactivation of the Janus tyrosine kinase 2/signal transducer and acti-
vator of transcription 3 (JAK2/STAT 3) signaling pathway was found to play a critical role in the memory impairment
related to AD. Previous research indicated that JAK2/STAT 3 axis inactivation might be the result of aberrant reactive
oxygen species (ROS) generation induced by AB in neurons. As the JAK2/STAT3 axis is a major transducer of ciliary
neurotrophic factor (CNTF)-mediated neuroprotective activity, this study extensively evaluated whether activation
of the JAK2/STAT3 axis by CNTF was responsible for the neuroprotective effect of this protein against AB,_,-induced
cytotoxicity, oxidative injury and cell apoptosis in human SH-SY5Y neuroblastoma cells. Our data showed that CNTF
could attenuate or restore cell injury induced by AB,_,, in human SH-SY5Y neuroblastoma cells through activating
the JAK2/STAT 3 signaling pathway. Furthermore, CNTF strikingly prevented AB,_,,-induced mitochondrial dysfunc-
tion and activation of mitogen-activated protein kinases (MAPKs), an effect that could be potently attenuated by the
specific JAK2 inhibitor AG490. In summary, this study confirmed the detailed mechanism accounting for CNTF’s pro-
tective effect against AB,_,,-induced cytotoxic events in human SH-SY5Y neuroblastoma cells — information which
might significantly contribute to better understanding of the mechanism of action of CNTF as well as providing
a novel target in AD therapy.

Key words: Alzheimer’s disease, AB1-42, ciliary neurotrophic factor, JAK2/STAT 3.

36 million cases worldwide [1,3,14]. Alzheimer’s dis-
ease causes a large loss in brain weight and volume

Alzheimer’s disease (AD) is the leading cause of ~and affects some brain regions and neuronal pop-
dementia in aging adults, which currently has about ulations [24,36]. Although the pathogenesis of AD
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remains unclear, the key event appears to be the
formation of a peptide known as amyloid beta (AB),
with two major forms, AB, ,, and AB, ,, [2,16,26].
Amyloid B clusters into amyloid plaques on the blood
vessels and the outer surface of neurons of the brain,
leading to the killing of neurons [10]. The mecha-
nism of AB-induced neurotoxicity is inconclusive.
New evidence suggests that AB-dependent inactiva-
tion of the Janus tyrosine kinase 2/signal transducer
and activator of transcription 3 (JAK2/STAT3) axis in
hippocampal neurons causes cholinergic dysfunction
via pre- and post-synaptic mechanisms, which leads
to memory impairment related to AD [7,8]. However,
intracellular events accounting for the mechanism of
this action in neurons remain elusive.

Oxidative stress is the redox state resulting
from an imbalance between the generation and
detoxification of reactive oxygen species (ROS) [33].
Increased cellular oxidative stress has been implicat-
ed in the pathogenesis of several neurodegenerative
diseases, including Alzheimer’s disease [27]. AB pep-
tides are key stimuli of ROS generation, which could
infuse into the brain through microdialysis probes
and increase ROS production in an NMDA receptor-
and nitric oxide-dependent manner [4]. A previous
study indicated that aberrant activation of ROS gen-
eration might block activation of the JAK2/STAT3
axis in neurons, consequently disrupting the effect
of neurotrophic factor and inducing neuronal dam-
age in neurodegenerative diseases [19]. Thus, acti-
vation of the JAK2/STAT3 axis might induce a pro-
tective effect against oxidative stress induced by Ap.

The major role of neurotrophic factors (NTFs) in
synapse function along with evidence that synaptic
failure is a critical early event in AD has put NTFs
at the forefront of neuroprotective strategies for
AD [32]. Ciliary neurotrophic factor (CNTF), a classic
member of the NTFs, was first described as a growth
factor that supports survival of chick ciliary gangli-
on neurons. Later, it was shown to be an important
factor in the central and peripheral neurons of the
nervous system [30]. CNTF binds to its a-receptor
and two signal-transducing transmembrane sub-
units, LIFRB and gp130, specifically activating the
JAK2/STAT3 signaling pathway and thus preventing
neuron death and facilitating axonal regeneration
after nerve injury [4,28]. The neuroprotective effect
of CNTF in AD has been previously reported; it might
be mediated through modulating brain plasticity by
promoting neurogenesis [12]. However, the precise
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cellular and molecular mechanisms underpinning
such a neuroprotective effect remain far from clear.
In this study, we aimed to elucidate the role of
the JAK2/STAT3 axis during the neuroprotective
effect of CNTF against AB, ,,-induced oxidative inju-
ry in human SH-SY5Y neuroblastoma cells, which
has been widely used as a typical model for AD
[17,38]. Furthermore, we also elucidated the molec-
ular events of both the upstream and downstream
signaling pathways involved in this cellular process.

Material and methods
Materials and chemicals

Recombinant human CNTF was produced in
Escherichia coli by our laboratory [37]. All cell culture
reagents were purchased from Gibco (NY, USA). A, ,,,
AG490,3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) and 2, 7-dichlorodihydroflu-
orescein diacetate (DCFH-DA) were purchased from
Sigma-Aldrich (MO, USA). The Annexin V-FITC and Pl
double staining kit was obtained from BD Bioscienc-
es (CA, USA). Dimethyl sulfoxide (DMSO), RNase A,
PVDF membranes and the enhanced chemilumines-
cence (ECL) detection kit were purchased from Bey-
otime (Nantong, China). Antibodies against Bcl-2,
Bcl-xL and B-actin were obtained from Santa Cruz
Biotechnology (CA, USA). Antibodies against JAK2,
STAT3, phospho-JAK2, phospho-STAT3, JNK, ERK, p38,
phospho-JNK, phospho-ERK and phospho-p38 were
purchased from Abcam (MA, USA). Caspase-3 and
caspase-9 fluorometric assay kits were obtained from
BioVision (SF USA). All other chemicals and reagents
were of analytical grade.

Cell culture and treatment

The human neuroblastoma cell line (SH-SY5Y)
was obtained from Shanghai Institute of Cell Biolo-
gy, Chinese Academy of Sciences (Shanghai, China).
SH-SY5Y cells were cultured in flasks at 37°C under
an atmosphere of 5% CO,/95% air in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% peni-
cillin-streptomycin. Before the experiments, AB, ,,
peptide was diluted to the desired concentrations
and maintained for 3 days at 37°C for oligomeriza-
tion. For the experiments, the cells were detached,
re-seeded on plates and then incubated with or
without drugs for the indicated time.
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Cell growth assay

Cell proliferation was measured by the MTT assay
as described before [22,43]. Briefly, 10 pl of MTT stock
solution (5 mg/ml) was added to each well and incu-
bated for 4 h at 37°C. The culture medium was then
removed and 100 pl of DMSO was added to dissolve
the formazan crystals. After mixing, absorbance was
measured at 570 nm with an ELISA reader (Bio-Rad,
CA, USA). Cell viability was also analyzed by the try-
pan blue exclusion assay. After treatment with the
indicated drugs, cells were washed with phosphate
buffer saline (PBS) twice at the end of the incubation
period and trypsinized. The cells were re-suspended
and subjected to trypan blue staining and then cell
counting. Cell viability was expressed as a percentage
value in relation to that of the control.

Cell apoptosis assay

Apoptosis of cells was examined by double stain-
ing with Annexin V-FITC and PI. After treatment, cells
were washed twice with ice-cold PBS and re-suspend-
ed in 300 pl of binding buffer (Annexin V-FITC kit, Bec-
ton-Dickinson, CA, USA) containing 10 ul of Annexin
V-FITC stock and 10 pl of PI. After 15 min incubation
at room temperature in the dark, the samples were
analyzed by flow cytometry. The Annexin V*/PI~ cells
were considered as apoptotic cells, the percentage
of which was calculated by CellQuest software (Bec-
ton-Dickinson, CA, USA).

Reactive oxygen species detection

Reactive oxygen species (ROS) production was
measured by flow cytometry using DCFH-DA stain-
ing. DCFH-DA is cleaved intracellularly by nonspe-
cific esterases and transforms to highly fluorescent
2',7’-dichlorofluorescein (DCF) in the presence of
ROS. Briefly, after treatment, the cells were incubat-
ed with DCFH-DA (20 pM) for 30 min at 37°C in the
dark. After washing twice with PBS, the fluorescence
intensity was measured by the microplate reader
(Molecular Devices, CA, USA) at an excitation wave-
length of 485 nm and an emission wavelength of
538 nm. The level of ROS was expressed as a per-
centage value in relation to the control.

Western blot analysis

The treated cells were collected and lysed in ice-
cold RIPA buffer (50 mM Tris-HCl, 150 mM NaCl,
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1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM
ethylene diamine tetraacetic acid (EDTA), 20 mM NaF,
100 mM Na,VO,, 1% Nonidet P-40 (NP-40), 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF),
10 mg/ml aprotinin and 10 mg/ml leupeptin) for
30 min. After centrifugation, protein concentration was
determined by the Bradford method [21]. Cell lysates
were separated by electrophoresis on 15% SDS-poly-
acrylamide gel (SDS-PAGE) and transferred onto PVDF
membrane. After blocking with 5% bovine serum albu-
min (BSA) in the mixture of Tris-buffered saline and
Tween-20 (TBST) for 1 h, membranes were incubated
with primary antibody (diluted in 1 : 500) overnight
and followed by incubation with secondary antibody
(diluted in 1 : 1000) for 1 h at room temperature. Pro-
tein bands were visualized using the ECL assay kit
(Beyotime, Nantong, China). The density of each band
was normalized to the expression of B-actin.

Caspase activity assay

Caspase activity was assessed by fluorometric
assay [38]. Cells were collected and lysed in caspase
assay buffer containing 50 mM Tris-HCl (pH 7.4),
1 mM EDTA, 10 mM EGTA, 10 mM digitonin and 2 mM
dithiothreitol (DTT). Protein was separated by centrif-
ugation, the concentration of which was determined
as previously described [21]. An equal amount of pro-
tein from each sample was incubated with caspase-3
substrate DEVD-AFC or caspase-9 substrate LEHD-
AFC for 30 min at 37°C. The caspase activity was
assessed by a spectrofluorometer (Molecular Devices,
CA, USA) with an excitation wavelength of 400 nm
and an emission wavelength of 505 nm.

Statistical analysis

Biostatistical analyses were conducted with the
Prism 5.0 and SPSS 16.0 software packages. Data
were represented as mean + SEM. Comparisons
between experimental and control groups were per-
formed by one-way ANOVA and differences were
considered to be statistically significant when p val-
ue was less than 0.05.

Results

CNTF induces JAK2/STAT3 activation
in AB, ,,-treated SH-SY5Y cells

It is known that CNTF prevents neuronal cell death
and facilitates axonal regeneration after nerve injury
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activated by CNTF in AB, ,,-treated human SH-SY5Y
neuroblastoma cells, cells were pre-incubated with
AB,_4, (20 uM) for 24 h and then exposed to the indi-
cated concentrations of CNTF (0, 2, 10, 50 ng/ml)
for another 2 h. As shown in Fig. 1, treatment with
AB, ,, alone could inactivate the JAK2/STAT3 path-
way, whereas co-treatment with CNTF significantly
stimulated the phosphorylation of JAK2 and STAT3 in
a dose-dependent manner. Our data indicated that
CNTF potently induced the activation of the JAK2/
STAT3 pathway in AP, ,,-treated human SH-SY5Y
neuroblastoma cells.

CNTF protects SH-SY5Y cells from
AB,_,,-induced cytotoxicity

AB, 4, impairing neuronal cells has been consid-
ered as one of the major causes of AD [31]; there-
fore, in this study, AB, ,, was employed as a neuro-
toxicant. The neuroprotective effect of CNTF against
AB, 4,-induced cytotoxicity was evaluated as the via-
bility of SH-SY5Y cells using the MTT assay and try-
pan blue exclusion assay. As shown in Fig. 2, AB, ,,
(20 uM) exhibited a remarkable inhibitory effect on
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Fig. 2. The effect of CNTF on AP, ,,-induced
cytotoxicity in SH-SY5Y cells. Cells were treated
with AB, ,, (20 uM) in the absence or presence
of CNTF (10 ng/ml) and AG490 (10 puM) for 24 h.
The viability of SH-SY5Y cells was assessed by
MTT assay (A) and trypan blue exclusion assay
(B). Results are shown as mean + SEM of three
experiments with each including triplicate sets.
a: p < 0.05 vs. control, b: p < 0.05 vs. AB, ,,,
c:p < 0.05vs. AB, ,,+ CNTF.

the growth of SH-SY5Y cells. However, this cytotox-
ic effect was attenuated by co-treatment with CNTF
(10 ng/ml). To investigate the involvement of JAK2/
STAT3 signaling in the protective effect of CNTF
against AB, ,, induced cytotoxicity, we assessed cell
viability with the co-treatment of the JAK2 inhibi-
tor AG490 in the presence of both CNTF and AB, ,,.
Our results indicated that the suppressive effect of
CNTF on AB, ,,-induced cytotoxicity was significant-
ly diminished in the presence of AG490 in human
SH-SY5Y neuroblastoma cells.
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100 Apoptosis of SH-SY5Y cells with or without treatment
was evaluated by dual-staining with Annexin V-FITC/
Pl. As shown in Fig. 4, treatment with AB, ,, (20 uM)
remarkably increased the percentage of early apop-
totic cells, while co-treatment with CNTF (10 ng/ml)
resulted in decreased cell apoptosis from 38.67
+ 6.43% to 11.28 + 2.62%. The addition of AG490
reversed the protective effect of CNTF, increasing the

percentage of apoptosis to 24.77 + 4.15%. These
AB,, (20 - I T, . data suggest that CNTF could prevent AP, ,,-in-
CNTF (10 ng/ml) - - + duced cell apoptosis in human SH-SY5Y neuroblasto-
AG490 (10 uh) - - - * ma cells, an effect which was also closely connected
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Intracellular ROS level (% of controls)
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Fig. 3. The effect of CNTF on AB, ,,-induced oxi-
dative stress in SH-SY5Y cells. Cells were treat-
ed with AB, ,, (20 uM) in the absence or pres-
ence of CNTF (10 ng/ml) and AG490 (10 pM)
for 6 h. Oxidative stress was assessed as the
intracellular ROS level. Results are shown as
mean + SEM of three experiments with each
including triplicate sets. a: p < 0.05 vs. control,
b: p < 0.05 vs. AB, ,,, ¢: p < 0.05 vs. AR, ,, +
CNTF.

CNTF protects SH-SY5Y cells from
AB, 4,-induced oxidative injury

AB, ,,-induced oxidative stress was considered as
crucial to the pathophysiology of AD [6]. In this study,
oxidative stress was assessed by measuring the intra-
cellular ROS level using the ROS-sensitive fluores-
cence probe DCF. As shown in Fig. 3, after exposure to
AB, .4, (20 uM) for 6 h, the intracellular ROS level was
significantly increased (198.5% of the control), which
suggested induced oxidative stress in SH-SY5Y cells.
After co-treatment with CNTF (10 ng/ml), the intracel-
lular ROS level was significantly decreased compared
to that of A, ,, treatment alone (122.3% of the con-
trol). In addition, AG490 inhibited the protective effect
of CNTF on AB, ,,-induced oxidative injury in SH-SY5Y
cells. Our results suggested that CNTF could prevent
AB, ,,-induced oxidative injury in human SH-SY5Y
neuroblastoma cells, possibly via activating the JAK2/
STAT3 signaling pathway.

CNTF protects SH-SY5Y cells from
AB,_4,-induced apoptosis

AB, ,,-induced neuronal apoptosis in the brain
and primary neuronal culture might be responsible
in part for the cognitive decline found in AD [16].
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with activation of the JAK2/STAT3 pathway.

CNTF inhibits AB, ,,-induced
mitochondrial dys#unction

Mitochondrial dysfunction is an early event of
cell apoptosis [39]. Increasing evidence indicates that
AB induces oxidative injury and neuronal apoptosis
through mediating mitochondrial dysfunction [25]. To
investigate the effect of CNTF on AB, ,,-induced mito-
chondrial dysfunction, the expression of anti-apoptot-
ic members (Bcl-xL and Bcl-2) and activity of caspases
were assessed, these genes being downstream tar-
gets of the JAK2/STAT3 pathway. As shown in Fig. 5,
AB, 4, (20 uM) treatment significantly down-regulat-
ed the expression of Bcl-xL and Bcl-2 and up-regu-
lated the activity of initiator caspase-9 and effector
caspase-3. However, CNTF (10 ng/ml) co-treatment
substantially reversed the regulatory effect of AB, ,,.
In addition, AG490 attenuated the protective effect of
CNTF on AB, _,,-induced mitochondrial dysfunction in
human SH-SY5Y neuroblastoma cells.

CNTF inhibits AB, ,,-induced JNK
and ERK activation

Accumulating evidence has suggested that the
MAPK signaling pathway plays an important role in
neuronal death in AD [42]. AB, ,,-induced oxidative
stress influences the decision of susceptible neurons
to undergo either apoptosis or proliferation, a pro-
cess which is likely mediated through the MAPK
signaling pathway [34]. In this study, the phosphor-
ylation of JNK, ERK and p38, the most extensively
studied vertebrate MAPKs, was assessed by western
blot analysis. As shown in Fig. 6, AB, ,, (20 pM) treat-
ment significantly induced the phosphorylation of
JNK and ERK but not p38 (data not shown), an effect
that was inhibited by CNTF (10 ng/ml). Again, the

Folia Neuropathologica 2015; 53/3



Propidium ioide

CNTF protects SH-SY5Y cells via JAK2/STAT3 axis

Control AB,, (20 uM)
10% ~ 10 ~
10> =4 10° =
: . Cee . E . ) .".,-v
] ==" s BNV FRESE
10 o 10° o :
E 10! 3
L T IIUII" Ld T IUIII" Ld T UIIII' I. LA A LL 100 'I L IIIIII Ld T III'III L LI II'IIII I.I LA A ALY
100 10! 102 103 10* 100 10! 102 10° 10*
o AB,.,, (20 uM) + CNTF (10 ng/ml) o AB,.,, (20 M) + CNTF (10 ng/ml) + AG490 (10 uM)
10° R 10%=
; - -- \..‘;- -.‘ g - . -'J : - “'
4 e r;',’--‘\ 1 . - J"\ ~ .
- * as's —.. - - . - Y L:.-" [
107 - 107 )
101 — 101 -
e 10.13% TR 22.38%
T T IIIII" T T I'“I‘I T T III'II'I T T rrrm 10 T T I'l"'l Ll T III'II'I Ty l'"l‘l T rrrm
10° 10! 107 10° 10* 100 10! 102 103 104
_—
Annexin V-FITC
B 50
a
= 407
38
ks
2 307 ¢
=
o
S 20
2 b
(s}
Q.
<< 10
o mEEm
ARy, (20 uM) - + + +
CNTF (10 ng/ml) - - + +
AGA490 (10 pM) - - +

Fig. 4. The effect of CNTF on AB, ,,-induced apoptosis in SH-SY5Y cells. Cells were treated with AB, ,,
(20 uM) in the absence or presence of CNTF (10 ng/ml) and AG490 (10 pM) for 24 h. Cell apoptosis was eval-
uated by flow cytometry. (A) Flow cytometry analysis of cell apoptosis using Annexin V-FITC/PI dual staining.
(B) Percentage distribution of apoptotic cells. Results are shown as mean + SEM of three experiments with
each including triplicate sets. a: p < 0.05 vs. control, b: p < 0.05 vs. AB, ,,, ¢: p < 0.05 vs. AB, ,, + CNTF.
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AB_s, (20 uM) - + + +
CNTF (ng/ml) - - + +
AG490 (10 uM) - - +

Bel-xL

B-actin

Fig. 5. The effect of CNTF on AP, ,,-induced
mitochondrial dysfunction in SH-SY5Y cells.
Cells were treated with AB, ,, (20 pM) in the
absence or presence of CNTF (10 ng/ml) and
AG490 (10 puM) for 24 h. (A) Expression of Bcl-xL
and Bcl-2 was assessed by western blotting.
(B) Activity of caspase-3 and -9 was determined
by fluorometric assay. Results are shown as
mean + SEM of three experiments with each
including triplicate sets. a: p < 0.05 vs. control,
b: p < 0.05 vs. AB, ,,, c: p < 0.05 vs. AB, ,, +
CNTF.

effect of CNTF on AB, ,,-induced JNK and ERK acti-
vation was abolished by co-treatment with AG490 in
human SH-SY5Y neuroblastoma cells.

Discussion

Alzheimer’s disease is the most common neuro-
degenerative dementia in the elderly, affecting cog-
nition, behavior and functioning due to neuron loss
[35]. Neurodegeneration possibly results from the
abnormal accumulation of extracellular AB; there-
fore, AB is a promising therapeutic target of AD [20].
CNTF is a pleiotropic cytokine with neurotrophic
properties for a number of neurons in vitro and in
vivo. It is also one of the most active neurotrophic
factors widely studied in promoting neurogenesis
[15,23]. Previous studies reported that treatment of
CNTF in two AD mice models prevented AB oligo-
mer-induced neuronal damage and neurobehavioral
impairments [29]; however, the molecular mecha-
nism underpinning this effect was largely unknown.
Consistently, we confirmed the protective effect
of CNTF on A, ,,-induced cytotoxicity in human
SH-SY5Y neuroblastoma cells in the current study.
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Fig. 6. The effect of CNTF on AB, ,,-induced JNK
and ERK activation in SH-SY5Y cells. Cells were

treated with AB,,, (20 uM) in the absence or
presence of CNTF (10 ng/ml) and AG490 (10 uM)
for 6 h. Expression of JNK and ERK was assessed
by western blotting.

Furthermore, we elucidated the involvement of the
critical signaling pathway in the molecular response
of CNTF.

CNTF belongs to the IL-6 family of cytokines, sig-
naling of which is mainly mediated through activa-
tion of the receptor-associated JAK2/STAT3 pathway
[18]. Recent studies have demonstrated that the
JAK2/STAT3 pathway is involved in multiple physi-
ological processes of the nervous system [11, 41].
Chiba et al. reported that AB-dependent inactiva-
tion of the JAK2/STAT3 axis could lead to memory
loss through cholinergic dysfunction [9]. In the cur-
rent study, our results demonstrated that the JAK2/
STAT3 pathway was inactivated upon the treatment
with AB, ,, in human SH-SY5Y neuroblastoma cells,
whereas the further co-treatment with CNTF signifi-
cantly stimulated the phosphorylation of JAK2 and
STAT3 in a dose-dependent manner and protected
cells against AB, ,,-induced cytotoxicity. Additional-
ly, the JAK2 inhibitor AG490 largely attenuated the
protective effect of CNTF on AB, ,,-induced toxicity
in human SH-SY5Y neuroblastoma cells. Our study
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Fig. 7. The proposed model of CNTF neuroprotective effect against AB, ,,-induced cytotoxicity in human

SH-SY5Y neuroblastoma cells.

suggested that the JAK2/STAT3 pathway might be
the major transducer of CNTF-mediated neuropro-
tective activity.

Oxidative stress is one of the early events in AD,
and is also implicated as an important mediator of
the onset, progression and pathogenesis of AD. Sev-
eral studies have suggested that oxidative stress
plays a key role in AB-mediated neuronal cytotoxic-
ity by triggering or facilitating neurodegeneration
through a wide range of molecular events that even-
tually lead to neuronal cell loss [6]. In our study, after
exposure of SH-SY5Y cells to AB, ,, for 6 h, the intra-
cellular ROS level was significantly increased; how-
ever, co-treatment with CNTF potently inhibited this
effect, suggesting that CNTF could prevent AB, ,,-in-
duced oxidative injury in SH-SY5Y cells. Recent stud-
ies demonstrated that the JAK2/STAT3 pathway was
involved in regulating oxidative stress in certain types
of neurons. We also confirmed that activation of the
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JAK2/STAT3 pathway was involved in the protective
effect of CNTF against A, ,,-induced oxidative injury.

To further investigate the molecular mechanisms
underlyingthis neuroprotective effect, the ROS-related
downstream signaling pathways including the mito-
chondrial pathway and MAPK cascades were moni-
tored. Zhao et al. showed that the JAK2/STAT3 path-
way could modulate the expression of anti-apoptotic
members (Bcl-xL and Bcl-2) and activity of caspases
[40]. Our present study also proved that activation of
the JAK2/STAT3 pathway could reverse the decreased
expression of Bcl-xL and Bcl-2 as well as activation of
caspases induced by AB, ,, in human SH-SY5Y neu-
roblastoma cells. Oxidative stress is one of the major
stimuli of MAPK cascades, pathways widely involved
in apoptotic signal transduction. Ghribi et al. report-
ed that administration of Ap, ,, into rabbit brain
induced apoptosis accompanied with activation of
JNK and ERK, but not p38 [13]. Our study showed that
treatment with AB, ,, significantly induced the phos-
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phorylation of JNK and ERK in human SH-SY5Y neu-
roblastoma cells, an effect that could be abolished by
co-treatment with CNTF. JNK and ERK pathways are
also targets of the JAK2/STAT3 axis, and co-treatment
with AG490 inhibited the effect of CNTF on AB, ,,-in-
duced JNK and ERK activation. Our data suggested
that CNTF could inhibit AB, ,,-induced mitochondrial
dysfunction and MAPK activation via activating the
JAK2/STAT3 pathway in human SH-SY5Y neuroblasto-
ma cells.

In conclusion, our study extensively evaluated
the protective effect of CNTF against AB, ,,-induced
neurotoxicity in human SH-SY5Y neuroblastoma cells.
More importantly, we provided evidence that such
a neuroprotective effect of CNTF was largely medi-
ated through activation of the JAK2/STAT3 signaling
pathway (Fig. 7). Our findings might significantly con-
tribute to better understanding of the mechanism of
action of CNTF and constitute a basis for future devel-
opment of neuronal growth factors as potential drugs
for the treatment of AD.
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Abstract

MicroRNAs (miRNAs) are small noncoding RNAs that negatively reqgulate protein biosynthesis and participate in the
pathogenesis of various tumours. Previous studies have shown that miR-210 is highly expressed in different types
of human cancers, including glioblastoma multiforme (GBM). However, the role that miR-210 plays in GBM remains
unclear. Here, we detected the expression and examined the function of miRNA-210 in GBM cells. Furthermore, we
investigated the possible molecular mechanisms by which miRNA-210 mediates cell proliferation and apoptosis.
Fifteen GBM and five normal brain tissues, in addition to the U87MG and U251 GBM cell lines, were analysed in this
study. We found that miR-210 was upregulated in GBM tissues and cell lines when compared to normal brain tissue.
Cell counting and flow cytometric assay results demonstrated that upregulation of miR-210 induced cell proliferation
and decreased cell apoptosis, respectively. In addition, downregulation of miR-210 inhibited cell proliferation and
induced apoptosis. We also detected a miR-210 target, regulator of differentiation 1 (ROD1), which is involved in GBM
progression. Knockdown of ROD1 reversed the growth arrest and apoptosis that were originally induced by miR-210
inhibition. We propose that miR-210 regulates cell proliferation and apoptosis in GBM cells by targeting ROD1. Our
findings may provide a new potential therapeutic target for the treatment of GBM.

Key words: microRNA-210, glioblastoma, ROD 1, proliferation, apoptosis.

Introduction

Glioblastoma multiforme (GBM) is the most com-
mon malignant brain tumour, accounting for 45.2%
of all central nervous system tumours. Glioblastoma
multiforme often infiltrates diffusely into normal tis-
sue, making it difficult to completely eliminate via
traditional surgery and radiotherapy. This leads to
a poor outcome, with a five-year survival rate of less
than 5% and an average survival time of only 10-14
months post-diagnosis [11,16]. Hence, it is import-

ant to determine the mechanisms involved in the
development of GBM and find more effective thera-
pies to treat this deadly disease.

Research examining microRNAs (miRNAs) has
grown exponentially since they were first discovered
in 1993. MicroRNAs are non-coding RNAs that are
18-25 nucleotides in length, and they represent 1%
to 2% of the eukaryotic transcriptome [2]. MiRNAs
can lead to translational repression and/or mRNA
degradation of their targets. Many miRNAs have
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been reported to be correlated with various carci-
nomas and have emerged as vital regulators in cer-
tain biological processes, including cell proliferation,
migration, differentiation, apoptosis, and angio-
genesis. For example, down-regulation of miR-150
inhibits cell proliferation and induces apoptosis in
non-small-cell lung cancer (NSCLC) cells in culture.
As another example, miR-27a suppression inhibits
cell proliferation and migration by targeting mito-
gen activated protein kinase kinase 4 (MAP2K4)
in human osteosarcoma cells [6,12]. These studies
explored the expression and molecular mechanisms
of miRNAs in specific tumour types, and determined
that these small RNAs are novel biomarkers and
therapeutic targets for anti-tumour treatments.

Previously, we found that miRNA-210, one of the
most significantly upregulated miRNAs in hypoxic
cells, is highly expressed in human gliomas and con-
fers a poor prognosis in glioma patients [10]. Further-
more, an increase in miR-210 expression directly cor-
related with the histopathological grade of astrocytic
tumours [9]. In the current study, we investigated the
expression of miR-210 in GBM tissues and cell lines.
Moreover, we explored its function in the regulation
of proliferation and apoptosis, and determined that
the regulator of differentiation 1 (ROD1), a protein
also known as polypyrimidine trace binding protein 3
(PTBP3), is probably the target of miRNA-210 in GBM
cells.

Material and methods
Tissue samples

A total of 15 GBM tissues and five normal tissues
were obtained from surgical resection at the Wuxi
Second Hospital affiliated to Nanjing Medical Univer-
sity. Tissue samples from nine men and six women
(mean age: 59.9 + 7.7 years; age range: 46-72 years)
were included in the study. Pathological information
was obtained after surgery and glioma stage and
grade were determined based on the 2007 World
Health Organization (WHO) Classification System.
Five normal brain tissue samples were obtained from
adult patients with craniocerebral injuries. A partial
resection of brain tissue was required as decom-
pression treatment to reduce intracranial pressure in
these patients. Specimens were snap-frozen in liquid
nitrogen and stored at —80°C. Patient permission was
obtained for the collection and examination of all
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samples, and this study was approved by the Ethics
Committee of Nanjing Medical University.

Cell culture

The U87MG and U251 cell lines were obtained
from the Cell Resource Centre, Peking Union Medical
College, which is the headquarters of the National
Infrastructure of Cell Line Resources, National Sci-
ence & Technology Infrastructure (NSTI). The NSTI
determined that the cell lines were free of mycoplas-
ma contamination via polymerase chain reaction
(PCR) analysis, and confirmed the species of origin
for the two cell lines by PCR. All of the results from
these tests can be viewed on the following website:
http://cellresource.cn. Cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM; Hyclone,
USA) supplemented with 10% foetal bovine serum
(FBS; Gibco, USA) and 1% penicillin-streptomycin.
Cells were incubated at 37°Cin a saturated humidity
atmosphere containing 5% CO,. For all experiments,
the cells were detached and one third of the cells
were re-seeded in plates. All the cells used in this
study were at passage 20. The medium was changed
on the cells every three days.

Oligonucleotide transfection

The miR-210 inhibitor and mimic and the ROD1
SiRNA were chemically synthesised by Genepharma
(Genepharma, China). The miR-210 inhibitor, a small,
modified, single-stranded RNA molecule, was used to
downregulate miR-210 expression, whereas the miR-
210 mimic, a small, modified, double-stranded RNA
molecule, was used to upregulate miR-210 expres-
sion. The siRNA was utilised to block the expression
of ROD1. Scramble oligonucleotide sequences were
used as negative controls. Relative sequences were
as follows: hsa-miR-210 inhibitor: 5-UCAGCCGCUGU-
CACACGCACAG-3’; negative control oligonucleotide
for the inhibitor: 5-CAGUACUUUUGUGUAGUACAA-3’;
hsa-miR-210mimic: 5’-CUGUGCGUGUGACAGCGGCU-
GAAGCCGCUGUCACACGCACAGUU-3’; negative con-
trol oligonucleotide for the mimic: 5’-UUCUCCGAAC-
GUGUCACGUTTACGUGACACGUUCGGAGAATT-3".
The transfection efficiency of the cells was identified
via SYBR Green quantitative real-time reverse tran-
scriptase polymerase chain reaction (QRT-PCR). Trans-
fections were carried out using Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s
protocol.
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Total RNA isolation, reverse
transcription, and quantitative
real-time RT-PCR

Total RNA, including miRNA, was extracted from
the tissues or cells using Trizol reagent (Invitrogen)
following the manufacturer’s instructions. For ROD1,
gRT-PCR was performed using ImProm-IITM reverse
transcriptase (Promega, USA) and the QuantiFast
SYBR Green PCR Kit (Qiagen, Germany). Detection
was performed with the ABI7500 Real-time PCR sys-
tem instrument (Applied Biosystems, USA). Relative
primers were as follows: ROD1 forward: 5-AAGGAA-
ATGAATGGGCAGCCGTTAG-3’; ROD1 reverse: 5’-CATG-
TAGTTGAGGTCAATGAAGGGGTC-3; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) forward: 5’-GCT-
CTCTGCTCCTCCTGTTC-3’; GAPDH reverse: 5-GACT-
CCGACCTTCACCTTCC-3’. Hairpin-it™ miRNAs RT-PCR
Quantitation Kit (Genepharma) was utilised to deter-
mine miR-210 expression, and the U6 small nuclear
RNA (snRNA) Real-time RT-PCR Normalisation Kit
(Genepharma) was used as the control.

The expression levels of ROD1 and miR-210 were
calculated by the 2724t analysis method and were
normalised to the controls.

Western blot analysis

The primary antibodies used in this study were
anti-ROD1 (Santa Cruz, USA) and anti-GAPDH (Beyo-
time, China). Equal amounts of protein samples
were mixed with equal amounts of sodium dodecyl
sulphate (SDS) sample buffer and separated via 12%
SDS-polyacrylamide gel electrophoresis (PAGE). Gels
were run for one hour, and the separated proteins
were transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were then blocked
with 5% nonfat powdered milk in tris-buffered saline
with 10% Tween-20 (TBST) for one hour. Membranes
were incubated with primary antibody at 4°C over-
night. Secondary antibody incubations were con-
ducted using a goat anti-mouse antibody conju-
gated to horseradish peroxidase. Visualisation was
performed using chemiluminescence.

Cell proliferation assays

Post-transfection, cells were seeded in 96-well
plates at a density of 5000 cells per well for 12, 24,
36, 48, and 72 hours. Cell Count Kit-8 (CCK8; Dojin-
do, Japan) was used to measure cell proliferation
according to the manufacturer’s protocol. 10 pl of
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CCKS8 solution was added into the medium of each
well and incubated for 1.5 hours. The absorbance
was read at 450 nm via a microplate system.

Cell apoptosis assays

Cells were seeded in six-well plates. After 48 hours
the cells were washed with cold PBS and subsequent-
ly treated with Annexin V and propidium iodide (PI)
using Alexa Fluor 488 annexin V/Dead Cell Apopto-
sis Kit (Invitrogen) to determine the cell apoptosis
according to the protocol and then analysed by a flow
cytometer (Beckman Coulter, USA).

Statistical analysis

All data were analysed using SPSS 11.0 for Win-
dows (SPSS Inc., USA). Statistical significance was
determined using the Student’s t-test. Differences
were considered significant when p < 0.05.

Results

Expression of miR-210 in glioblastoma
multiforme tissues and cell lines

To examine the expression of miR-210 in GBM
tissue compared to normal tissue, we detected miR-
210 levels via gRT-PCR in GBM and normal brain
tissue. Fifteen specimens diagnosed as GBM were
examined, and five normal brain tissues were uti-
lised as controls. In addition, miR-210 expression in
the U87MG and U251 GBM cell lines was detected
and compared to miR-210 expression in normal brain
tissue. The expression levels were normalised to U6
RNA levels in the cells/tissues. As shown in Fig. 1A,
miR-210 expression in the GBM tissues was signifi-
cantly higher when compared to normal brain tis-
sues (p < 0.001). Additionally, miR-210 expression in
the UB7MG and U251 GBM cell lines was higher than
in normal brain tissue, as shown in Fig. 1B (p < 0.05).

Upregulation of miR-210 promotes cell
proliferation and inhibits cell apoptosis
in glioblastoma multiforme cells

To decipher the biological significance of miR-210
in GBM, the chemically synthesised miR-210 mimic
and inhibitor were transfected into the U87MG and
U251 GBM cell lines to upregulate and downregulate
miR-210 expression, respectively. Transfection effi-
ciency was evaluated via gRT-PCR and is shown in
Fig. 2A and 2B. The U87MG cell line exhibited higher
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Fig. 1. A) Fifteen glioblastoma multiforme (GBM) and five normal brain tissue samples were utilised to
examine miR-210 expression. Quantitative real-time reverse transcriptase PCR (QRT-PCR) was performed,
and the relative expression between the groups is shown (¥p < 0.05). B) The relative expression levels of
miR-210 in the UB7MG and U251 GBM cell lines compared to normal brain tissue were measured by qRT-PCR

(*p < 0.05).

transfection efficiency than U251 cells; therefore, all
of our experiments in this study were conducted in
the U87MG cell line. To investigate the effect miR-210
has on proliferation in GBM cells, we performed
CCK8 assays on the transfected U87MG cells. These
cell proliferation assays revealed that mimic-induced
miR-210 overexpression led to a statistically signifi-
cant increase in U87MG cell proliferation compared
to the negative control cells (Fig. 2C, p < 0.05). Con-
versely, the proliferation rate of the U87MG cells
treated with the miR-210 inhibitor was decreased
when compared to control cells (Fig. 2D, p < 0.05).
Next, we analysed apoptosis in the transfected
GBM cells via flow cytometry. As shown in Fig. 3,
U87MG cells transfected with the miR-210 inhibitor
demonstrated a statistically significant increase in
apoptotic rate when compared to controls, while the
cells transfected with the miR-210 mimic exhibited
a decrease in apoptosis (p < 0.05). Thus, miR-210
expression may be upregulated in GBM cells and tis-
sues because expression of this microRNA promotes
proliferation and regulates apoptosis in GBM cells.

Regulator of differentiation 1
as a potential target of miR-210
in glioblastoma multiforme

Because ROD1 has been identified as a miR-210
target in HEK293 cells, we next sought to investigate
ROD1 as a potential miR-210 target in GBM cells.
First, ROD1 expression was examined in GBM tissues
at both the mRNA and protein levels. We found that
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expression of ROD1 was significantly lower in GBM
tissues than in normal tissues (Fig. 4A, p < 0.001 and
Fig. 4B). To examine whether ROD1 is a likely target of
miR-210 in GBM cells, we observed ROD1 expression
in UB7MG cells transfected with the miR-210 mimic
or inhibitor. The miR-210 mimic effectively reduced
ROD1 expression as detected by western blot analy-
sis, whereas the miR-210 inhibitor led to an increase
in ROD1 expression (Fig. 4C). This data indicates that
ROD1 is probably a target of miR-210 in GBM cells.

Knockdown of regulator

of differentiation 1 reverses

the cell proliferation and apoptosis
induced by miR-210

Since we demonstrated that downregulation of
miR-210 via a specific inhibitor could suppress cell
proliferation and induce cell apoptosis in GBM cells
(Fig. 2), we then wanted to determine whether ROD1
is directly involved in miR-210 regulation of GBM cell
activity. Cell proliferation and apoptosis assays were
performed on GBM cells transfected with a miR-
210 inhibitor or co-transfected with the miR-210
inhibitor and siRNA to knockdown ROD1. Regula-
tor of differentiation 1 expression was remarkably
reduced by the siRNA as detected via western blot
(Fig. 5A). Additionally, cell proliferation analysed by
the CCK8 assay demonstrated that the proliferation
of GBM cells induced by miR-210 was abrogated by
the knockdown of ROD1 (Fig. 5B, p < 0.001). Fur-
thermore, cell apoptosis analysis detected by flow
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Fig. 2. A, B) The U87MG and U251 glioblastoma multiforme (GBM) cell lines were transfected with the miR-210
mimic or inhibitor. Forty-eight hours post-transfection, the cells were harvested and samples were prepared for
quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR). MiR-210 levels in the U87MG
and U251 GBM cell lines were measured and compared to the non-transfected control group. MiR-210 was signifi-
cantly upregulated in the cells expressing the mimic and significantly downregulated in the cells transfected with
the inhibitor (*p < 0.05). The US7MG cells exhibited higher transfection efficiency than the U251 cells. C) Cell prolif-
eration of U87MG cells transfected with the miR-210 mimic was measured by CCK8 analysis (*p < 0.05). D) US7MG
cells transfected with the miR-210 inhibitor were analysed for cell proliferation via CCK8 analysis (*p < 0.05).
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Fig. 3. After transfection with the miR-210 mim-
ic or inhibitor, U87MG cell apoptosis was mea-
sured by flow cytometry (fp < 0.05).
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cytometry revealed that the decrease in apoptosis
observed after miR-210 expression was abolished by
the knockdown of ROD1 (Fig. 5C, p < 0.05). The above
results indicate that knockdown of ROD1 expression
rescues the growth arrest and apoptosis that was
observed when the GBM cells were treated with the
miR-210 inhibitor.

Discussion

Accumulating studies have demonstrated that
miRNAs play crucial roles in the occurrence and pro-
gression of malignant tumours. MiRNA dysregulation
can be observed in diseased tissues or body fluids
such as plasma, urine, tears, and cerebrospinal flu-
id [21]. Specific miRNA expression and/or levels of
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Fig. 4. A) Regulator of differentiation 1 (ROD1) expression was measured via real-time polymerase chain
reaction (RT-PCR) in fifteen glioblastoma multiforme (GBM) and five normal brain tissue samples (¥p < 0.05).
B) Regulator of differentiation 1 protein expression in GBM and normal brain tissue was measured by
western blot analysis. According to the instructions of the ROD1 antibody, the upper band is considered to
be ROD1 with an apparent molecular weight of 57KD. C) U87MG cells were transfected with the miR-210
inhibitor or mimic and 48 hours post-transfection were analysed for ROD1 expression via immunoblot.

expression in particular tissues may predict certain
diseases. Thus, these miRNAs can be selected as can-
didate biomarkers for the diagnosis and prognosis of
various tumours [20,22,24]. The expression and func-
tion of various miRNAs have been reported in glioma
[17,25,26]. In the current study, we determined the
expression and function of miR-210 in GBM cells.
The stem-loop of miR-210 is located in an
intron of a noncoding RNA that is transcribed from
AK123483 on chromosome 11p15.5 [13]. AK123483
is regarded as the pri-miR-210, which is then pro-
cessed to the pre- and then the mature miR-210.
Most studies conclude that miR-210 is a specific
target of hypoxia inducible factor-1 (HIF-1), whereby
HIF-1 directly binds to a hypoxia-responsive element
(HRE) in the proximal miR-210 promoter. The HRE is
responsible for the hypoxic induction of AK123483
and may coordinate the expression of genes down-
stream of miR-210 [7]. MiR-210 is upregulated by
hypoxia in multiple cell lines. Hypoxic conditions are
also a common feature of the tumour microenviron-
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ment. MiR-210 expression is increased in most solid
tumours, and its expression correlates with a neg-
ative prognosis [3]. MiR-210 has been shown to be
involved in angiogenesis, DNA damage response,
invasion, proliferation, apoptosis, and the cell cycle.
Anton et al. [1] reported that miR-210 is upregulat-
ed in preeclamptic placentas, and that it regulates
cell viability. MiR-210 overexpression was shown to
reduce trophoblast invasion, while miR-210 inhibi-
tion promoted invasion. The authors concluded that
miR-210 is a novel predictive serum biomarker for
preeclampsia. Wang et al. [18] reported expression
of miR-210 in neural progenitor cells, whereby they
identified Bcl-2 adenovirus E1B 19 kDa-interacting
protein 3 (BNIP3), which is regulated by HIF-1a and
promotes cell death, as a direct functional target of
miR-210. MiR-210 directly suppressed BNIP3 expres-
sion, which subsequently reduced cell death.

Our previous report showed that oligodendrog-
lial tumours exhibit a significantly reduced level
of miR-210 as compared to normal brain tissue. In
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contrast, astrocytic tumours demonstrate signifi-
cantly increased levels of miR-210. Furthermore, the
expression of miR-210 positively correlates with the
grade of astrocytic tumours. Thus, miR-210 could be
a novel candidate biomarker for glioma diagnosis
and prognosis [9,10]. In the study presented here,
we determined that miR-210 expression is increased
in GBM tissue and cells when compared to normal
brain tissue, and that miR-210 could potentially
modulate tumour progress by affecting cell growth
and viability. Our finding that miR-210 is upregulat-
ed in GBM could have enhanced significance since
recent studies have shown that miRNAs expressed
in the brain have relatively short half-lives and can
be rapidly degraded [8,14,19]. Functional analyses
were performed to examine the affect that miR-210
expression has on proliferation and apoptosis in GBM
cells. CCK8 cell proliferation analysis and flow cyto-
metric assays examining apoptosis indicated that
introduction of a miR-210 inhibitor into GBM cells
significantly suppressed cell number and induced
apoptosis, respectively. Moreover, transfection of the
miR-210 mimic significantly promoted cell growth.
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Fig. 5. A) U87MG cells were transfected with
regulator of differentiation 1 (ROD1) siRNA, and
subsequently ROD1 expression was analysed
by western blot. B) After transfection with the
miR-210 inhibitor or the miR-210 inhibitor plus
ROD1 siRNA, U87MG cell proliferation was mea-
sured with the CCK8 assay (*p < 0.05). C) After
transfection with the miR-210 inhibitor or with
the miR-210 inhibitor and the ROD1 siRNA,
U8B7MG cell apoptosis was measured via flow
cytometry (*p < 0.05).

These findings suggest that miR-210 plays a critical
role in the proliferation and apoptosis potential of
GBM cells.

We then explored ROD1, also known as PTBP3,
as a potential target of miR-210 in GBM cells. ROD1
has been confirmed as a direct but seedless target
of miR-210 in HEK293 cells [4]. Immuno-precipitation
analysis performed by Fasanaro et al. [5] identified
ROD1 as a miR-210-seedless transcript enriched in
miR-210-containing RNA-induced silencing complex-
es. In both the presence and absence of hypoxic con-
ditions, expression of ROD1 inhibited cell prolifera-
tion and induced cell apoptosis. This same study also
found two well-established miR-210 targets, eph-
rin-A3 and RAD52 homolog, indicating the reliability
of the experiment. Furthermore, Rna22 prediction,
thermodynamic stability analysis, and luciferase
activity all indicated that ROD1 is a direct target of
miR-210 in HEK293 cells. Taken together with our
findings in GBM, it is likely that miR-210 directly tar-
gets ROD1 in GBM and could affect the biological
activity of GBM cells. ROD1, a member of the PTBP
family of proteins [15], is a repressive splicing regula-
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tor expressed in various cell types. Regulator of dif-
ferentiation 1 was reported to be primarily expressed
in haematopoietic cells in rats [23], thus the role that
ROD1 plays in differentiation was examined in mam-
malian cells. Overexpression of ROD1 was found to
inhibit 12-O-tetradecanoylphorbol-13-acetate (TPA)-
induced megakaryocytic differentiation and sodium
butyrate-induced erythroid differentiation in the plu-
ripotent human hematopoietic leukaemia cell line
K562 [23]. Our research demonstrated that ROD1
is expressed in human brain tissues, and may play
an important role in the development of GBM via
regulation by miR-210. Our results show that over-
expression of miR-210 decreased ROD1 levels; and
ROD1 inhibition abolishes the anti-tumour effects
observed in GBM cells treated with the miR-210
inhibitor. Thus, miR-210 could be a candidate bio-
marker and an important factor in GBM through the
targeting ROD1.

In summary, we demonstrated that miR-210 is
overexpressed in GBM tissues, and that miR-210
may function as an oncogene in GBM cells. Based
on our observations and previous findings by other
groups, we conclude that miR-210 could be a nov-
el biomarker for GBM, and it probably regulates
tumour progression through the targeting of ROD1.
Since GBM is a form of cancer that progresses and
spreads quickly, traditional therapies such as surgery
and chemoradiotherapy have only limited effective-
ness in treating this aggressive disease. Therefore,
new approaches such as molecular targets would
be highly beneficial in the therapeutic treatment of
GBM. Targeting miR-210 may provide a new thera-
peutic option in the treatment of this deadly disease.
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Abstract

Transient cardiac arrest due to cardiac vessel bundle occlusion was used to produce a rat model of spontaneous and
audiogenic seizures. Among the rats, spontaneous seizures were present in 64%, and audiogenic seizures could be
evoked in 86%, during two weeks of survival after cardiac arrest, by exposure to a loud sound produced by rattling
keys, beginning one day after the post-ischaemic injury. Data from literature suggested a key role for GABA-ergic
system widespread dysfunction especially in the hippocampus in post-cardiac arrest onset of audiogenic seizures.
Reduced GABA inhibition in the hippocampus seems responsible for audiogenic seizures following cardiac arrest. In
summary it may be considered that the occurrence of audiogenic seizures following cardiac arrest is determined not
only by a neuronal loss, especially in the hippocampus, but also by a condition of synapse modification by a regener-
ative phenomenon. Data from our study clearly indicate that global brain ischaemia due to cardiac arrest may induce
the susceptibility to spontaneous and audiogenic seizures, but this effect is transient.

Key words: cardiac arrest, audiogenic seizures, spontaneous seizures, global brain ischaemia.

standing of the mechanisms underlying cardiac

Introduction arrest development and cardiac arrest-related dis-

Due to the rapid improvement in lifestyle and
better of healthcare systems, especially in devel-
oped countries, the relative amount of aged peo-
ple is growing rapidly [12]. With aging, arterial and
venous vessel dysfunction occurs, which causes dif-
ferent diseases such as hypertension and/or heart
coronary artery disease, which can cause cardiac
arrest [3]. Thus, there is the push for a better under-

eases. Cardiac arrest frequently occurs with aging, is
a leading cause of death, and plays a crucial role in
occurrence of global brain ischaemia and dementia
[3,11,13,29,30].

It is reasonable to remark that the brain essen-
tially ages the equivalent of several years within the
few minutes taken to resuscitate a patient (or ani-
mal) from cardiac arrest. With reference to the natu-
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ral rate of neuronal loss in brain aging, the post-isch-
aemic brain ages 3.6 years each hour without therapy
[27]. In each hour, 120 million neuronal cells, 830 bil-
lion synapses, and 714 km of myelinated fibres are
lost [27]. The above abnormalities can be part of the
cause of the death of ischaemia-susceptible neurons
in areas such as the hippocampus and dysfunction of
other, e.g. cortical, neurons also contributing to dys-
function of the neural network. Secondary patholo-
gy in the hippocampus in humans and after exper-
imental global cerebral ischaemia due to cardiac
arrest occurs with several features similar to Alzhei-
mer’s disease [10,20,21,23,24]. The most important
similarity is the accumulation of amyloid precursor
protein or its fragments, e.g. B-amyloid peptide, in
intra- and extracellular space in the hippocampus in
humans and rats subjected to transient global brain
ischaemia [10,20,26]. The progression of neuronal
impairment and cell death, observed during cardiac
arrest and following post-arrest, is very fast; how-
ever, processes involved in progression are unknown
fully. A wide variety of brain lesions and injuries are
associated with increased risk for development of
seizures. The biggest risk factor are cerebrovascular
pathologies, at around 21% [4]. Post-ischaemic acute
symptomatic seizures occur at between 3 and 15%
(c. 11%), more commonly in animals and humans
with severe brain injury [4]. Seizures, especially after
cardiac arrest, are of increasing importance as the
population ages and are a growing contribution
to symptomatic epilepsies. Post-cardiac arrest sei-
zures are less well characterised and are good tar-
gets for clinical trials of seizure prevention. Despite
differences between humans and animals, and the
time courses, mechanistic information gained from
studying the experimental cardiac arrest conditions
could be harnessed to synergistically advance both
groups and to develop treatments targeting specif-
ic components in these neurodegenerative path-
ways to provide more robust protection of patients
from neurocognitive impairment and/or death [29].
However, little is known about cardiac arrest-relat-
ed diseases or induced brain dysfunction resulting
because of the occurrence of seizures.

Experimental data indicate that cardiac arrest
induces a susceptibility to audiogenic seizures in pre-
viously unsusceptible rats [7]. In view of the impor-
tance of cardiac arrest in human and its increas-
ing occurrence in the world, as well as its frequent
association with seizures, an experimental cardiac
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arrest model was used in the present investigations.
Consequently, the present study was aimed at elu-
cidating whether cardiac arrest in rats could induce
audiogenic seizure susceptibility in Wistar rats that
were not susceptible to audiogenic stimulation.

Material and methods

The cardiac arrest was induced by a method
described previously by Pluta et al. [16]. Female
Wistar rats were used (150-170 g, 3 months old). In
animals under anaesthesia [7], a blunt-ended, hook-
like, metal probe with the distal end bent at 90° was
placed inside the rats’ chest cavity after midline skin
incision [16]. The hook was inserted through the
right parasternal line and third intercostal space into
the mediastinum. The hook was gently positioned
under the heart vessel bundle and was then moved
up and, at the same time, finger pressure (index
and middle) was applied from outside. Blood flow
in both arterial and venous heart blood vessels was
stopped. The device was removed after 3.5 minutes.
The animals remained in a state similar to clinical
death for 10 minutes. Next the resuscitation proce-
dure was initiated with external heart massage and
artificial ventilation with room air (7025 Rodent Ven-
tilator, Ugo Basile, Italy). The procedure was contin-
ued until spontaneous heart activity and respiration
were resumed. After cardiac arrest the rats (n = 50)
survived for one month. Audiogenic seizures were
triggered by using the rattling sound of keys (sound
intensity 90-100 dB, frequency > 4,000 Hz), according
to Kawai et al. [7]. The sound stimulus was set until
rats started to have seizures. Audiogenic seizure test
was performed 24 hours after cardiac arrest, once
daily for one month. The rats were kept in plastic
cages with free access to food and tap water under
standardised housing conditions (natural light/dark
cycle, temperature of 24 + 2°C, relative humidity
55+ 5%). Procedures involving animals and their care
were conducted in accordance with the guide for
the care and use of laboratory animals as adopted
and promulgated by the National Institutes of Health.
The experimental protocols and procedures described
here were approved by the First Local Ethical Commit-
tee in Warsaw.

Results

Following 10 minutes of cardiac arrest, sponta-
neous heart activity was restored after 82.7 + 16.5
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seconds (mean + SD) and respiratory activity with-
in 8.4 + 1.3 minutes. The pain reaction reappeared
at 15.8 + 3.0 minutes and the corneal reflex at 28.5
+ 4.3 minutes following cardiac arrest. After reanima-
tion procedure taking about one hour the rats were
placed onto one side of a cage. After 24 hours the
animals resumed a normal posture without paraly-
sis of legs. Following that, the animals began to
feed themselves and became restless. All animals
after 10-minute cardiac arrest were alert and had
no motor deficits at one day of survival, which is in
accordance with other data [7,8]. As already shown,
the rats’ survival up to one month after reanimation
did not exhibit any neurological or somatic deficits
during the whole period of observation [8]. After suc-
cessful resuscitation, during a one-month period all
of the animals survived following cardiac arrest.
Animals after cardiac arrest showed spontaneous
(64% [n = 32 out of 50]) and induced (by rattling
keys) audiogenic (86% [n = 43 out of 50]) susceptibil-
ity to seizures with manifestation of the behaviours
presented below. The spontaneous sensitivity and
induced-by-rattling-key audiogenic seizures became
manifest on the first day following reanimation, just
after the animals had resumed their normal posture.
At that time the animals appeared to be hyperre-
active. Spontaneous and sound-triggered seizures
started with an episode of locomotor automatism
and vocalisation. They always reacted with bouncing
or jumping (startle myoclonus) when one loud rat-
tling key stimulation was given. After a few seconds,
the rats suddenly started instantaneous and wild
continuous running without any attempts to avoid
obstacles and/or directional change. The running
was completely uncontrolled. The animals bumped
into the wall of the cage and/or its cover. With the
end of this furious running, the animals presented
brief tonic extension of the trunk and all four limbs;
this was followed by clonic movements —bouncing or
jumping, involving the whole body. At the end of the
above episode, the rats tended to fall onto one side
and the clonic movements suddenly disappeared.
After that, postictal irritability was observed, e.g. for
touch as effect they started again running, jumping
with vocalisation. Finally, all of the rats had postictal
depression characterised by a catatonic posture and
immobility. This state of activity lasted from a few to
several seconds. The occurrence of spontaneous and
audiogenic seizures was observed only for a period
of two weeks, following cardiac arrest. The sham-op-
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erated rats (n = 5; with surgery but without the car-
diac arrest) were also observed for one month for
the possible occurrence of seizure activity. However,
neither spontaneous nor audiogenic seizure activity
was noted.

Discussion

Seizures following transient global brain ischae-
mia due to cardiac arrest are of increasing impor-
tance as the population ages, and may be considered
as a growing contribution to symptomatic epilepsies.
An association of acute brain ischaemia due to car-
diac arrest with seizures has been regarded as indi-
cator of severe ischaemic brain injury. In clinical con-
ditions, the appearance of seizures following cardiac
arrest seems a predictor of poor outcome [9,29]. In
our study, regular onset of audiogenic seizures was
noted one day after cardiac arrest, which is in accor-
dance with the observations by Kawai et al. [7]. In our
model, audiogenic seizures occured in the first two
weeks of survival after acute transient global brain
ischaemia, and after a particular period of time com-
pletely disappeared.

Available evidence indicates that one of the con-
sequences of cardiac arrest in humans may be seizure
activity or myoclonic status epilepticus [2]. Generally,
the prognosis for resuscitated patients seems to be
poor and only a small proportion of them recover
without serious neurological deficits [2]. The patho-
genesic pathways are incompletely understood, but
they may include alterations in the energy metabo-
lism [4] and blood-brain barrier functioning [17,25],
intracellular Ca2* overload [15], release of excitotoxic
glutamate [15], neuroinflammation [28], free radical
changes [23], and the presence of brain parenchyma
haemorrhages [14]. Kawai et al. [5] observed remark-
able neuronal changes, affecting predominantly
GABA-ergic neurons in different areas, immediately
following cardiac arrest. Observations by Kawai et al.
[7] suggested a key role for GABA-ergic system wide-
spread dysfunction especially in the hippocampus
in post-cardiac arrest onset of audiogenic seizures.
A reduced GABA inhibition in the hippocampus
seems responsible for audiogenic seizures following
cardiac arrest. However, data are available, showing
that GABA-egric deficit seems largely reversible as
a sign of some plastic modifications/regenerations
such as sprouting of inhibitory terminals from sur-
viving interneurons [7]. According to previous inves-
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tigations, regenerative sprouting of GABA-ergic ter-
minals coincides with cessation of the appearance
of audiogenic seizures following cardiac arrest [6].
Interestingly, animals after global brain ischaemia
lasting in the range of five minutes did not devel-
op any susceptibility to audiogenic stimulation [7].
When the mean duration of ischaemia reached
circa nine minutes, which is slightly less than our
experimental conditions, 65% of rats responded
with audiogenic seizures [7]. Our recent data also
indicate that cardiac arrest rats show an increased
susceptibility to pentylenetetrazol-induced clonic
seizure activity after one month but not after two
months, and this effect is probably also associated
with a transient deficit in central GABA-ergic neuro-
transmission [1].

Two days after cardiac arrest, small areas of neu-
ronal disappearance were noted in the selectively
vulnerable hippocampus CA1 region [18,20,21]. At
7-14 days, in ischaemic hippocampus neuronal loss
was almost complete in CAl area with single and
scattered damaged pyramidal neurons [8,18,20,21].
But in areas not selectively vulnerable, such as CA2,
CA3, and CA4 sectors of the hippocampus, alter-
ations were of a nature characteristic of the acute
ischaemic phase [20-22]. In different periods fol-
lowing ischaemia, regions of neuronal loss were
replaced by proliferating and hypertrophic astrocytes
with staining for B-amyloid peptide and microglia
[18,19]. The above pathology was localised in lay-
ers 3, 5, and 6 of the neocortex and the striatum.
The ischaemic neuronal changes are identified as
progressive acute and chronic degeneration pro-
cesses of neuronal cells in the brain, taking place
during the whole period of recirculation. Recently
it has been identified that degenerative machinery
in post-ischaemic neuronal cells continues outside
the acute period of the ischaemic episode [18-20].
Evidence indicates that post-ischaemic brain injury,
regardless of the time of survival after ischaemia, is
followed by acute neuronal damage as a “burning
phenomenon” in areas of the brain belonging or not
to selectively vulnerable regions [18-22].

In summary, it may be considered that the occur-
rence of audiogenic seizures following cardiac arrest
is determined not only by neuronal loss, especially
in the hippocampus, but also by a condition of syn-
apse modification by regenerative phenomenon.
Data from our study clearly indicate that global brain
ischaemia due to cardiac arrest may trigger suscep-
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tibility to spontaneous and audiogenic seizures, but
this effect is transient.
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Abstract

Introduction: Parkinson’s disease is the most common movement disorder, characterized by a progressive and exten-
sive loss of dopaminergic neurons in the substantia nigra pars compacta and their terminals in the striatum. So
far, only symptomatic treatment is available, and no cure or disease-modifying drugs exist. The present study was
designed to investigate the neuroprotective effect of rapamycin, an autophagy inducer, on dopaminergic neurons
against rotenone-induced cell death in primary mesencephalic cell culture.

Material and methods: Primary mesencephalic cell cultures were prepared from embryonic mouse mesencephala
(OFI/SPE Vienna, Austria) at gestation day 14. Four sets of cultures were treated as follows: one was run as an
untreated control, a second one was treated with 20 nM rotenone on the 10" day in vitro (DIV) for 48 h, a third one
was co-treated with 20 nM rotenone and rapamycin (1, 10, 100, 1000 nM) on the 10" DIV for 48 h, and a fourth one
was treated with rapamycin alone (1, 10, 100, 1000 nM) on the 10t DIV for 48 h. On the 121" DIV, cultures were sub-
jected to immunohistochemistry against tyrosine hydroxylase and to fluorescence staining using LysoTracker Deep
Red, JC-1 and DAPI stains.

Results: Exposure of such cultures to 20 nM rotenone on the 10" DIV for 48 h reduced the number of dopaminergic
neurons by 41% and increased the release of lactate dehydrogenase (LDH) by 178% above untreated controls. Rapa-
mycin (1, 10, 100, 1000 nM) added together with rotenone from the 10t to 12" DIV spared dopaminergic neurons
by 17% and reduced the release of LDH by 64% at the concentration of 100 nM compared to rotenone-treated
cultures. Activation of an autophagic process by rapamycin was demonstrated by LysoTracker Deep Red fluorescent
dye, as indicated by a shift to increased red fluorescence. Rapamycin also significantly elevated the mitochondrial
membrane potential (Aym), as shown by an increase of the red:green fluorescence ratio of JC-1. Increased apoptotic
cell death due to rotenone was lowered by rapamycin, as shown by the blue-fluorescent DAPI nucleic acid stain.
Conclusions: Our study indicates for the first time that rapamycin, known as an autophagy inducer, protected dopa-
minergic neurons against rotenone-induced cell death in primary mesencephalic cell culture.

Key words: apoptosis, autophagy, dopaminergic neurons, neuroprotection, Parkinson’s disease, rapamycin.
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Introduction

Parkinson’s disease (PD) is a common progres-
sive neurodegenerative disorder affecting more
than 6 million people worldwide [28]. The disease is
characterized clinically by a triad of cardinal motor
symptoms including bradykinesia, tremors and
rigidity [13], and pathologically by the selective loss
of dopamine neurons in the substantia nigra pars
compacta (SNpc) and the formation of Lewy bodies
[27]. Although the etiology of PD is still unclear, there
is growing evidence indicating that intracellularly
oxidative stress, mitochondrial damage, lysosomal
dysfunction, neuroinflammatory changes and for-
mation of pathologic inclusions contribute to the
pathology of the disease [9].

Treatment of PD is generally symptomatic, where
levodopa remains the most effective agent [34].
However with disease progression, levodopa med-
ication becomes increasingly inadequate for the
management of motor fluctuations and dyskinesias
[40]. Levodopa given clinically undergoes autooxida-
tion and forms reactive oxygen species (ROS) which
could be toxic to remaining dopamine neurons [20].
Dopamine agonists and monoamine oxidase B inhibi-
tors are also prescribed for the treatment of early
PD as in addition to their symptomatic benefits they
postpone the onset of levodopa therapy [11].

During the last two decades, researchers have
shown increased interest in developing neuropro-
tective substances that can slow or stop the clinical
progression of PD. As a result, significant numbers
of compounds have been identified as neuroprotec-
tive in preclinical studies [8]. For instance, the D3/
D2/D1 dopamine receptor agonist rotigotine was
shown to protect dopaminergic neurons against
glutamate, MPP* and rotenone in primary mesen-
cephalic cell culture [23,32]. The active principal of
Nigella sativa seed thymoquinone protected dopa-
minergic neurons against MPP*-induced cell death
in primary mesencephalic cell culture [30]. Inhibition
of sphingosine kinase (Sphk1), a regulator of bio-
active sphingolipid homeostasis, by SKI Il protected
the dopaminergic SH-SY5Y cells through an anti-
apoptotic pathway [29]. However, to date, there is
no drug that has provided neuroprotection against
dopaminergic cell loss in clinical trials [4].

Rapamycin is a lipophilic macrocyclic antibiot-
ic produced by the bacterium Streptomyces hygro-
scopicus indigenous to Easter Island [38]. Rapamycin
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was shown first to exhibit antibacterial, antifungal,
immunosuppressive and anticancer effects [33].
Recently, rapamycin has been reported to reduce
cytotoxic injury in different models of neurodegen-
erative disorders [5]. For instance, Park et al. [26]
reported that rapamycin protected human neuro-
blastoma SH-SY5Y cells against fipronil-induced
apoptotic cell death. Kanno et al. [18] found that
rapamycin reduced locomotor impairment and neu-
ronal death after spinal cord injury in mice. This
effect of rapamycin was reported to be mediated
through activation of autophagy by inhibiting the
mammalian target of rapamycin (mTOR) signaling
pathways [36].

More recently, studies using post-mortem human
tissues and genetic and toxin-induced animal and
cellular models have implicated autophagy dys-
function as an important issue in PD pathogenesis
[1]. For instance, Dehay et al. [7] reported that the
number of undegraded autophagosomes increased
and the number of autophagolysosomes decreased
in post-mortem PD brain samples. Park et al. [25]
showed that MPP* inhibited autophagosome forma-
tion and increased a-synuclein expression in mice.
Parganlija et al. [24] found that SH-SY5Y cells with
PINK1 knockdown showed down-regulation of key
autophagic genes including Beclin, LC3 and LAMP-2.
Accordingly, our present study was designed to
investigate the neuroprotective potential of the
autophagy inducer rapamycin against rotenone-in-
duced dopaminergic cell death relevant to PD. To
date, there have been no reports describing the
potential neuroprotective role of rapamycin on dopa-
mine neurons in primary mesencephalic cell culture
relevant to PD.

Material and methods

Preparation of primary mesencephalic
cell culture

Primary mesencephaliccell cultures were prepared
from OFI/SPF embryos according to Meinel et al. [22].
In brief, embryonic mouse mesencephala were dis-
sected on the 14" day of gestation and cut into small
pieces in a drop of DPBS (Invitrogen, Germany), 2 ml
of 0.2% trypsin solution (Invitrogen, Germany) and
2 ml of 0.02% DNase | solution (Roche, Germany)
were added and the tissue was subsequently incu-
bated in a water bath at 37°C for 7 min. Then, 2 ml
of trypsin inhibitor (0.125 mg/ml) (Invitrogen, Ger-
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many) were added, the tissue was centrifuged at
100 x g for 4 min and the supernatant was aspirat-
ed. The tissue pellet was triturated 2-3 times with
a fire-polished Pasteur pipette; each time 0.02%
DNase | (Invitrogen, Germany) was included in the
medium. Dissociated cells were plated at a densi-
ty of 257 000 cells/cm? in DMEM (Sigma, Germa-
ny) supplemented with 4 mM glutamine, 10 mM
HEPES buffer, 30 mM glucose, 100 IU/ml penicillin,
0.1 mg/ml streptomycin and 10% heat-inactivated
fetal calf serum (Sigma, Germany). The medium
was exchanged on the 15t day in vitro (DIV) and on
the 3™ DIV. On the 5™ DIV half of the medium was
replaced with serum-free DMEM containing 0.02 ml
of B-27/ml (Invitrogen, Germany) DMEM. Serum-free
supplemented DMEM was used for feeding from the
6! DIV and subsequently replaced every 2" day.

Treatment of cultures with rapamycin

A stock solution of 1 mM rapamycin (Invitrogen,
USA) was prepared in dimethyl sulfoxide (DMSO)
and further diluted in DMEM to final concentrations.
On the 10 DIV, cultures were treated with rapamy-
cin (1, 10, 100, 1000 nM) for 48 h to investigate its
effect on the survival of dopaminergic cells.

Treatment of cultures with rapamycin
and rotenone

A stock solution of 1 pM of rotenone (Sigma-Al-
drich, Germany) was prepared in DMSO and then
diluted in DMEM to final concentrations. For each
treatment, fresh rotenone solutions were used to
avoid breakdown of rotenone by storage. To inves-
tigate the neuroprotective potential of rapamycin
against rotenone-induced dopaminergic cell death,
cultures were co-administered with both rotenone
(20 nM) and rapamycin (1, 10, 100, 1000 nM) on the
10t DIV for 48 h.

Identification of dopaminergic neurons

Dopaminergic neurons were identified immu-
nocytochemically by tyrosine hydroxylase staining.
On the 12t DIV, cultures were rinsed carefully with
phosphate buffered saline (PBS, pH 7.2) and fixed in
4% paraformaldehyde for 45 min at 4°C. After wash-
ing with PBS, cells were permeabilized with 0.4% Tri-
ton X-100 for 30 min at room temperature. Cultures
were washed 3 times with PBS and incubated with
5% horse serum (Vectastain ABC Elite kit) for 90 min
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to block nonspecific binding sites. To determine the
number of tyrosine hydroxylase immunoreactive
(THir) cells, cultures were sequentially incubated
with anti-TH primary antibody overnight at 4°C,
biotinylated secondary antibody (Vectastain) and
avidin-biotin-horseradish peroxidase complex (Vec-
tastain) for 90 min at room temperature and washed
with PBS between stages. The reaction product was
developed in a solution of diaminobenzidine (1.4 mM)
in PBS containing 3.3 mM hydrogen peroxide (H,0,),
and stained cells were counted with a Nikon invert-
ed microscope in 10 randomly selected fields per
well at 10x magnification.

Measurement of LDH activity

Cellular injury was quantitatively assessed by
measuring the activity of lactate dehydrogenase
(LDH) released from damaged cells into the culture
medium. The reaction was initiated by mixing 0.2 ml
of cell-free supernatant (diluted 1 : 1 with distilled
water) with potassium phosphate buffer containing
B-nicotinamide adenine dinucleotide (NADH) and
sodium pyruvate (0.18 and 0.62 mM in potassium
phosphate buffer, respectively) in a final volume of
0.5 mlin 1 ml cuvettes. The decrease of NADH was
spectrophotometrically (NOVASPEC1 1) monitored.
Reagent blanks were subtracted. LDH activity was
calculated from the slope of the decrease in optical
density at 334 nm over a 3 min time period. The LDH
release is proportional to the number of damaged or
destroyed cells [10,19].

Staining of cultured cells with
LysoTracker Deep Red fluorescent dye

LysoTracker dye is a highly soluble small molecule
that is retained in acidic subcellular organelles such
as lysosomes. It is used to investigate the biosyn-
thesis of lysosomes. Here, 100 nM rapamycin (the
concentration significantly protected dopaminergic
neurons in rotenone-treated cultures) was added
together with 20 nM rotenone on the 10t DIV for
48 h. On the 12t DIV, culture media were aspirated
and cells were incubated with a new medium con-
taining 100 nM LysoTracker Deep Red fluorescent
dye (Life Technologies, Invitrogen, USA) for 15-30
min at 37°C. After washing with DPBS, stained cells
were photographed on a Nikon inverted microscope
equipped with an epifluorescence attachment using
a rhodamine filter set with an excitation wavelength
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of 580 and an emission wavelength of 590, G-2A
and a Coolpix 990 digital camera (Nikon, Japan).
Six photos were taken randomly from each well
(24 photos per experiment). All photos were ana-
lyzed densitometrically using Adobe Photoshop soft-
ware.

Measurement of Aym by JC-1
fluorescent dye

JC-1 is a lipophilic cationic dye that selectively
enters mitochondria. In healthy cells with high mito-
chondrial Aym, JC-1 spontaneously forms complexes
known as J-aggregates with intense red fluorescence.
In the case of apoptotic cells the dye remains in its
monomeric form with green fluorescence. The JC-1
red:green ratio has been used as a tool to estimate
changes in Aym [39]. JC-1 was dissolved in DMSO and
further diluted in DMEM (10 pg/ml final concentra-
tion). After removal of the culture medium cells were
loaded with JC-1 for 15 min at 37°C, rinsed twice with
PBS and photographed on a Nikon inverted micro-
scope equipped with an epifluorescence attachment
using a rhodamine filter set with an excitation wave-
length of 510 DM and an emission wavelength of
520 BA and a Coolpix 990 digital camera (Nikon,
Japan). Six photos were taken randomly from each
well (24 photos per experiment). Fluorescence inten-
sity of the red:green ratio was determined semiquan-
titatively using Adobe Photoshop software.

Counting of apoptotic cells by blue-
fluorescent DAPI nucleic acid stain

DAPI is a fluorescent stain that binds strongly
to DNA. It passes through intact membranes of live
and fixed cells. Cells were fixed with 4% paraformal-
dehyde for 45 min at 4°C. After washing with PBS
(pH 7.2), cells were permeabilized with 0.4% Triton
X-100 for 30 min at room temperature. DAPI solu-
tion (2 pM final concentration) was added to the
cultures at room temperature for 5 min in the dark.
After washing with DPBS, six photos were taken ran-
domly from each well (24 photos per experiment)
with a Coolpix 990 digital camera connected to an
inverted microscope with an epifluorescence attach-
ment using an ultraviolet (UV) filter (Nikon, Japan).
Nuclei with condensed and fragmented chromatin
were counted when the photos were reviewed with
Adobe Photoshop software.
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Statistics

Each experiment was run in triplicate with four
wells in each treatment. Data were expressed as
mean + standard error of mean (SEM). Comparisons
were made using ANOVA and post-hoc Duncan’s
test using the statistical program SAS 1998. P < 0.05
was considered as statistically significant.

Results

Rapamycin did not affect the survival
of dopaminergic neurons

Treatment of cultures with rapamycin (1, 10, 100,
1000 nM) on the 10t DIV for 48 h did not affect the
survival (Fig. 1) or the morphology of dopaminergic
neurons (data not shown).

Rapamycin rescued dopaminergic
neurons from rotenone-induced cell death

Treatment of cultures with 20 nM rotenone on the
10t DIV for 48 h decreased the number of dopami-
nergic neurons by 41% and altered the morphology
of surviving neurons compared to untreated controls
(Fig. 2A,B). On the other hand, co-administration of
rapamycin and rotenone on the 10% DIV for 48 h
significantly increased the survival of dopaminergic
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Fig. 1. Treatment of primary mesencephalic cell
cultures with rapamycin on the 10t DIV for
48 h. 100% corresponds to the total number of
THir neurons (the average number of THir neu-
rons was 26 cells/field) after 12 DIV in untreat-
ed controls. Values represent the mean + SEM of
three independent experiments with four wells
in each treatment. In each well THir neurons
were counted in ten randomly selected fields.
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Fig. 2. A) Concomitant treatment of primary mesencephalic cell cultures with rotenone (20 nM) and rapa-
mycin (1, 10, 100, 1000 nM) on the 10th DIV for 48 h. 100% corresponds to the total number of THir neurons
(the average number of THir neurons was 23 cells/field) after 12 DIV in untreated controls. Values represent
the mean + SEM of three independent experiments with four wells in each treatment. In each well THir neu-
rons were counted in ten randomly selected fields (*p < 0.001, “p < 0.001). B) Representative micrographs
of THir neurons after 12 DIV. Untreated control cultures showed THir neurons with long and branched
processes. Rotenone-treated cultures showed THir neurons with very few, shortened and thickened neur-

ites. Treatment with rapamycin improves the morphology of THir neurons compared to rotenone-treated
cultures.
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Fig. 3. Release of LDH into the culture medium in primary mesencephalic cell cultures. A) Treatment of
cultures with rapamycin on the 10t DIV for 48 h. B) Concomitant treatment of cultures with rotenone
(20 nM) and rapamycin (1, 10, 100, 1000 nM) on the 10t DIV for 48 h. 100% corresponds to the amount
of LDH in the culture medium after 12 DIV. Values represent the mean £SEM of three independent experi-
ments with four wells in each treatment (*p < 0.001, "p < 0.001).

neurons by 17% compared to rotenone-treated cul-
tures (Fig. 2A). Also, rapamycin reduced degenerative
changes in dopaminergic neurons seen with rote-
none exposure (Fig. 2B).

Rapamycin attenuated rotenone-
induced LDH release

Treatment of cultures with rapamycin on the 10t
DIV for 48 h did not affect the level of LDH in the cul-
ture medium (Fig. 3A). Consistent with the cytotoxic
effect of rotenone on dopaminergic neurons, 20 nM
rotenone led to an increase in release of LDH into the
culture medium by 178% compared to untreated con-
trols (Fig. 4B). Against rotenone, rapamycin (100 nM)
reduced the release of LDH by 64% compared to rote-
none-treated cultures (Fig. 3B).

Rapamycin increased LysoTracker Deep
Red fluorescence

Co-treatment of cultures with rapamycin (100 nM)
and rotenone (20 nM) on the 10t DIV for 48 h sig-
nificantly increased the fluorescent intensity of Lys-
oTracker Deep Red by about 63% compared to rote-
none-treated cultures (Fig. 4A). In parallel, Fig. 4B
shows higher red fluorescence in the cultures
co-treated with rapamycin and rotenone compared
to cultures treated with rotenone alone. Rapamycin
alone did not produce a significant increase in the
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fluorescent intensity of LysoTracker Deep Red com-
pared to untreated control culture (Fig. 4A,B).

Rapamycin increased red: green
fluorescence ratio of JC-1

Treatment of cultures with rotenone (20 nM) on
the 10t DIV for 48 h decreased the red:green flu-
orescent ratio of JC-1 by about 29% compared to
untreated controls (Fig. 5A). On the other hand, con-
comitant treatment of cultures with 100 nM rapa-
mycin and 20 nM rotenone on the 10t DIV for 48
h significantly restored the red:green fluorescent
ratio of JC-1 by 19% compared to rotenone-treated
cultures (Fig. 5A). Figure 5B showed that cultures
co-administered with rapamycin and rotenone dis-
played much higher red fluorescence than the cul-
tures treated with rotenone alone. Rapamycin alone
did not significantly affect the red:green fluorescent
ratio of JC compared to untreated control culture
(Fig. 5A,B).

Rapamycin decreased rotenone-
induced apoptotic cell death

Staining of cultured cells with the nuclear fluo-
rescence dye DAPI revealed that rotenone (20 nM on
the 10t DIV for 48 h) increased the number of nuclei
showing apoptotic features by 119% compared to
untreated cultures (Fig. 6A). Against rotenone, rapa-
mycin was found to decrease the number of apoptotic
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Fig. 4. A) LysoTracker Deep Red fluorescence intensity in primary mesencephalic cell cultures. 100% cor-
responds to the intensity of LysoTracker Deep Red in primary mesencephalic cell cultures after 12 DIV.
Values represent the mean + SEM of three independent experiments with four wells in each treatment.
Fluorescence intensity was determined densitometrically from 24 randomly selected micrographs in each
experiment (6 photos from each well) (fp < 0.01, *p < 0.001). B) Representative micrographs showing that
treatment of cultures with rapamycin increased LysoTracker Deep Red fluorescence intensity compared to
rotenone-treated cultures.
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Fig. 5. A) Red:green fluorescence ratio of JC-1 in primary mesencephalic cell cultures. 100% corresponds to
the red:green fluorescence ratio of JC-1 in primary mesencephalic cell cultures after 12 DIV. Values repre-
sent the mean + SEM of three independent experiments with four wells in each treatment. Red:green flu-
orescence ratio of JC-1 was determined densitometrically from 24 randomly selected micrographs in each
experiment (6 photos from each well) (*p < 0.001, *p < 0.001). (B) Representative micrographs showing that
treatment of cultures with rapamycin increased red fluorescence compared to rotenone-treated cultures
which exhibit marked green fluorescence.
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Fig. 6. (A) Number of nuclei showing apoptotic features with condensed and fragmented chromatin in
primary mesencephalic cell cultures. 100% corresponds to the number of apoptotic nuclei (the average
number of apoptotic nuclei was 38 nuclei/photo) in untreated control cultures after 12 DIV. Values represent
the mean + SEM of three independent experiments with four wells in each treatment. Twenty-four photos
were taken from each experiment (6 photos from each well) (p < 0.001, "p < 0.001). B) Representative
micrographs showing that treatment of cultures with rapamycin decreased the number of apoptotic nuclei
compared to rotenone-treated cultures. Insert shows apoptotic nuclei at 20x magnification.
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nuclei by about 100% compared to rotenone-treated
cultures (Fig. 6A). Apoptotic nuclei showed highly con-
densed and fragmented chromatin (Fig. 6B). Rapamy-
cin alone did not affect the number of apoptotic nuclei
compared to untreated control culture (Fig. 6A,B).

Discussion

In the present study, rotenone-treated primary
mesencephalic cell culture was used as a neurotoxic-
ity model to investigate the neuroprotective potential
of the autophagy inducer rapamycin on dopaminergic
neurons relevant to PD. In summary, rotenone was
shown to 1) decrease the survival of dopaminergic
neurons; 2) increase the release of LDH into the cul-
ture medium; 3) disrupt the mitochondrial Aym of
cultured cells and 4) increase the features of apoptotic
cell death in primary mesencephalic cell culture. This
neurotoxic effect of rotenone has been reported in dif-
ferent in vitro and in vivo models since Betarbet and her
colleagues [3] described rotenone as a PD neurotoxin
in 2000. For instance, Radad et al. [31] found that expo-
sure of primary mesencephalic cell culture to 20 nM
rotenone destroyed dopaminergic neurons and result-
ed in a higher level of LDH in the culture medium.
Im et al. [15] reported that rotenone decreased the
viability and survival of PC12 cells. Tapias et al. [37]
described a loss of dopamine neurons and nigrostria-
tal terminals as a result of rotenone treatment in rats.
Using JC-1 and DAPI fluorescence dyes we showed
that rotenone decreased the Aym and induced apop-
totic cell death in our mesencephalic cell cultures, as
indicated by the decreased red:green fluorescence
ratio of JC-1 and increased number of nuclei with
condensed and fragmented chromatin, respectively.
Similarly, Hu et al. [14] demonstrated that rotenone
caused a loss of Aym and induced apoptotic cell death
in SH-SY5Y cells. Mitochondrial damage by rotenone
played a central role in apoptotic cell death through
interrupting cellular energy metabolism, increasing
ROS production and the release of apoptotic factors
into the cytosol [2].

Our results showed that rapamycin rescued
a significant number of dopaminergic neurons and
decreased the release of LDH into the culture medium
when concomitantly added with rotenone to primary
mesencephalic cell cultures. Likewise, similar neuro-
protective effects of rapamycin have been reported in
some in vitro and in vivo models of neurodegenera-
tion. For example, Malagelada et al. [21] found that
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rapamycin protected PC12 cells from 6-OHDA toxici-
ty. Jiang et al. [16] observed that rapamycin provided
behavioral improvements and protected against the
loss of dopaminergic neurons in a rat model of PD.

Rapamycin increased cellular fluorescence of Lys-
oTracker Deep Red compared to rotenone-treated
cultures, indicating that rapamycin upregulated an
autophagic process in cultured cells. In line with our
results, Chikte et al. [6] reported that the signals of
LysoTracker Deep Red were increased as the result of
rapamycin treatment and could be used as a marker
for autophagy in Jurkat T-cell and K562 erythro-my-
eloid cell lines. He and Klionskey [12] also correlat-
ed the fluorescence signals of LysoTracker with the
upregulation of autophagy in zebrafish. Staining of
cultures co-administered with rapamycin and rote-
none with JC-1 fluorescent dye showed that rapamy-
cin enhanced Aym as it increased the red:green flu-
orescence ratio of JC-1 compared to cultures treated
with rotenone alone. Rapamycin was similarly report-
ed to enhance Aym in the human breast cancer cell
line MCF-7, as shown by the JC-1 potentiometric dye
[24]. Moreover, rapamycin was reported to amelio-
rate mitochondrial defects in cells from individuals
with the PARK2 mutation through rescuing Aym
[35]. Counting of apoptotic nuclei using blue-fluores-
cent DAPI nucleic acid stain indicated that rapamycin
decreased rotenone-induced apoptotic cell death in
primary mesencephalic cell cultures. Yin et al. [41]
and Jing et al. [17] similarly reported an antiapoptotic
effect for rapamycin against transient focal cerebral
ischemia/reperfusion and subarachnoid hemorrhage
in mice and rats, respectively. The antiapoptotic effect
of rapamycin was reported to be mediated by decreas-
ing Bax production and the downstream release of
cytochrome ¢ from mitochondria to the cytosol [17].
In addition to aforementioned mechanisms of neuro-
protection, rapamycin was found to protect neuronal
cells through some other pathways. In this context,
Tain et al. [35] found that activation of the translation
inhibitor 4E-BP protected dopaminergic neurons in
parkin and PINK1 mutant Drosophila. Jiang et al. [16]
reported that reduction of oxidative stress is one of
the underlying mechanisms that mediate neuropro-
tection in a 6-OHDA rat model of PD.

Taking all the data together, our study shows that
rapamycin protected dopaminergic neurons against
rotenone-induced cell death in primary mesencephal-
ic cell culture. This neuroprotection might be attribut-
ed to increasing autophagy, enhancing mitochondrial
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membrane potential and decreasing apoptotic cell
death in primary mesencephalic cell culture.
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Abstract

Introduction: Haemolytic disease of newborns due to rhesus and ABO incompatibility is encountered frequently in
neonatal clinics and may lead to severe haemolysis. In this study, it is suggested that important amounts of iron
released with haemolysis may have a toxic effect on the brain parenchymal tissue, and the severity of the toxic effect
can be correlated with the maturation of the brain barrier systems. To demonstrate the accumulation and the neuro-
toxic effects of free iron (Fe) in the brain an experimental haemolysis model with various maturation phases was
performed.

Material and methods: The study was composed of 48 Wistar rats with the following ages: five days old (Group A),
10 days old (Group B), and 19 days old (Group C). Each group was divided into three experimental subgroups and three
control groups. Experimental groups were treated with intraperitoneal 75 mg/kg/day phenyl hydrazine hydrochloride
for haemolysis.

Results: We demonstrated that the blood brain barrier (BBB) is permeable in five-day-old newborn rats and is mature
in 10- and 19-day-old rats. Iron staining and neuronal damage were detected in group A and group B rats. No damage
was detected in the brain tissue of group C animals. The presence of iron staining and neuronal damage in group B
with mature BBB may suggest the existence of other incomplete barrier systems different from BBB that lead to iron
accumulation in the brain.

Conclusions: Blood brain barrier has a partial role in Fe transport, and the alternative barrier systems may also be
involved. It could be supposed that after maturation of all barrier systems, excessive Fe penetration to the brain can-
not occur. Our findings showed that the toxic amounts of iron may penetrate into the brain parenchyma of newborns
despite the BBB preservation and cause neuronal damage in newborns, but the mature brain is not affected by the
same magnitude blood levels.

Key words: haemolysis, neurotoxic, free iron, brain barrier systems, newborn.
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Introduction

In neonates, isoimmune and non-immune haemo-
lytic diseases, including Rh, ABO, and subgroup in-
compatibility disorders, result in toxic heme metab-
olites, such as bilirubin and iron (Fe). Bilirubin ence-
phalopathy, known as kernicterus, is one of the severe
complications of neonatal hyperbilirubinaemia [12,22]
and is caused by deposition of unconjugated bilirubin
in specific regions of the brain. Blood-brain barrier
(BBB) permeability is primarily responsible for expos-
ing the brain to toxic doses of bilirubin; however, the
mechanism by which toxic levels of Fe are passed to
the brain is poorly understood.

Recent evidence has revealed a connection bet-
ween Fe and a number of diseases with previously
unclear pathogeneses such as Hallervorden-Spatz
disease, Friedreich’s ataxia, and Huntington chorea.
These neurodegenerative diseases are reported to
coincide with Fe metabolism disorders and abnormal
Fe accumulation [5,7,14]. Severe iron toxicity is thought
to result from reactive oxygen radicals and lipid per-
oxidation [18]. Cerebral tissue has high amounts of
lipid molecules, so the brain is the most susceptible
organ to peroxidation injury [11,12]. Studies of babies
with Rh incompatibility have revealed increased by-
products of ferritin and lipid peroxidation. These
results support the hypothesis that a high Fe load gen-
erates free oxygen radicals and causes cerebral dam-
age [1,11,17]. Fe transportation is strictly regulated by
the BBB and other barriers with unclear mechanisms
[3]. For instance, rats with congenital BBB defects were
shown to have abnormal perivascular Fe deposition
[4]. High or low Fe transport rates in critical phases
cause cerebral dysfunction in adulthood. The most
important phase is the early postnatal period, during
which the standard distribution of normal quantities
of Fe is necessary for normal myelinisation [24].

The present study creates a rat model of haemo-
lysis with various maturation phases and investi-
gates Fe accumulation and related neuronal damage
in the brain.

Material and methods

To demonstrate the accumulation and the neu-
rotoxic effects of free iron in the brain, we perform-
ed experimental haemolysis model in 5-day-old
(Group A), 10-day-old rats (Group B), and 19-day-old
rats (Group C). Forty-two male Wistar rats from Dokuz
Eylul University Faculty of Medicine Experimental

Folia Neuropathologica 2015; 53/3

Animal Laboratory were used in this study, following
Institutional Ethical Committee approval. According
to Vannucci et al. [28], the development of the brain
of 7-day-old rat is histologically similar to that of a 32-
34-week gestation human premature newborn infant.
The brain maturation of 12-13-day-old rats resembles
term human neonates. Also, 21-day-old rat brains
represent the human prepubertal period, when brain
development has been completed. Each group of rats
was divided into three experimental subgroups and
three control groups of seven rats each.

As indicated in previous studies [13,20], a 75-mg/
kg/day dose of intraperitoneal (IP) phenyl hydrazine
hydrochloride (PHZCI) was injected for two days to
create the rat model of haemolysis. Phenyl hydra-
zine immediately reacts with the carbonyl groups of
different important biomolecules. It interacts with
haemoglobin (Hb) and cytochrome p450 through
an oxidation reaction, leading to the generation of
destructive free radicals, which are responsible for
subsequent haemolysis [15]. During sacrification,
ether was used as a general anaesthetic [20]. Blood
samples were studied as the indicator of haemolysis.
[ron accumulation and the neuronal damage were
evaluated by the pathologists.

Control groups received the same volume of
0.9% NaCl IP on the first and the second days of the
study. Half of the animals of both groups were used
for histological studies and the other half for bio-
chemical indicators. In the trial groups haemolysis
was induced by IP administration of 75 mg/kg/day
PHZCI for two consecutive days based on previous
data [13]. On the third day, under general anaesthe-
sia, blood samples were taken for haematological
and biochemical tests. Following ventricular perfu-
sion, rats were sacrificed by decapitation, and brain
tissue was evaluated histopathologically.

In order to verify the BBB permeability, intra-
cardiac Evans Blue was administered under general
anaesthesia to four mature newborn rats (10 days
old) and four adult rats (19 days old) and sacrificed
after 20 minutes. Frozen sections of brain tissue
were evaluated by the Department of Pathology to
observe the effects of PHZCI on the BBB.

Haematological and biochemical tests

Haemoglobin and Htc levels were evaluated
using a hemocounter device and the spectrophoto-
metric method. For biochemical tests, the Diazo and
Jendrasik-Grof methods were used to detect plasma
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direct (d.bill) and total (t.bill) bilirubin, respectively.
Hyperbilirubinaemia was indicated by a total biliru-
bin measurement of more than 3 mg/dl [8]. Aspartate
transaminase (AST) and lactate dehydrogenase (LDH)
levels were determined. The following methods were
also used: the chemiluminescence method for plas-
ma ferritin measurements, the immunoturbidimetric

Table I. Comparison of the biochemical parame-
ters of the A control group with the A trial group

Group A Control group  Trial group p

- biochemical

parameters

Hb 12.6 + 0.97 54 +1.62 0.002
Htc 37.2+2.84 13.8+4.2 0.002
t.bill 0.54+0.19 2.28+0.56  0.002
d.bill 0.41+0.21 1.2 £0.51 0.004
AST 59.14 + 28.5 223 +79.5 0.002
LDH 247 +66.3 1403 +£706  0.002
Fe 1254 £15.8 332141349 0.002
TIBC 246 +80.9 440.5+66.8 0.002
Ferritin 22.6+3.8 37.2+£9.6 0.04
Transferrin 139.2+16.9 182.8+333  0.05

Hb — haemoglobin, Htc — hematocrit, t.bill — total bilirubin, d.bill - direct bili-
rubin, AST — aspartate transaminase, LDH — lactate dehydrogenase, Fe — iron,
TIBC - total iron binding capacity

Table Il. Comparison of the biochemical param-
eters of the B control group with the B trial group

Group B - Control Trial group p
biochemical group

parameters

Hb 10+0.8 6.11+ 0.64 0.002
Htc 28.6+2.1 14.7£2.29 0.002
t.bill 0.37+0.13 137+0.36 0.002
d.bill 03+0.11 0.7+ 0.58 0.008
AST 54.8 +24 175+ 259 0.002
LDH 293+ 81 1143 £343 0.002
Fe 135+ 413 527.7 +178 0.002
TIBC 373.7+36.1 645.7 £ 111 0.002
Ferritin 23.17+5.2 341+84 0.004
Transferrin 156 +16.9 179.7 £15.7 0.18

Hb — haemoglobin, Htc — hematocrit, t.bill - total bilirubin, d.bill — direct bili-
rubin, AST — aspartate transaminase, LDH — lactate dehydrogenase, Fe —iron,
TIBC — total iron binding capacity
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method for transferrin, and the Ferrozine method for
Fe and total iron binding capacity (TIBC) measure-
ments (Beckman Synchron Kit).

During pathologic evaluation, the brains of the
animals were fixed in 10% formalin/0.1 M phosphate
buffer, pH 7.2, and were embedded in paraffin. After
these procedures slices 5 um thick were prepared
from the frontoparietal cerebral cortex, cerebellar
cortex, hypothalamus, thalamus, and choroid plexus.
The two samples composed of the same slice were
obtained and the first sample was stained using hae-
matoxylin and eosin to show neuronal damage. Two
expert pathologists, blinded to the slides observed,
evaluated the stained sections to observe the pres-
ence of neuronal damage (angular retraction, cell
fragmentation, neuronophagia) as well as acidophilia
and reactive gliosis in different sections of the brain.
Neuronal damage level was evaluated as no damage
(0), mild (+), moderate (++), or severe damage (+++)
[20]. The second sample stained with Pearl’s Prussian
blue was evaluated as the absence (=) or presence (+)
of intra- and extracellular iron.

Statistical analysis

The distribution of data is represented using
median, minimum, and maximum values. The Krus-
kal-Wallis and Mann-Whitney U tests were performed
for intergroup comparisons of categorical variables.
The 2 and Fisher exact tests were also performed
for dichotomous findings. A p-value of less than 0.05
was considered statistically significant.

Results

As a consequence of the induction of haemolysis
Hb, Htc, t.bill, d.bill, AST, and LDH levels were sig-
nificantly different in the study and control groups,
as biochemical parameters. A statistically significant
difference was observed for the concentration of Fe,
TIBC, and ferritin in the study and control groups
(p < 0.05), but transferrin concentrations were not
significantly different (p > 0.05) (Tables I-IlI).

A statistically significant difference was found in Hb
and Htc levels for control A group as compared to con-
trol B and C groups (Mann Whitney U Test) (p < 0.05).
Bilirubin levels were at physiological levels in the studied
groups. Significantly increased AST and LDH levels were
observed in the experimental group. Although iron and
TIBC were significantly increased in the group of hae-
molysis, ferritin and transferrin levels did not increase.
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Table Ill. Comparison of the biochemical param-
eters of the C control group with the C trial group

Table IV. Comparison of the neuronal damage in
the brain areas between the study groups

Area of the brain Study Study Study

Group A Group B Group C

Amygdala - - -

Frontoparietal cortex +++ ++ -

Hypothalamus - - -

Thalamus - - -

Choroid plexus - - -

Cerebellum ++ + -

Group C— Control Trial group p
biochemical group

parameters

Hb 10.8+0.48 6.7 £1.25 0.002
Htc 30.6 +2.62 18+3.1 0.002
t.bill 03+0.11 0.8+0.25 0.002
d.bill 0.21+0.06 042+0.17 0.014
AST 65.7+30.1 2281+59.8 0.002
LDH 241.8+494 1727 +274 0.002
Fe 161.1+72.7 406 +109.7 0.002
TIBC 390.57+£53.8 650+108 0.002
Ferritin 11.6 + 2.51 23.8+75 0.002
Transferrin 153.4 £ 14.1 1724 £12 0.21

Hb — haemoglobin, Htc — hematocrit, t.bill — total bilirubin, d.bill — direct bili-
rubin, AST — aspartate transaminase, LDH — lactate dehydrogenase, Fe —iron,
TIBC - total iron binding capacity

Both iron accumulation and neuronal damage were
evaluated in the control and study groups. The neuronal
tissues demonstrate the same degenerative changes

such as vacuolisation, pyknosis, and cavitations. Here-
in, these changes were graded as semi-quantified.
There was no neuronal damage in the control groups.
Neuronal damage was less in the B study group than
in the A study group. No damage was detected in the
brain parenchyma of the C study group. There was no
damage in the hypothalamus, thalamus, or choroid
plexus in any of the trial groups (Table IV, Fig. 1).

No Fe accumulation was observed in the control
groups. PHZCl-induced haemolysis seemed to cause
Fe accumulation in some cerebral regions of some
of the trial groups. In fact, there was very little iron

Folia Neuropathologica 2015; 53/3
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Fig. 1. A) The control rat’s cerebrum (HE x100). B) Mild signs of neu-
rodegeneration with vacuolisation (HE x100). C) Moderate degree
of neurodegeneration with vacuolisation and pyknosis (HE x100).
D) Severe signs of neurodegeneration with eosinophilic neurons,
pyknosis, vacuolisation, and cavitations (HE x100).

265



Ebru Akar, Aycan Unatp, Gulden Diniz, Ragip Ortac, Banu Senturk, Osman Yilmaz, Muge Kiray, Merve Tepetam, Canan Coker, Sukru Cangar

> ) '
. -~
Ay ] - ‘ ¥ -
\ 5
- = Y
< R

A .

Fig. 2. Intracellular iron deposits in choroid plexus (A) and cerebrum (B) (Pearl’s Prussian Blue x400).

Table V. Comparison of the iron accumulation in
the brain areas of the study groups

Brain areas Study Study Study
Group A GroupB  Group C

Amygdala - - -

Frontoparietal cortex + + -

Hypothalamus = - —

Thalamus - - -
Choroid plexus + + -
Cerebellum + + -

accumulation. Therefore, we did not need grading
of iron accumulation and we graded iron as being
absent or present (Table V, Fig. 2). The presence of
iron staining and neuronal damage in B study group
with mature BBB supposed the presence of other
incomplete barrier systems different from the BBB
that lead to iron accumulation in the brain.

A B

The Evans Blue staining did not pass over the vas-
cular walls of the B and C groups. We demonstrated
that BBB was permeable in fibe-day-old newborn
rats and was mature in 10- and 19-day-old mature
rats (Fig. 3).

Discussion

Isoimmune haemolytic anaemia related to blood
type incompatibility (especially Rh alloimmunisation)
is the most common cause of excessive haemolysis
and increased heme catabolism. Heme catabolism
generates two toxic by-products: bilirubin and heme.
Albumin binds free bilirubin, whereas ferritin and
transferrin bind Fe, thus minimising the risk of tox-
icity. However, these “buffer mechanisms” fall short
during haemolysis. Increased free bilirubin penetrates
the brain during the early neonatal period, when the
BBB is immature, and causes kernicterus. Bilirubin is
thought to interfere with oxidative phosphorylation,
and protein and glucose metabolism, resulting in neu-

C

Fig. 3. Evans Blue staining was passed over the vascular wall in Group A (A), B (B), C (C). Evans Blue staining
was not passed over the vascular walls of the B and C study groups.
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rotoxic damage [6,19]. Iron causes peroxidation inju-
ry in lipid rich tissues and may play a critical role in
bilirubin encephalopathy (its pathophysiology is still
unclear) and neuronal damage. Iron accumulation
and Fe metabolism disorders have been correlated
with a number of neurodegenerative diseases; there-
fore, Fe produced by haemolysis might cause neuro-
logic disorders [9,29]. Although hyperbilirubinaemia
and its toxic effects during the neonatal period have
been well studied, few studies have focused on Fe. In
addition, the role of BBB permeability in Fe transpor-
tation to the brain is unclear.

In this study, we demonstrated Fe accumulation
in special cerebral regions, induced by haemoly-
sis. We also investigated the role of BBB permea-
bility in Fe transportation into the brain. We used
semi-quantitative methods to evaluate the degree
of neuronal damage in different cerebral regions of
rats of different postnatal ages.

To evaluate haemolysis, we evaluated the decrease
in Hb and Htc levels, the increase in t.bill, d.bill, and
LDH, as well as peripheral blood smears. No statistical
difference was observed between either the Hb or Htc
levels of trial groups A, B, and C (p > 0.05). However,
within the control groups, Hb and Htc levels were sta-
tistically different in Group A compared to Group B
and C. We predicted that the normal ranges of Hb and
Htc levels would increase when neonatal maturation
was decreased. Therefore, this result has clinical sig-
nificance as well as statistical significance.

Bilirubin levels were statistically higher in some
groups but were still within normal ranges, so no
clinical hyperbilirubinaemia occurred. Even with
haemolysis, an insufficient increase in bilirubin lev-
els occurred in the Wistar rat model. On the other
hand, AST and LDH levels, indicators of cell lysis,
were higher in the trial groups than in the control
groups (p < 0.05). It was concluded that glucuro-
nidation of the bilirubin occurring in the renal and
intestinal tissues of the rat is as important as that of
the hepatic tissue [16,20,21]. Therefore, it might not
be possible to establish the higher indirect bilirubin
levels necessary to create kernicterus in Wistar rats.
Based on this information, we chose to use Wistar
rats in order to isolate the effects of Fe from biliru-
bin. Conversely, use of PHZ caused extremely high
t.bill levels in Gunn rats because they have a glucu-
ronyl transferase gene deficiency [25].

Similarly to the study of Mejia et al. [20], the tri-
al groups had significantly increased serum Fe; the
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increase was clinically consistent. We also investi-
gated ferritin, transferrin, and TIBC in our study, none
of which was assessed by Mejia et al. Although TIBC
levels were significantly higher, ferritin was higher
but still within the normal physiological range in the
trial groups. There was no statistically significant
increase in transferrin levels. In contrast, Aygun et
al. monitored Fe accumulation in Rh alloimmunisa-
tion starting from the intrauterine period and found
significantly higher levels of ferritin [1]. Similarly,
Berger et al. [2] reported that cord blood samples
of babies with Rh alloimmunisation had increased
ferritin levels, decreased TIBC, normal Fe levels, and
increased lipid peroxidation metabolites. The chron-
ic haemolytic process started during the intrauterine
period and continued through the postpartum peri-
od; moreover, to compensate for increased Fe, ferri-
tin synthesis was increased. In our study, serum Fe
levels were increased; however, ferritin levels were in
the normal range. Our haemolysis model is limited
to acute courses (48 hours), which may explain the
lack of increase in ferritin levels. Ferritin synthesis
requires additional time and so may fail to compen-
sate for the sudden Fe increase. In addition, other
adaptation mechanisms for buffering excessive Fe
followed by haemolysis may be ineffective and slow.
This also may explain why serum Fe increases, but
ferritin and transferrin levels were not increased in
our haemolysis model.

The babies with Rh incompatibility, hyperbiliru-
binaemia and anaemia were treated prenatally
and postnatally, but the clinical significance of the
increased Fe load is unknown. However, Berger et
al. [2] found that increased ferritin coincided with
increased lipid peroxidation metabolites. Mejia et
al. [20] also reported that Fe and lipid peroxidation
metabolites were increased after haemolysis. Exces-
sive Fe loads may predispose cells to free radical
damage in neonatal haemolytic diseases. Neonates
have limited TIBC and poor antioxidant mechanisms,
so they may be susceptible to free radical damage
[23]. The neurodegeneration observed in our five- and
10-day old rats, all of which had immature brains, may
be explained by this hypothesis.

Frederikson et al. [10] administered an Fe enrich-
ed diet to 3-5-, 10-12-, and 19-21-day-old rats. They
monitored the rats’ behavioural alterations and
motor functions and reported that 10-12-day-old
rats were more affected than other rats, 19-21-day-
old rats were not affected, and 3-5-day old rats
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were mildly affected. These results may indicate
a critical period of Fe susceptibility in the brain.
The critical period seems to have occurred during
an intermediate period, instead of when the brain
was least mature. Cerebral Fe uptake in rats peaks
between birth and the 15™ postnatal day [27]. In
this peak period, differentiation in the thresholds
of regulatory mechanisms might be responsible for
increased cerebral Fe uptake, which may explain
why 10-12-day-old rats were most affected by the
Fe-enriched diet. Mejia et al. [20] used Evans Blue
staining in seven-day-old rats and determined that
the BBB was permeable. We showed that 10-day-old
rats (representative of 38-40™ week foetal brains)
and 19-day-old rats (brain maturation was complet-
ed) had impermeable BBBs, which may suggest that
the BBB does not play a primary role in Fe transporta-
tion. In our study, the five-day-old rats with permeable
BBBs and the 10-day-old rats with impermeable BBBs
had similar Fe accumulation and neuronal damage.
No Fe accumulation or neuronal damage occurred
in the 19-day-old group. We suggest that the BBB
does not have a primary role in Fe transfer; however,
immature brains are susceptible to excessive Fe pen-
etration and neurotoxic damage, and mature brains
prevent excessive Fe transfer. These results are con-
sistent with those of Frederikson et al. [10].

Mejia et al. evaluated the neurotoxic effects of
Fe in seven-day-old rats with permeable BBBs using
semi-quantitative methods. The most damage and
Fe accumulation were observed in the frontoparietal
cortex. Dense Fe accumulation occurred in the cho-
roid plexus, but the damage was mild [20]. The cho-
roid plexus lacks a BBB, as well as neurons, which
may explain these results. Similar to Mejia et al., we
observed that five-day-old rats had Fe accumulation
in the frontoparietal cortex and choroid plexus. The
frontoparietal cortex also had neuronal damage,
while the choroid plexus did not. The 10-day-old rats
had similar results. Rice et al. [25] reported that in
the rat model of hyperbilirubinaemia, some histo-
pathological findings secondary to hyperbilirubinae-
mia were observed in the cerebellum in 15-day-old
Gunn rats. Similarly, we found Fe accumulation and
neuronal damage in the cerebellum, but our findings
were related to the bilirubin-independent effects of
Fe. Iron may predispose rats to the toxic effects of
hyperbilirubinaemia.

Castelnau et al. reported that rats with congeni-
tal BBB defects had abnormal perivascular Fe accu-
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mulation, which supports the hypothesis that the
BBB is primarily responsible for Fe transfer [4]. In
haemochromatosis, intense Fe deposition occurs in
the choroid plexus and pituitary gland, where there
is no BBB, also suggesting a primary role for the BBB
[26]. However, despite intact BBBs, the 10-day-old
rats in our study had Fe accumulation and neuro-
nal damage. Our study proposes that there are other
immature barriers, besides the BBB, that may have
a role in Fe transfer. Several cerebral regions have
higher Fe concentrations on the physiological con-
ditions, including the substantia nigra and the cer-
ebellar nuclei, suggesting that the brain has various
regulatory mechanisms and barriers. For instance,
cerebrospinal fluid (CSF) helps transport Fe to the
brain parenchyma. An hour after Fe injection, Fe is
seen in the choroid plexus. Even with low levels of
transferrin in circulation, normal Fe uptake levels are
observed in the choroid plexus, thus there may also
be alternative transport systems between the cho-
roid plexus (that exempts from BBB) and CSF.

The BBB has a major role in bilirubin transport
to the brain, and in babies with mature BBBs tox-
ic levels of bilirubin never penetrate into the brain.
Our study demonstrates that, unlike with bilirubin,
the BBB is not the only determinant for Fe transfer.
We observed that rats with permeable BBBs (trial
Group A) had Fe accumulation and the most severe
neuronal damage. Some rats with impermeable
BBBs (trial Group B) also had damage and accumu-
lation and still seemed to experience toxic effects.
Trial Group C had neither damage nor accumulation.
Per these findings, we propose that the BBB has
a partial role in Fe transport, but alternative barrier
systems may also be involved, and after the matura-
tion of all barrier systems, excessive Fe penetration
to the brain may not occur.
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Abstract

In recent years numerous mutations in the LMNA gene encoding lamin A/C were shown to segregate with a wide spec-
trum of phenotypes. A recurrent p.R377H mutation in the LMNA gene was reported in patients with Emery-Dreifuss
dystrophy (EDMD2) with various ethnic backgrounds. We present a patient with EDMD2 caused by a p.R377H mutation,
associated with mild peripheral polyneuropathy. The analysis of peripheral myelin protein 22 (PMP22), ganglioside-
induced differentiation-associated protein 1 (GDAP1), gap junction B-1 protein (GJB1), and myelin protein zero (MPZ)
genes did not reveal mutations; however, we identified a new sequence intronic variant in the mitofusin 2 (MFN2)
gene of unknown pathogenic significance. A complex phenotype in the presented patient might depend either on
single mutation in the LMNA gene or on bigenic defect; therefore, a wide genetic investigation is needed to elucidate
the molecular background of EDMD2/polyneuropathy in this case.

Key words: Emery-Dreifuss muscular dystrophy, Charcot-Marie-Tooth neuropathy, LMNA, lamin A/C, mitofusin 2.

Introduction

Mutations in the LMNA gene have been shown
to segregate with a wide spectrum of phenotypes,
known as lamiopathies [10], which might manifest
as muscular dystrophy, cardiomyopathy, peripher-
al neuropathy, lipodystrophy, or premature ageing
syndromes. In a large cohort of patients with LMNA
mutations reported to date, only in few patients
a “double” phenotype of axonal neuropathy coexist-
ing with muscular dystrophy [1,5] or dilated cardio-
myopathy [4] was reported. In this study we present
a patient with genetically confirmed Emery-Drei-

fuss dystrophy type 2 (EDMD2), who additional-
ly had late-onset mild, distal, axonal neuropathy.
The coexistence of axonal neuropathy and EDMD2
might either result from a single LMNA mutation
or have a bigenic background. By analyzing of five
genes involved in pathogenesis of polyneuropathy,
i.e. peripheral myelin protein 22 (PMP22), ganglio-
side-induced differentiation-associated protein 1
(GDAP1), gap junction B-1 protein (G/B1), myelin
protein zero (MPZ) and mitofusin 2 (MFN2) genes,
we attempted to elucidate the molecular back-
ground of axonal polyneuropathy in our EDMD2
patient.
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Case report

A thirty-four-year-old female (Ill:6) presented
because of slowly progressing walking difficulties
and weakness and atrophy of arms and thigh mus-
cles. Since childhood she had been very slim, phys-
ically weaker, and less agile than her peers (Fig. 1).
During adolescence frequent fainting occurred. Sim-
ilar clumsy walking was seen in the proband’s father
(11:4) and her grandmother (I:1); however, they were
not examined neurologically. In addition, both rel-
atives had a pacemaker implanted due to conduc-
tion disturbances, and the same cardiac problem
occurred in the patient’s uncle (11:2), who otherwise
did not have any skeletal muscle disease. All three of
these persons died suddenly at the age of 58 years
(1:4), 62 years (l1:2), and 66 years (I:1), respectively.
Awareness of positive family history for a life-threat-
ening cardiac disease and muscle symptoms being
a cause of progressive physical disability were the
main reasons for the proband to seek medical atten-
tion. Neurological examination revealed atrophy of
arms, thighs, and calf muscles, weakness of proximal
muscles with Gowers’ sign, iliac asymmetry, absence
of knee and ankle reflexes, spine rigidity with lum-
bar hyperlordosis, and slight elbow, knee, and ankle
contractures. Superficial sensation was decreased
in distal parts of lower limbs (“short socks”), while
vibration sensation was normal. 24-hour electrocar-
diogram (ECG) monitoring revealed numerous epi-
sodes of supraventricular tachycardia and periodical
atrioventricular block grade I. Echocardiogram was
normal. On electroneurography (ENG) the stimulation
of the left peroneal nerve revealed trace response in
the distal point (0.1 mV; velocity not recordable) with
no response near the fibula head; the stimulation
of the right peroneal nerve revealed prolongation of
the motor response latency (10.4 ms). Nerve conduc-
tion velocities were slightly decreased in the motor
fibres of tibial and sural nerves, being 42.5 m/s and
45.2 m/s, respectively. Clinically affected members
(I:1, 11:2, 11:4) were unavailable for ENG/electromyo-
graphy (EMG), but the examination was normal in
the patient’s aunt (11:6) and mother (11:3). Once writ-
ten informed consent and Bioethical Committee
approval had been received, we performed genetic
analysis in the proband and in her unaffected moth-
er (11:3) and aunt (I1:6). Genomic DNA was extracted
from peripheral blood lymphocytes using a salting-
out procedure. All 12 exons of LMNA and exon-intron
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Fig. 1. Thirty four years old patient with Emery-
Dreifuss dystrophy and mild axonal neuropathy;
note atrophy of proximal muscles and slight
elbow, knee and ankle contractures.
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Fig. 2. A) A forward sequencing of LMNA exon 6
revealing heterozygous point mutation c.1130G>A
(p.R377H) in proband. B) Pedigree of the pro-
band’s family with 3 other affected members,
presumptively bearing the same dominant LMNA
mutation.
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, Proband
D O Unaffected male, female

. Affected female, confirmed LMNA mutation p.Arg377His

-‘ Deceased, presumptively LMNA mutation p.Arg377His

Patient Controls

1500 bp s

500 bp s
Exons 11-14 e

Fig. 3. A) Heterozygous mutation c¢.1468+50G>T in MFN2 gene. B) PCR amplification of proband’s cDNA and
control cDNA showing no visible difference in products’ length.

junctions were amplified by PCR, sequenced using
the Big Dye Terminator Sequencing Ready Reaction
kit (Applied Biosystems), and analysed on an ABI
PRISM 373 fluorescent DNA sequencer (Applied Bio-
systems). Analysis of the LMNA gene revealed a het-
erozygous missense mutation ¢.1130G>A (p.R377H)
(Fig. 2). Analysis of PMP22 did not reveal deletion/
duplication. Direct sequencing of GDAP1, GJB1, and
MPZ did not reveal mutations. Sequence analysis
of MFN2 showed a single nucleotide substitution
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€.1469+50G>T within the twelfth intron, not found
either in the proband’s unaffected mother (I:3)
and aunt (11:6) nor in 100 healthy controls. To check
whether it affects splicing, we extracted mRNA from
blood lymphocytes and then obtained ¢cDNA from
mRNA, encompassing exons 12-13 of MFN2 gene.
Polymerase chain reaction (PCR) with the designed
primers: forward in 11 exon and reverse in 14 exon,
resulted in synthesis of the 391 bp oligonucleotide,
which had the same length in the proband and in
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3 healthy controls. This might indicate that MFN2
variant ¢.1469+50G>T does not affect splicing (Fig. 3).

Discussion

The coexistence of axonal polyneuropathy with
muscular dystrophy/dilated cardiomyopathy has
been shown only in a few patients [1,4,5]. Lamino-
pathy with peripheral nerve involvement, associated
with homozygous LMNA mutation p.R298C, was first
described by De Sandre-Giovannoli et al. in 2002 [3].
There have been several reports of laminopathies
with overlapping phenotype of axonal neuropathy
and muscular dystrophy and/or cardiac involvement
with autosomal dominant trait of inheritance. In
2004 Goizet et al. described a 55-year-old man and
his 13-year-old daughter presenting axonal neuro-
pathy, muscular dystrophy, cardiac involvement, and
leukonychia, in whom LMNA mutation p.E33D was
found [5]. Both patients had sensory abnormalities
in distal lower limbs, while pes cavus, pelvic and dis-
tal muscle weakness was seen only in the older one.
In 2005 Benedetti et al. reported a boy with LMNA
mutation ¢.1711C>T, who had progressive distal and
proximal muscle atrophy/weakness, causing him to
be wheelchair bound; as well as pes equinovarus,
which was corrected surgically, mildly impaired pro-
prioceptive sensation and fat accumulation in the
face and neck were seen [1]. A cardio-neurological
form of laminopathy, associated with LMNA muta-
tion c.1496delC, has been described in a 40-year-old
man by Duparc et al. [4]. In addition to heart disease
atrophy of quadriceps muscle, lack of reflexes, and
contracted feet were found and ENG showed mod-
erate axonal neuropathy. However, no molecular
basis of EDMD2/Charcot-Marie-Tooth neuropathy
(CMT) coexistence has been identified. The ques-
tion remains unanswered: whether the phenotype
in the presented case results from a single mutation
within the LMNA gene or rather represents an over-
lapping syndrome associated with mutations in at
least two genes. Our patient harbours a mutation in
LMNA, c.1130G>A (p.R377H). This has been shown
to segregate with phenotypes affecting skeletal and
cardiac muscles, i.e. EDMD2 [8], limb-girdle muscu-
lar dystrophy 1B (LGMD1B) [6], isolated cardiomyo-
pathy with conduction defects (DCM-CD) [7], or
guadriceps myopathy with DCM-CD [2]. No axonal
neuropathy in EDMD2 was reported as being caused
by R377H mutation in the LMNA gene. To elucidate
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the genetic background of the disease in our patient
we analysed five genes: PMP22, GDAP1, GJB1, MPZ,
and MFN2, causative for CMT disease. Heterozygous
mutations in GDAP1 segregate with a mild form of
axonal neuropathy with slow progression, resem-
bling the clinical course observed in our patient [11].
Analysis of the GDAPI gene in our patient did not
reveal mutations. Also, no mutations in the coding
sequence of PMP22, GJB1, and MPZ genes were
found. The MFN2 gene is the most commonly mutat-
ed gene in autosomal dominant CMT2. Late onset,
milder phenotype is associated either with intronic
mutations or with mutations at the end of the cod-
ing sequence of the MFN2 gene [9]. We attempt-
ed to investigate the pathogenic status of the
sequence variant c.1469+50G>T in MFN2; the anal-
ysis of cDNA showed that it probably did not affect
splicing (Fig. 2). We cannot definitively exclude that
another unknown mutation caused the peripheral
neuropathy observed in our patient. Polyneuropa-
thy has never been reported in the context of the
LMNA mutation p.R377H; therefore, bigenic molec-
ular pathogenesis seems more likely in the pre-
sented case of EDMD2/CMT2. Initially we decided
to sequence the late onset-CMT2-associated genes
instead of exome sequencing analysis because hun-
dreds of NGS-generated variants of unknown clin-
ical relevance might be difficult to interpret. Since
no mutations were detected in the analysed genes
responsible for neuropathy, it seems that only wide
genetic analysis could help to clarify the genetic
basis of this case.
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Abstract

DOI: 10.5114/fn.2015.54429

The objective of this paper is to present a case of rare location of schwannoma in the medial cutaneous nerve of the
arm at the level of the axilla. Preliminary diagnostic examination of the tumour was carried out in another hospital
by means of open biopsy. In the preoperative period symptoms of ulnar nerve dysfunction (paraesthesias, positive
Hoffmann-Tinel sign) dominated the clinical picture. After having performed imaging studies and electromyographic
(EMG) examination, the patient was scheduled for an operation. The tumour, measuring 3.5 x 3.0 x 1.5 cm, was
resected without damage to the fascicular structure. Presence of paraesthesias in the distribution of the medial cuta-
neous nerve of the arm, which was first noted in the postoperative period, persists in moderate severity until now. As
a result of the performed operative treatment, such symptoms as palpable tumour mass, pain, paraesthesias in the
ulnar nerve distribution and positive Hoffmann-Tinel sign resolved. On the basis of histopathological examination

results the final diagnosis of classical schwannoma was established.

Key words: schwannoma, nerve compression, tumour, medial cutaneous nerve of the arm.

Introduction

The medial cutaneous nerve of the arm is one
of the smallest branches of the brachial plexus [20].
It is a nerve arising from the medial cord (C8, Thl)
[16,20]. The medial cutaneous nerve of the arm pass-
es through the axilla, crossing posterior to the axil-
lary vein and lying medially to it. In its further course
it is located medially to the brachial artery and the
basilic vein [16,20]. At the mid-length of the arm the
nerve pierces the deep fascia and runs toward the

skin [16,20]. The medial cutaneous nerve of the arm
supplies the skin of the medial aspect of the arm
(the anterior aspect of the distal third of the arm and
most of the posteromedial aspect) [16]. This nerve
can communicate with the intercostobrachial nerve
and medial cutaneous nerve of the forearm [2].

The medial cutaneous nerve of the arm can be
subjected to damage due to trauma (including that
of iatrogenic aetiology), inflammatory factors or as
a result of development of neoplastic lesions affect-
ing the nerve or adjacent structures [9].
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Case report

A 5l-year-old woman was admitted to our unit
for surgical treatment of a tumour located in her left
axillary fossa. The tumour was first noticed by the
patient about 6 months earlier. There was no history

Fig. 1. Computed tomography scans of the chest
and left shoulder showing the tumour (white
arrows) located in the left axillary fossa.

of trauma or inflammation of the affected area. On
anamnesis, the patient reported pain, aggravated by
applying pressure to the tumour mass and by over-
straining the upper limb, and presence of paraesthe-
sias in the 4t and 5™ fingers of her left hand. Before
admission to our clinic, the patient had an open
biopsy of the tumour performed in another hospital
(27.03.2013). On the basis of histopathological analy-
sis of the biopsied material, the diagnosis of schwan-
noma was established. In the computed tomography
(CT) scan performed before the biopsy (08.07.2013),
presence of a smoothly contoured solid tumour mea-
suring 3.2 x 2.8 x 3.6 cm was detected. The tumour
was hypo/isodense (20-40 H), with no significant
contrast enhancement. Medially and anteriorly it was
difficult to determine the boundaries between the
tumour and the short head of the biceps brachii mus-
cle and coracobrachialis muscle (Fig. 1). On magnet-
ic resonance imaging (MRI) examination performed
after the biopsy (29.08.2014), presence of a tumour
measuring 3.7 x 2.3 x 3.5 cm was demonstrated.
The tumour had clear outer boundaries and did not
compress the blood vessels of the axillary fossa. After
administration of contrast agent, homogeneous sig-
nal enhancement was noted (Fig. 2).

On EMG examination performed on 29.08.2013
no characteristics of significant function impairment
of the median, ulnar and radial nerves were detect-

Fig. 2. Magnetic resonance imaging scans demonstrating: A) the tumour location in the left axillary fossa;
B) signal enhancement of the lesion after administration of contrast agent.

276

Folia Neuropathologica 2015; 53/3



Schwannoma of a rare location

-

Fig. 3. Removal of the tumour from the medial cutaneous nerve of the arm: A) intraoperative view: expo-
sure of the tumour (the site of previously performed biopsy is visible — black arrow); B, C) intraoperative
view: status after dissection of the tumour; D, E) postoperative view: appearance of the tumour after resec-

tion; F) cross-section of the tumour.

ed. The medial cutaneous nerve of the arm was not
subjected to assessment.

On clinical examination a palpable tumour mass
was present in the left axillary fossa. Pain was trig-
gered by applying pressure to the tumour. On per-
cussion of the tumour, a positive Hoffmann-Tinel
sign was elicited, with the presence of paraesthesias
in the 4™ and 5™ fingers of the patient’s left hand.
Superficial sensory function examination (static and
dynamic sensory discrimination) of this area did not
reveal significant impairment in comparison to the
opposite side. No muscle atrophy was observed in
the patient’s left upper limb.

The patient was scheduled for an operation. Sur-
gery was performed on 18.11.2013. After exposure
of the tumour mass and identification of the adja-
cent neural structures, it was determined that the
tumour originated from the medial cutaneous nerve
of the arm. The tumour, measuring 3.5 x 3.0 x 1.5 cm,
was dissected from the nerve without damage to the
fascicular structure. The operation was performed
with the use of microsurgical instruments and an
operating microscope. Marked hardening and scar-
ring of tissues at the site of previously performed

Folia Neuropathologica 2015; 53/3

open biopsy significantly hindered the dissection
and enucleation of the tumour (Fig. 3).

Classical schwannoma was diagnosed on the
basis of postoperative histopathological examina-
tion results — no. 33695 from 03.12.2013 (Fig. 4).
In the early postoperative period, onset of paraes-
thesias in the distribution of the medial cutaneous
nerve of the arm was observed. During the fol-
low-up period of one year, no symptoms of tumour
recurrence were detected, and the pain and par-
aesthesias in the ulnar nerve distribution resolved.
Hoffmann-Tinel sign is negative. Paraesthesias of
moderate severity in the distribution of the medial
cutaneous nerve of the arm still persist.

Discussion

The case of schwannoma located in the medial
cutaneous nerve of the arm presented in this paper
is interesting for a number of reasons. Firstly, this
location of schwannoma is extremely rare in clini-
cal practice. In the upper limb, these tumours are
most commonly located in the ulnar, median and
radial nerves, being significantly rarer in the muscu-
locutaneous and axillary nerves [1,3,5,6,18]. In our
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Fig. 4. Histological features of classical schwannoma: A) two typical histological patterns: Antoni A pattern —
Verocay bodies as cellular areas surrounded by nuclear palisades (right side of the image) opposed to less cellular
Antoni B pattern (left side of the image); B) cellular Antoni A area (right side of the image) and loose paucicellular
Antoni B area with sharp border between them; C) typical Verocay bodies (Antoni A pattern); D) prominent nuclear
palisading; E) diffuse positive immunostaining for S-100 protein; F) proliferative index Ki-67 positive, low (1%).
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material comprising 101 cases of peripheral nerve
tumours treated operatively between the years 1983
and 2012, we observed only one case of schwanno-
ma located in the medial cutaneous nerve of the
arm in a 24-year-old male patient [6]. We have not
found a single case report describing a schwannoma
in this location in the available literature. Second-
ly, symptoms observed in the preoperative period
suggested location of the tumour in the ulnar nerve.
Positive Hoffmann-Tinel sign and presence of par-
aesthesias in the 4 and 5% fingers of the patient’s
left hand were detected on clinical examination.
The above symptoms resulted from compression of
the adjacent ulnar nerve, also originating from the
medial cord of the brachial plexus, by the tumour
mass. At the same time, less evident symptoms of
dysfunction of the nerve being the site of tumour
origin can result from the less important role of the
medial cutaneous nerve of the arm in innervation
of the upper limb. The medial cutaneous nerve of
the arm is purely sensory. Impairment of its function
does not affect the functionality of the upper limb.
For this reason, dysfunction of the medial cutaneous
nerve of the arm does not cause evident discomfort
in patients, in contrast to impairment of function
of other nerves [2,16,20]. Detection of its potential
pathologies is also difficult due to the fact that this
nerve is rarely subjected to assessment during elec-
trodiagnostic testing [9].

Thirdly, difficulties in tumour dissection result-
ing from previously performed open biopsy of the
tumour made us wonder whether it is necessary
and useful to perform a biopsy of a peripheral nerve
tumour preoperatively. Tumour biopsy can be per-
formed as percutaneous fine-needle or core nee-
dle biopsy or as an open biopsy [17]. Closed biopsy
techniques of a soft tissue mass are highly diag-
nostic, with a low complication rate [13,21]. How-
ever, biopsy of a nerve tumour is connected with
the risk of certain complications. The possibility of
haemorrhage and damage to viable fascicles has
been highlighted [3,11,18]. It may lead to secondary
intraneural scarring and aggravation of neuropathic
pain [3,10,11]. Some authors emphasise increased
risk of development of new, postoperative neurolog-
ical deficits in patients who underwent a previous
invasive procedure at the surgical site [4,10,12,15].
Levi et al. observed new, postoperative neurological
deficits in 41% of their patients who had previously
been subjected to such procedures (biopsy or oper-
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ation) at the surgical site [12]. It is also important to
be aware that the results obtained after biopsy are
not always identical to the results of histopatholog-
ical examination of the surgically removed tumour
[1,17-19]. It has been suggested that biopsy is rec-
ommended in case of a suspected malignant lesion
[3,14]. At the same time, the possibility of spread
of malignant neoplastic cells as a result of tumour
biopsy has been emphasised [7,18].

In the above-described case, the patient underwent
an open tumour biopsy in another hospital before defin-
itive operative treatment. Histopathological examina-
tion of the removed sample revealed a schwannoma.
This result, obtained after the first operation, neither
changed further management nor made it possible to
determine the site of tumour origin.

In order to remove the entire tumour, anoth-
er operation was required, which was performed
in conditions altered by the previous surgery and
therefore technically more demanding. In our opin-
ion, incisional biopsy is only recommended in cas-
es in which presence of a large tumour with focal
necrosis, haemorrhage and infiltration of surround-
ing tissues is observed intraoperatively. This is com-
patible with observations made by other authors
[7,8]. In the above-described case an increase in
intensity of paraesthesias in the distribution of the
medial cutaneous nerve of the arm was seen in the
postoperative period. This observation may to some
extent confirm suggestions regarding the risk con-
nected with performing preoperative tumour biopsy.

Conclusions

A case of very rare location of classical schwan-
noma in the medial cutaneous nerve of the arm with
concomitant symptoms of ulnar nerve irritation has
been presented in this paper. Preoperative open
biopsy of the tumour constituted grounds for ques-
tioning the appropriateness and the risk connected
with this type of management of peripheral nerve
tumours.
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