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Abstract

Several lines of evidence suggest that cell injury may occur in malformations of cortical
development associated with epilepsy. Moreover, recent studies support the link between
neurodevelopmental and neurodegenerative mechanisms. We evaluated a series of focal
cortical dysplasia (FCD, n = 26; type I and II) and tuberous sclerosis complex (TSC, n = 6)
cases. Sections were processed for terminal deoxynucleotidyl transferase-mediated
2’-deoxyuridine 5’-triphosphate nick-end labeling (TUNEL) labeling and immunohisto-
chemistry using markers for the evaluation of apoptosis signaling pathways and
neurodegeneration-related proteins/pathways. In both FCD II and TSC specimens, we
observed significant increases in both TUNEL-positive and caspase—3-positive cells com-
pared with controls and FCD 1. Expression of B-amyloid precursor protein was observed in
neuronal soma and processes in FCD II and TSC. In these specimens, we also observed an
abnormal expression of death receptor-6. Immunoreactivity for phosphorylated tau was
only found in older patients with FCD II and TSC. In these cases, prominent nuclear/
cytoplasmic p62 immunoreactivity was detected in both dysmorphic neurons and balloon/
giant cells. Our data provide evidence of complex, but similar, mechanisms of cell injury
in focal malformations of cortical development associated with mammalian target of
rapamycin pathway hyperactivation, with prominent induction of apoptosis-signaling path-

ways and premature activation of mechanisms of neurodegeneration.

INTRODUCTION

Multiple lines of evidence support a link between neurodevelop-
mental and neurodegenerative mechanisms (5, 15). Several genes
and proteins associated with neurodegenerative disorders partici-
pate in fundamental neurodevelopmental processes, including the
cascade of events, which underlies the development of the cerebral
cortex (5, 15). In addition, major pathways essential for normal
cortical development [such as cyclin-dependent kinase 5 (CDKY)
and the mammalian target of rapamycin (mTOR) signaling path-
ways] have been implicated in the mechanisms underlying cellular
ageing and neurodegeneration (31, 42, 48). In particular, attention
has recently been focused on the role of mTOR signaling in neu-
rodegeneration and an overactivation of this pathway, through
inhibition of autophagy and induction of protein synthesis, has
been suggested to critically contribute to an accumulation of cell
damage, promoting the development of aging-related diseases
(35). Interestingly, both CDKS5 and the mTOR signaling pathways
are known to be activated in focal malformations of cortical devel-
opment (MCD), such as focal cortical dysplasia (FCD) and corti-
cal tubers in the tuberous sclerosis complex [TSC; (28, 45, 55); for
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a review, see (9, 20)]. Moreover, several studies suggest that cell
injury, including apoptosis, may occur in MCD associated with
epilepsy (12, 19, 27, 39). In particular, evidence of pathologically
phosphorylated tau has been reported in older FCD patients (53).
Whether neurodegenerative changes represent an intrinsic feature
of a specific type of MCD, or are triggered by chronic seizure
activity is still unclear.

The aim of the present study was to determine whether devel-
opmentally abnormal cortex of patients with FCD and TSC
could be more susceptible to cellular injury through activation of
apoptosis-signaling pathways and/or premature activation of neu-
rodegenerative mechanisms involved in major neurodegenerative
diseases. We therefore evaluated not only apoptosis and cell injury,
but also the expression and cellular distribution of major pathways
and proteins associated with neurodegenerative diseases, in brain
tissue from patients with FCD types I and 1I, as well as in cortical
tubers from patients with chronic medically intractable epilepsy.
Our data indicate that ongoing cell injury and vulnerability to
neuronal degeneration represents an important feature of FCD
type II and TSC and may contribute to progressive cognitive dys-
function in patients with these developmental lesions.
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MATERIALS AND METHODS

Subjects

The cases included in this study were obtained from the archives of
the departments of neuropathology of the Academic Medical
Center (University of Amsterdam), the University Medical Center
in Utrecht (UMCU) and the VU University Medical Center
(VUMC) in Amsterdam. A total of 36 brain tissue specimens,
removed from patients undergoing surgery for intractable epilepsy,
were examined. Informed consent was obtained for the use of
brain tissue and for access to medical records for research
purposes. All cases were reviewed independently by two neu-
ropathologists and the diagnosis was confirmed according to
International League Against Epilepsy classification system (8).
Table 1 summarizes the clinical findings of epilepsy patients and
controls. All TSC patients fulfilled the diagnostic criteria for TSC
(24). All patients underwent presurgical evaluation with Phase |
investigations consisting of noninvasive tests, including history,
medical, neurological and neuropsychological assessment, struc-
tural neuroimaging and extensive interictal and ictal electroen-
cephalography studies with video monitoring. In Phase II, an
intracarotid sodium amytal test (Wada test), interictal positron
emission tomography, (inter)ictal single-photon emission com-
puted tomography and functional magnetic resonance imaging
were performed on indication (62). Patients who underwent
implantation of strip and/or grid electrodes for chronic subdural
invasive monitoring before resection were excluded from this
study. Patients had complex partial seizures and all patients had
daily seizures, which were resistant to maximal doses of antiepi-
leptic drugs. Seizure duration represents the interval in years
between age at seizure onset and age at surgery. Normal-appearing
control cortex was obtained at autopsy from six age-matched
patients without history of seizures or other neurological diseases.
Autopsied brain tissues from patients with neurodegenerative dis-
orders (Alzheimer’s and amyotrophic lateral sclerosis) and trauma
were also examined (as positive controls for immunocytochemical
analysis). All autopsies were performed within 12 h after death.
Histologically normal temporal neocortex (without evidence of

Table 1. Summary of clinical findings of epilepsy patients and controls.
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significant neuronal loss, gliosis or malformation; epilepsy con-
trols) from four patients undergoing extensive surgical resection of
the mesial structures for the treatment of medically intractable
complex partial epilepsy was also used for immunocytochemical
analysis. This material represents good control tissue, because it is
exposed to similar seizure activity, duration of epilepsy and fixa-
tion protocol, and is also useful in order to investigate whether
seizure activity itself triggers the neurodegeneration.

Tissue preparation

Formalin fixed, paraffin-embedded tissue (one representative par-
affin block per case containing the complete lesion or the largest
part of the lesion resected at surgery) was sectioned at 6 um and
mounted on pre-coated glass slides (Star Frost, Waldemar Knittel
GmbH, Barunschweig, Germany). Sections of all specimens were
processed for haematoxylin eosin, luxol fast blue and Nissl stains
as well as for immunocytochemical stainings for a number of
neuronal and glial markers (Table 2).

Immunocytochemistry

Immunohistochemistry (see Table 2) was carried out as previously
described (2). Single-label immunocytochemistry was performed
using the Powervision kit (Immunologic, Duiven, the Netherlands)
and 3,3-diaminobenzidine as chromogen. Sections were counter-
stained with haematoxylin. A similar pattern of immunoreactivity
(IR) was observed in surgical and autopsy control specimens
included in this study.

For double labeling, sections were incubated with Brightvision
poly-alkaline phosphatase (AP)-anti-Rabbit (Immunologic) for 30
minutes at room temperature, and washed with phosphate buffered
saline. Sections were washed with Tris-HCI buffer (0.1 M, pH 8.2)
to adjust the pH. AP activity was visualized with the alkaline
phosphatase substrate kit I Vector Red (SK-5100, Vector laborato-
ries Inc., Burlingame, CA, USA). To remove the first primary
antibody sections were incubated at 121°C in citrate buffer
(10 mM NaCi, pH 6.0) for 10 min. Incubation with the second
primary antibody was performed overnight at 4°C. Sections with

Pathology type Number of Gender Mean age at surgery Localization Mean duration of Seizure frequency
cases (M/F) (years/range) epilepsy (years/range) (months)

FCD Ib 6 3/3 33.3 (24-49) 3 temporal 12.5 (6-13) 12.5 (2-35)
3 frontal

FCD lla 5 3/2 26.75 (18-24) 2 temporal 11 (5-23) 10.5 (6-14)
3 frontal

FCD Ilb 15 7/8 31.2 (23-50) 8 temporal 9.2 (3-16) 12.1 (3-30)
7 frontal

Cortical Tubers (TSC) 6 3/3 30.3 (18-35) 3 temporal 15 (3-34) 11.3 (3-30)
2 frontal
1 parietal

Epilepsy control (no MCD) 4 2/2 37.7 (25-50) Temporal 12.5(7-18) 5.5 (2-10)

Controls (no epilepsy) 6 3/3 35.3 (24-51) 3 temporal - -
3 frontal

F =female; FCD = focal cortical dysplasia; M = male; MCD = malformations of cortical development; TSC = tuberous sclerosis complex.
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Table 2. Immunocytochemistry: primary antibodies.
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Antigen Primary antibody Source Dilution
Glial fibrillary acidic protein (GFAP) Polyclonal rabbit DAKO, Glostrup, Denmark 1:4000
Neuronal nuclear protein (NeuN) Mouse clone MAB377 Chemicon, Temecula, CA, USA 1:2000
Human leukocyte antigen (HLA)-DP, Mouse clone CR3/43 DAKO, Glostrup, Denmark 1:100
-DQ, -DR (HLA-)
Olig-2 Rabbit polyclonal Immuno-Biological Laboratories 1:200
Caspase-3 Rabbit polyclonal Signaling Technology, Danvers, MA, USA 1:100
Caspase-6 Rabbit polyclonal Abcam, Cambridge, MA, USA 1:500
Phosphorylated tau Mouse clone AT8 Innogenetics, Alpharetta, GA, USA 1:5000
p62 Monoclonal mouse BD transduction Laboratories, San Jose, CA USA 1:100
Ubiquitine Polyclonal rabbit DAKO, Glostrup, Denmark 1:500
TDP-43 (transactive DNA-binding protein) Mouse clone 2E2-D3 Abnova, Pittsburgh, PA 15205. USA 1:5000
pTDP-43 Mouse clone 11.9 ps409/410 Cosmo Bio, Carlsbad, CA, USA 1:5000
Death receptor 6 (DR6) Polyclonal rabbit Santa Cruz Biotechnology., Santa Cruz, CA, USA 1:1000
Amyloid precursor protein (APP) Mouse clone 22C11 Chemicon, Temecula, CA, USA 1:50 000
Phospho-S6 ribosomal protein (pS6) Polyclonal rabbit (Ser235/236; pS6) Cell Signaling Technology, Beverly, MA, USA, 1:50
Amyloid- Mouse clone 6F/3D DAKO, Glostrup, Denmark 1:200

primary antibody other than rabbit were incubated with post anti-
body blocking from the Brightvision+ system [containing rabbit-
o-mouse immunoglobulin G (IgG), Immunologic]. AP activity
was visualized with the AP substrate kit I1I Vector Blue (SK-5300,
Vector Laboratories Inc.). Sections incubated without the primary
Abs or with the primary antibodies, followed by heating treatment
were essentially blank.

For the double-label immunofluorescent staining of caspase-3
with glial fibrillary acidic protein (GFAP) or neuronal nuclear
protein (NeuN), sections were, after incubation with the primary
antibodies overnight at 4°C, incubated for 2 h at room temperature
with Alexa Fluor® 568-conjugated anti-rabbit and Alexa Fluor®™ 488
anti-mouse IgG or anti-goat IgG (1:100, Molecular Probes, Leiden,
the Netherlands). Sections were mounted with Vectashield contain-
ing 4’,6-diamidino-2-phenylindole (targeting DNA in the cell
nucleus; blue emission) and analyzed by means of a laser scanning
confocal microscope (Leica TCS Sp2, Wetzlar, Germany).

TUNEL labeling

After deparaffinization and rehydration of the section, terminal
deoxynucleotidyl-transferase-mediated ~ 2’-deoxyuridine ~ 5’-
triphosphate nick end-labeling (TUNEL) assay was performed
with a TdT-FragEL DNA fragmentation detection kit (DeadEnd
Colorimetric TUNEL system, #G7130, Promega, Madison, WI,
USA) according to the manufacturer’s protocol. TUNEL staining
was visualized with 3,3’-diaminobenzidine.

Evaluation of IR

We performed optical density (OD) measurements in lesional
(FCD and TSC) and control cortex [as previously described (60)]
for TUNEL and caspase-3. Sections were digitized using an
Olympus microscope equipped with a DP-10 digital camera
(Olympus, Tokyo, Japan). An identical region of interest in the
region of dysplasia or tuber and in the white matter beneath
this region was outlined at low magnification (x2.5 objective).
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Images from consecutive, non-overlapping, fields (mean area for
quantitative analysis was 5.95 mm?) were collected using image
acquisition and analysis software (Phase 3 Image System inte-
grated with Image Pro Plus, Media Cybernetics, Silver Spring,
MD, USA). The cortex and white matter were analyzed sepa-
rately. The absolute pixel staining density and the background
from fields lacking labeling was determined. A mean OD value
for the dysplastic cortex/white matter was calculated, expressed
as a ratio of the mean OD (ODR) of the background and
comparison was made between patient subgroups. Two repre-
sentative paraffin sections per case were stained and assessed
with each Ab.

The intensity of TUNEL, caspase-3 and caspase-6 labeling was
also evaluated using a scale of 0-3 (0: no; 1: weak; 2: moderate; 3:
strong staining). All areas of the specimen were examined and the
score represents the predominant cell staining intensity found in
each case in glial and neuronal cells. The frequency of positive
cells (1, rare; 2, sparse; 3, high) was also evaluated to give infor-
mation about the relative number of positive cells within the dys-
plastic area. As proposed before (3, 39), the product of these two
values (intensity and frequency scores) was taken to give the
overall score (total labeling score).

TUNEL and caspase—3-labeled sections (after light counter-
staining with haematoxylin) were also analyzed to calculate the
labeling index (LI) for neuronal cells and balloon/giant cells. An
identical region of interest in the dysplastic region of FCD IIb and
TSC specimens was outlined at low magnification (X2.5 objective;
the mean area for quantitative analysis was 5.95 mm?). All balloon
cells/giant cells and dysmorphic neurons within this region were
counted systematically at high magnification (x40 objective). Neu-
ronal cell bodies were differentiated from glia on the basis of
morphology, and only neurons in which the nucleolus could be
clearly identified were included. Balloon/giant cells have eccentric
nuclei, ballooned cytoplasm and did not exhibit clear axonal or
dendritic processes. The LI was defined as the ratio of immunola-
beled cells related to the entire selected cell population as previ-
ously described (13, 40). The LI for TUNEL and caspase-3
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labeling was expressed as a percentage for all FCD and TSC
specimens (Table 3).

To analyze the percentage of NeuN- [or GFAP and human
leukocyte antigen DR-1 (HLA-DR)] positive cells that express
caspase-3, two representative, adjacent, non-overlapping fields of
the dysplastic cortex were captured (magnification 40x; total area
of each field: 165.250 wm?) and digitized using a laser scanning
confocal microscope. The total number of cells stained with
caspase-3 or NeuN (or GFAP and HLA-DR) as well as the number
of double-labeled cells were counted and percentages were calcu-
lated [expressed as mean = standard error of the mean (SEM)] of
cells co-expressing caspase-3 and NeuN (or GFAP and HLA-DR;
as previously described (29)).

To analyze the percentage of double-labeled cells positive for
caspase-3 and olig-2, digital images of eight representative fields
per section (X20 objective) were collected (Leica DMS000B).
Images were analyzed with the Nuance VIS-FL Multi-spectral
Imaging System (Cambridge Research Instrumentation, Woburn,
MA, USA) as previously described (11, 61). The total number of
cells stained with caspase-3 and olig-2, as well as the number of
cells double labeled with NeuN, were counted visually and per-
centages were calculated (expressed as mean = SEM) of cells
co-expressing caspase-3 and olig-2.

Statistical analysis

Statistical analyses were performed with the Statistical Package
for the Social Sciences (SPSS) for Windows (SPSS 11.5, SPSS
Inc., Chicago, IL, USA) using two-tailed Student’s #-test, and to
assess differences between more than two groups, the nonparamet-
ric Kruskal-Wallis test followed by Mann—Whitney U-test. We
analyzed the possible correlation between TUNEL and caspase-3
labeling and different clinical variables (age, gender, duration of
epilepsy and seizure frequency) using the Spearman’s rank corre-
lation coefficient (p). P < 0.05 was considered significant.

RESULTS

Case material and histological features

The clinical features of the cases included in this study are
summarized in Table 1. All patients had a history of chronic

Table 3. TUNEL and caspase-3 staining in BCs, GCs and DNs of FCD
and TSC specimens.

Staining BCs GCs DNs

FCD lIlb TSC
TUNEL 77 =3.2 76 = 5.2 62 = 3.1 59 = 2.1
Caspase-3 73 £ 46 81 +5.3 63 + 2.1 61 + 4.1

Percent of morphologically identified cell type (BCs, GCs or DNs) posi-
tive for TUNEL or Caspase-3 staining across 6 FCD Illb and 6 TSC
specimens.

BC =balloon cells; DN =dysmorphic neurons; FCD =focal cortical
dysplasia; GC = giant cells; TSC = tuberous sclerosis complex; TUNEL =
terminal deoxynucleotidyl transferase-mediated 2’-deoxyuridine 5’-
triphosphate nick-end labeling.
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pharmaco-resistant epilepsy. The postoperative seizure outcome
was classified according to Engel (23); postoperatively, 21 patients
(78%) in this cohort were completely seizure free. Age at surgery,
seizure duration and seizure frequency were not statistically dif-
ferent among patients with FCD I, FCD II and TSC in this cohort.
In this study, we excluded patients with mild degree of cortical
dysplasia (mild malformation of cortical development) (8, 46). As
described previously (4, 28, 38, 52), both dysplastic neurons and
balloon cells in FCD type II displayed enhanced S6 protein phos-
phorylation (not shown).

TUNEL labeling in FCD and tubers

TUNEL labeling was observed in specimens from patients with
FCD (types I, lla and IIb) and in cortical specimens (tubers) of
TSC patients and was significantly higher compared with both
control autopsy (no detectable labeling) and surgical (no-MCD)
specimens. Moreover, the labeling was more prominent in FCD
type IIb and TSC compared with FCD I and FCD Ila (Figure 1;
Figure 3A; Supporting Information Figure S1A). TUNEL-positive
cells were observed in both gray and white matter (Figure 1C-I);
however, the labeling in white matter was higher compared with
the grey matter in FCD IIb and TSC specimens (Figure 3A). On
the basis of morphology, both neurons and glial cells displayed
nuclear positivity and TUNEL-positive balloon (FCD IIb) and
giant cells (TSC) were also detected in white matter (Figure 1C-;
Supporting Information Figure S1A; Table 3). In FCD IIb and TSC
specimens, we evaluated the possible correlation with clinical
variables such as age at surgery, duration of epilepsy and seizure
frequency. Interestingly, the TUNEL labeling in both neuronal and
glial cells was positively correlated with all three variables in FCD
IIb (age at surgery: neuron, »=0.732; glia, »=0.738; duration
of epilepsy: neuron, = 0.803, glia, » = 0.738; seizure frequency:
neuron, » = 0.861; glia, = 0.758, P < 0.05). In TSC, the TUNEL
labeling in both neuronal and glial cells was positively correlated
with duration of epilepsy (neuron, r=0.853, glia, »=0.783;
P < 0.05) and only the glial labeling with seizure frequency (glia,
r=0.878; P <0.05). TUNEL labeling in TSC was not correlated
with the age at surgery.

Caspase-3 and caspase-6 IR in FCD and tubers

The large majority of FCD and TSC specimens displayed promi-
nent caspase-3 IR in both gray and white matter (Figures 2A—-G,
3B). The IR in white matter was higher compared with the grey
matter in FCD IIb and TSC specimens (Figure 3B). The nuclear
expression of caspase-3 was significantly higher compared with
both control autopsy (no detectable labeling) and surgical (no-
MCD) specimens and was more prominent in FCD IIb and TSC
compared with FCD I and FCD Ila (Figure 3B; Supporting Infor-
mation Figure S1B). On the basis of morphology, both neurons
and glial cells displayed nuclear caspase-3 IR and positive balloon
(FCD IIb) and giant cells (TSC) were also detected in white matter
(Figure 2A—G; Supporting Information Figure S1B; Table 3).
Double-labeling experiments confirmed the caspase-3 expression
in neuronal (NeuN-positive cells; Figure 2F; Table 4), astroglial
(GFAP-positive cells; Figure 2H, C), oligodendroglial (Figure 21—
J; Table 4) and microglial (HLA-DR-positive cells; Table 4) cell
types. Prominent expression was particularly observed in neurons,

Brain Pathology 24 (2014) 1-17
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Figure 1. Terminal  deoxynucleotidyl  transferase-mediated — 2’-
deoxyuridine 5'-triphosphate nick-end labeling (TUNEL. A-B. Control
gray matter (Gm, A) and white matter (\Wm, B) showing absence of glial
or neuronal labeling. C-D: focal cortical dysplasia (FCD) | with few
positive cells in Gm (C) and Wm (D; arrows and inserts in C and D). E-F.
FCD llb with several positive cells in Gm (E; arrows) and Wm (F; arrows
indicate positive balloon cells; high magnification in insert). Insert in E
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shows positivity in neuronal (arrow) and glial cells (arrow-heads). G-I.
tuberous sclerosis complex (TSC) showing several positive cells in Gm
[G; neuronal cells, arrows and insert (a); glial cells, arrow-heads and
insert (b)] and Wm (H; high magnification in insert). Panel I shows Wm
with negative (arrow) and positive (insert) giant cells. Scale bar in I:
B, D-E, H: 40 um; A, C, F-G: 80 um; I: 20 um.
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Figure 2. Caspase-3 (Casp3) immunoreactivity. A-B. Focal cortical dys-
plasia (FCD) | with few positive cells in Gm (A) and WWm (B; arrows and
inserts in A and B). C-E. FCD Ilb with several positive cells in gray matter
(Gm; C-D; arrows; insert in D shows a positive dysmorphic neuron) and
white matter (Wm; E; arrows indicate positive balloon cells; high magni-
fication in insert). F-G: tuberous sclerosis complex (TSC) showing
several positive cells in Gm [F; arrows; insert (a) shows a positive
dysmorphic neuron] and Wm (G; arrows; high magnification in insert
shows a positive giant cell). Insert (b) in F shows colocalization (arrow;
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yellow) of Casp3 (red) with neuronal nuclear protein (green) in the nucleus
of a dysmorphic neuron. H. Expression (arrows) of casp3 (red) in glial
fibrillary acidic protein- (GFAP; green) positive cells. Insert in H shows
absence of Casp3 (red) expression in human leukocyte antigen DR-1-
(HLA-DR; green) positive cells (nucleus, blue, 4’,6-diamidino-2-
phenylindole). H-I: colocalization (purple) of Casp3 with the oligodendro-
glial marker olig-2 in Wm of FCD llb (I) and TSC (I). Scale bar in |: A-G:
80 um; H: 40 um; I: 20 um.
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Figure 3. Evaluation of terminal deoxynucleotidyl transferase-mediated
2'-deoxyuridine 5'-triphosphate nick-end labeling (TUNEL) and caspase-
3 immunoreactivity. (A): Graph showing relative optical density ratio
(ODR) for TUNEL in epilepsy control (no malformation of cortical devel-
opment, (MCD), focal cortical dysplasia (FCD) I, FCD lla and FCD llb and

astrocytes and balloon/giant cells (Figure 2; Tables 3 and 4). In
FCD IIb and TSC specimens, we evaluated the possible correlation
with clinical variables such as age at surgery, duration of epilepsy
and seizure frequency. Interestingly, the caspase-3 IR in both neu-
ronal and glial cells was positively correlated with all three vari-
ables in FCD IIb (age at surgery: neuron, » = 0.870; glia, = 0.545;
duration of epilepsy: neuron, »=0.967, glia, r=0.865; seizure
frequency: neuron, » = 0.962; glia, » = 0.7586, P < 0.05). In TSC,
the caspase-3 IR in both neuronal and glial cells was positively
correlated with duration of epilepsy (neuron, »=0.972 glia,
r=0.828; P<0.05). No correlation was observed between
caspase-3 IR and the age at surgery or the seizure frequency
in TSC.

Caspase-6 IR was encountered in all the FCD IIb and TSC
specimens examined, whereas no staining was observed in FCD I
(Figure 4; Supporting Information Figure S1C). In the majority of
the FCD and TSC cases, moderate to strong IR with cytoplasmic
staining was detected in both glial and neuronal cells, as well as
in balloon (FCD IIb) and giant cells (TSC; Figure 4D-G). No

Table 4. Cellular distribution of caspase-3 immunoreactivity in FCD and
TSC specimens.

Antibody Caspase-3/FCD b Caspase-3/TSC
NeuN 56.3 = 4.3 60.4 = 3.9
GFAP 29.3 £ 39 323 +£59
Olig-2 123 +29 15.1 £ 3.4
HLA-DR 45+12 33+1.0

Data represent percentages of cells immunoreactive for caspase-3
and coexpressing NeuN, GFAP-, HLA-DR, olig-2. Data are expressed as
mean * standard error of the mean (6 FCD llb and 6 TSC specimens).
FCD = focal cortical dysplasia; GFAP = glial fibrillary acidic protein; HLA-
DR = human leukocyte antigen DR-1; NeuN = neuronal nuclear protein;
TSC = tuberous sclerosis complex.
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tuberous sclerosis complex (TSC) specimens in gray matter (Gm) and
white matter (Wm). (B): Graph showing ODR for caspase-3 staining in
epilepsy control (no malformation of cortical development, (MCD), FCD
|, FCD lla and FCD Ilb and TSC specimens in Gm and Wm. (* P < 0.05).

significant correlation was found between caspase-6 IR and
clinical variables, such as age at surgery, seizure frequency and
duration of epilepsy.

B-Amyloid precursor protein (APP) in FCD
and tubers

Evaluation of APP in FCD and TSC specimens showed increased
IR in dysmorphic neurons and positive neuronal process in FCD II
(a and b) and in TSC within the dysplastic region (Figure 5C-I).
No detectable neuronal IR was observed in control (Figure 1A-B)
as well as in FCD I specimens (not shown). Balloon, giant cells
and astrocyes did not display APP IR (Figure 5I); this was con-
firmed by double-labeling experiments (data not shown). All cases
were amyloid —f3 negative. No significant correlation was found
between APP IR and clinical variables, such as age at surgery,
seizure frequency and duration of epilepsy. In all cases included in
this study, B-amyloid plaques were not detected.

Death receptor-6 (DR6) IR in FCD and tubers

In human control cortical autopsy specimens (Figure 6A), as well
as in surgical control specimens (no-MCD) and in FCD I (not
shown), DR6 IR was present throughout all cortical layers with
neuropil labeling around the somata and dendrites of large pyrami-
dal neurons. In FCD 1I (a and b), we also observed an abnormal
DR6 expression pattern, with clusters of punctate labeling along
cell borders and processes of dysmorphic neurons and increased
expression in neuronal perikarya (Figure 6C-I). Increased DR6 IR
was also observed in the white matter around balloon/giant cells in
FCD IIb and TSC (Figure 6F, G, I). Occasionally, co-localization
of DR6 and APP was observed in neuronal process within the gray
and white matter (Figure 6E, G). No significant correlation was
found between DR6 IR and clinical variables, such as age at
surgery, seizure frequency and duration of epilepsy.
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Figure 4. Caspase-6 (Casp6) immunoreactivity. A-B. Control gray magnification in insert; arrows in E indicate positive balloon cells). F-G.
matter (Gm; A) and white matter (Wm; B) showing absence of glial or Tuberous sclerosis complex (TSC) showing positive dysmorphic
neuronal labeling. Focal cortical dysplasia (FCD) | without detectable neurons (arrows in F) and giant cells (arrows in G). Scale bar in G: A-B:

glial or neuronal labeling. D-E. FCD llb with several positive cells within 80 um; C, D, F: 160 um; E: 40 um; G: 20 pm.
the dysplastic cortex (arrows in D indicate dysmorphic neurons; high
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Figure 5. Amyloid precursor protein (APP) immunoreactivity. A-B. showing several positive dysmorphic neurons in Gm (G-H; arrows;
Control gray matter (Gm; A) and white matter (Wm; B) showing insert in G). Panel | shows absence of immunoreactivity in giant cells in
absence of glial or neuronal labeling. C-F. Focal cortical dysplasia (FCD) TSC (Wm; arrow), but positivity in neuronal process (insert in I, arrow-
Ilb with positive dysmorphic neurons in Gm (C-F; arrows) and positive heads). Scale bar in I: A: 160 um; B-D: 80 um; C: 300 um; G: 40 um;
neuronal process in Wm (F). G-H. Tuberous sclerosis complex (TSC) E-l: 30 um.
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Figure 6. Death receptor-6 (DR6) immunoreactivity. A-B. Control
showing diffuse neuropil DR6 immunoreactivity (IR) in gray matter (Gm;
A), but absence of glial staining in white matter (Wm; B). C-E. Focal
cortical dysplasia (FCD) llb (Gm) showing diffuse neuropil DR6 with
increased IR in and around dysmorphic neurons (arrows in D and E).
Insert in E shows co-localization (purple) of DR6 and APP in neuronal
process within the Gm (Figure 7G-H). F-G. FCD Ilb (Wm) showing DR6

10

IR surrounding balloon cells (arrows). Insert (a) in G shows DR6 IR
surrounding a caspase-3 positive balloon cell. Insert (b) in G shows
shows co-localization (purple) of DR6 and APP in within the Wm. H-I.
TSC showing diffuse neuropil DR6 with increased IR in and around
dysmorphic neurons (arrows in H, Gm and insert (b) in I, Wm) and DR6
IR surrounding giant cells [arrows in | and insert (a) in I]. Scale bar in B:
A, C, F: 160 um; B, D, H: 80 um; E, I: 40 um.

Brain Pathology 24 (2014) 1-17
© 2013 International Society of Neuropathology



lyer et al

Hyperphosphorylated tau in FCD and tubers

In younger FCD and TSC patients (age < 30), no dysmorphic
neurons demonstrated IR for phosphorylated tau and tau-positive
neuropil threads were not observed. In seven FCD IIb cases and
four TSC with age over 30, we observed tau-positive neuropil
threads within the dysplastic region and in three FCD IIb
(age > 40) and two TSC (age > 30), hyperphosphorylated tau was
also detected in dysmorphic neurons (Figure 7A-F), but not in
balloon/giant cells. Hyperphosphorylated tau was not detected in
the adjacent normal cortex. In two TSC cases, in which post-
mortem examination was performed, hyperphosphorylated tau IR
was only confined to the dysplastic zone, which displayed a rela-
tive hypocellularity. In five FCD IIb, with IR for phosphorylated
tau and with adjacent normal cortex, the neuronal cortical density
was calculated, as previously reported (11, 58), using NeuN as a
neuronal marker. Mean neuronal densities on NeuN-stained sec-
tions were 14.2 x 10>/mm? [standard deviation (SD): 5.7] in the
dysplastic region compared with 41.2 X 10*¥mm?* (SD: 9.4) in the
adjacent cortex. The density was significantly lower in the dysplas-
tic zone compared with the adjacent cortex (P < 0.05). In these
cases, there was no significant correlation between cell density and
clinical variables (including age at surgery, duration of epilepsy
and seizure frequency).

Tau-positive neuropil threads were often observed around
phospho-S6 ribosomal protein (pS6)-positive cells and co-
localization of Tau and pS6 was detected in dysmorphic neurons
(Figure 7G—H). No detectable hyperphosphorylated tau was
observed in FCD I and in control specimens. There was no corre-
lation between hyperphosphorylated tau IR and seizure frequency.

p62 IR in FCD and tubers

In all FCD II and TSC specimens, nuclear/cytoplasmic p62 IR was
detected in both dysmorphic neurons and balloon/giant cells (FCD
[Ib and TSC) within the dysplastic region (Figure 8A-D) and
colocalization with ubiquitin was observed (data not shown). p62
IR was not detected in FCD I and in control specimens. No
significant correlation was found between the p62-positivity and
clinical variables, such as age at surgery, seizure frequency and
duration of epilepsy.

Transactive response-DNA-binding protein 43
(TDP-43) immunoractivity in FCD and tubers

The expression pattern of TDP-43 in FCD and TSC was similar to
controls, showing nuclear expression in both neuronal and glial
cells, as well as in balloon/giant cells in FCD IIb and TSC
cases (Figure 9A-B). Cytoplasmic phosphorylated TDP-43 IR
was detected in dysmorphic neurons of both FCD IIb and TSC
specimens (Figure 9C-D). Phosphorylated TDP-43 IR was not
detected in FCD I and in control specimens. No significant corre-
lation was found between phosphorylated TDP-43 IR and clinical
variables, such as age at surgery, seizure frequency and duration of

epilepsy.

DISCUSSION

We examined cellular injury through activation of apoptosis-
signaling  pathways and the expression pattern of
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neurodegeneration-related proteins in tissue from patients with
FCD and chronic medically intractable epilepsy.

Several studies provide evidence of cell injury, including apop-
tosis, in MCD associated with epilepsy (12, 19, 27, 39). However
evaluation in specific FCD subtypes (FCD I and II) compared
with TSC, as well as the possible correlation with seizure history
is still lacking. Moreover, the majority of neuropathological
studies of FCD and TSC use surgical material from pediatric
patients.

Cell injury in FCD and TSC: apoptosis and
relation to clinical variables

In the present study, we confirmed the occurrence of cell injury
in specimens from patients with FCD and TSC with fragmented
DNA and caspase-3 expression in both gray and white matter. We
demonstrate that the severity of these changes is greater in FCD
type IIb than in specimens from patients with FCD types I and Ila
(despite the absence of significant differences in seizure frequency
and duration). These results indicate that cell injury is not simply
an effect of seizure activity. However, both TUNEL and caspase-3
labeling in FCD IIb and TSC positively correlate with duration of
epilepsy and, in FCD IIb, a positive correlation was also observed
with the age at surgery and the seizure frequency. These observa-
tions may suggest that FCD IIb and TSC are more susceptible to
the pathological effects of chronic seizures. DNA fragmentation in
neurons and astrocytes has been reported in specimens of pediatric
patients with chronic intractable epilepsy and its severity signifi-
cantly correlated with seizure frequency (19). However, this study
included different pathologies and in the cases with cortical dys-
plasia the histological subtype was not specified. Our study under-
lines the importance of these pathological changes in FCD IIb and
TSC. The higher TUNEL labeling observed in the white matter in
both FCD IIb and TSC specimens possibly reflects the presence of
a large population of TUNEL-positive balloon cells/giant cells
located within the white matter.

Increased expression levels for genes associated with apoptosis
(including the initiator of apoptosis, caspase-8 and the effector,
caspase-6) were reported in TSC vs. control specimens (12) and
caspase-8 was observed in dysmorphic neurons, giant cells and
astrocytes in tubers, but was absent from control cortex as well as
in perituberal cortex (39). In this study, we confirm the occurrence
of apoptotic cell death (involving both caspases-3 and 6) within
tubers in TSC patients with prominent activation of caspase-3 in
dysmorphic neurons, giant cells and astrocytes and more limited
expression in oligodendrocytes. Moreover, we show a similar
expression pattern in FCD IIb as in TSC, indicating apoptosis-
mediated ongoing cell death within the dysplastic cortex.

On the other hand, although caspase-3 is generally considered a
key protein in mediating cell death, evidence also indicates a
possible non-apoptotic role for this enzyme [reviewed in (21)].
Accordingly, caspase-3 has been suggested to play a role in the
regulation of neural stem cell differentiation and synaptic plastic-
ity and caspase-3 expression can be observed in cells that do
not exhibit classical morphological features of apoptosis. Thus,
although a strong and persistent activation of caspase-3 induces
cell death, several mechanisms may regulate the enzyme activation
level and substrate specificities, promoting its non-apoptotic func-
tions [reviewed in (21)].

1"
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Figure 7. Hyperphosphorylated tau immunoreactivity. A-B. Focal corti-
cal dysplasia (FCD) llb with hyperphosphorylated tau immunoreactivity
(IR) in dysmorphic neurons (arrow in A and insert) and in neuronal
processes within the white matter (arrow in B and insert a), with
occasionally accumulation in axonal spheroids (arrow-head in B and
insert b). C-F. Tuberous sclerosis complex (TSC) showing hyperphos-

12

phorylated tau IR in dysmorphic neurons (arrows in C-D) and in neuronal
processes (arrows in F). G-H. Co-localization of caspase-6 and APP in
dystrophic neurites (purple; arrows and insert). Panel H: tau-positive
neuropil threads (blue; arrows) and co-localization of tau and
phospho-S6 ribosomal protein (pS6) IR in dysmorphic neurons (purple;
arrow-heads). Scale bar in F: A-B, D-F, H: 40 um; C, G: 80 um.
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p62/FCD lib
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Figure 8. p62 immunoreactivity. A-B. Focal cortical dysplasia (FCD) Ilb
with p62 immunoreactivity (IR) in balloon cells with strong nuclear
expression (arrows in A and B) and in neuronal processes (arrow-heads
in A and insert in B). C-D. Tuberous sclerosis complex (TSC) showing

Cell injury in FCD and TSC: DR6

DR6 (tumor necrosis factor receptor superfamily 21) is a relatively
new member of the death receptor family, which has been found to
induce apoptosis when overexpressed [(47, 68) for a review, see
(6, 7)]. An attractive hypothesis, provided by in vitro and in vivo
studies is that activation of DR6 by N-terminal-APP (N-APP) may,
via caspases, contribute to degenerative processes (43). Interest-
ingly, different signaling cascades have been shown to be involved
in degeneration of the axon (caspase-6) and neuronal cell body
(caspase-3) (43, 63). In our study, we observed, within the dys-
plastic region of FCD II and TSC specimens (but not in FCD 1),
increased DR6 IR around and in dysmorphic neurons, as well as
around balloon/giant cells. Thus, potentially, activation of DR6
could contribute to accelerate cell injury within the dysplastic
region through apoptosis mechanisms involving caspases-6 and 3.
Moreover, a novel apoptotic pathway that mediates the DR6 apop-
totic signal to mitochondrial dysfunction has been reported (68).
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p62 IR several p62 immunoreactive cells (arrows; dysmprphic neurons
and giant cells) and occasionally positive neuronal processes (arrow-
heads in D). Scale bar in D: A-B: 80 um; B-D: 40 um.

In addition, recent studies suggest additional physiological func-
tions of DR6 during brain development, including the regulation of
myelination and vascular development (41, 57).

In our study, we observed increased APP expression in dysmor-
phic neurons and colocalization with DR6 was detected in neuro-
nal process within the dysplastic region. Whether APP may play a
central role in the activation of DR is still matter of discussion.
In particular, the mechanism of formation of N-APP fragment,
its physiological role in the human brain (25, 30), as well as the
structural features of the potential DR6—APP signaling complex is
still a matter of debate (34, 49). Future investigation, targeting
DR6 in experimental rodent models, might be worthwhile to high-
light the role DR6 mediated pathways in epilepsy.

The increased expression of APP in FCD II and TSC is also
particularly interesting because developmental overexpression of
dendritic APP and amyloid —f has been suggested to play a role
in the increased seizure susceptibility observed in Alzheimer’s
disease, Down syndrome and Fragile X syndrome (66, 67). The

13
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Figure 9. Transactive response-DNA-binding protein 43 (TDP-43) and
phosphorylated TDP-43 (pTDP-43) immunoreactivity (IR). A-B. TDP-43
IR in focal cortical dysplasia (FCD) Ilb (A) and tuberous sclerosis
complex (TSC) (B) showing nuclear staining in both glial and neuronal
cells. Insert (a) in A shows a positive dysmorphic neuron; insert (b) in A

increased expression of APP was, however, not associated with
deposition of amyloid - in our cohort. In a previous study (53),
amyloid —p TR was detected in the dysplastic zone only in the
oldest two FCD IIb patients (age > 50 years) and there was an
absence of amyloid —B-positive plaques in the large majority
(66%) of epilepsy cases in a large cohort of patients with hippoc-
ampal sclerosis (59).

Expression pattern of neurodegeneration-
related proteins in FCD and TSC

To our knowledge, only one study has explored the occurrence of
tau-mediated neurodegeneration in FCD II including older patients
(53). In our study, we confirm the occurrence of tau pathology
confined to the dysplastic zone, which displayed neuronal hypocel-
lularity. Thus, both studies support the potential contribution of tau
accumulation in a premature degeneration of neurons within the
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shows a positive balloon cell. Insert in B shows a positive giant cell.
C-D. pTDP-43 IR in FCD Ilb (C) and TSC (D) showing cytoplasmic
staining in dysmorphic neurons (arrows in C-D and high magnification in
inserts). Scale bar in D: A-B, D: 80 um; C: 40 um.

dysplastic region. Interestingly, no tau accumulation was observed
in the adjacent non-dysplastic cortex from these patients. Several
mechanisms may potentially contribute to accumulation of hyper-
phosphorylated tau. Prior studies have linked amyloid B to tau
phosphorylation [for a review, see (10)]. However, as discussed
earlier, tau accumulation was not associated with B-amyloid depo-
sition within the dysplastic zone in the present study. Seizure-
induced excitotoxic insult can also potentially contribute to tau
hyperphosphorylation (14); however, in our cohort, there was no
correlation between hyperphosphorylated tau IR and seizure fre-
quency, and tau pathology was not detected in the immediately
adjacent histologically normal cortex or in specimens of FCD I
(exposed to similar seizure activity and duration of epilepsy). A
mechanism that could explain the difference between FCD IIb and
I, is represented by the presence in FCD IIb (28) of a prominent
inflammatory response with pro-inflammatory cytokines, which
may indirectly modulate tau phosphorylation (10). However, the

Brain Pathology 24 (2014) 1-17
© 2013 International Society of Neuropathology



lyer et al

issue whether the induction of a similar inflammatory response
occurs also in FCD Ila still needs to be clarified.

CDKS5 and the mTOR-signaling pathways, which are known to
be activated in FCD II and TSC [but not in FCD I (28); for a
review, see (9, 20)], have been implicated in the mechanisms
underlying cellular aging and neurodegeneration, including tau
hyperphosphorylation (1, 17, 31, 37, 42, 44, 48). Interestingly,
tau-positive neuropil threads were often observed in cortical
regions with prominent IR for pS6 (used as marker of mTOR
pathway activation) and hyperphosphorylated tau was detected in
pS6-positive dysmorphic neurons. Moreover, recently, enhanced
levels of phosphorylated tau protein have been also reported
within the dysplasic cortex of three male infants with hemimega-
lencephaly (HMEG) with evidence of mTOR hyperactivation (51).
The authors suggest an early defect in microtubules in the patho-
genesis of HMEG, possibly related to v-akt murine thymoma viral
oncogene homolog 3, which is involved in the mTOR-signaling
pathway and has been shown to regulate tau degradation (22).
However, further investigation is required to ascertain the potential
interaction between mTOR activation in FCD II, TSC (as well as in
HMEQG) and a premature activation of neurodegenerative mecha-
nisms. Interestingly, a recent study suggests a novel viral etiology
for FCD IIb (18), which may explain the constitutive activation of
mTOR in this focal malformation of cortical development (56).

Dysfunction in ubiquitin-mediated proteolysis with accumula-
tion of ubiquitin-conjugated proteins may also contribute to neu-
rodegeneration (32, 50). Gene expression analysis of TSC cortical
tubers revealed a deregulation of genes associated with ubiquiti-
nation (eg, ubiquitin cycle and protein ubiquitination) (12).
Moreover, the mTOR signaling (overactivated in both TSC and
FCD IIb) is a major negative regulator of autophagy [(69); for a
review, see (35)].

p62 is a stress-inducible intracellular protein, which is known
to regulate different signal transduction pathways, and has been
recently identified as a key target of autophagy [for reviews,
see (26, 33)]. Because p62 has been shown to be degraded by
the autophagic—lysosome pathway, an inhibition of autophagy
may result in the accumulation of this protein. In our study, we
observed nuclear and cytoplasmic accumulation of p62 IR in dys-
morphic neurons and giant cells/balloon of TSC and FCD IIb
specimens, which are both associated with overactivation of the
mTOR pathway. There was no correlation between p62 expression
and seizure frequency and p62 IR was not detected in the imme-
diately adjacent histologically normal cortex or in specimens of
FCD 1, exposed to similar seizure activity and duration of epilepsy.
Interestingly, while autophagy regulates the level of p62 protein,
p62 has been shown to inhibit autophagy via activation of
mTORCI [for a review, see (33)]. Further histopathological and
functional studies of brain tissue from patients with TSC and FCD
IT will now be important to better understand the complex inter-
action among mTOR, p62 and other autophagy-related protein
(such as LC3 and NRB1). Moreover, the physiological role of p62
in aggregate formation still remains largely unknown and addi-
tional functions involving other signal transduction pathways, such
as nuclear factor-kappa B signaling and apoptosis (activated in
both TSC and FCD IIb) should also be taken under consideration
[for a review, see (33)].

We also evaluated the expression and cellular distribution
of TDP-43 and pTDP-43 in TSC and FCD specimens. TDP43
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is a ubiquitously expressed multifunctional DNA-/RNA-binding
protein that has been identified as the major component of the
cytoplasmic ubiquitin-positive inclusions in different neurodegen-
erative disorders [such as frontotemporal lobar dementia and
amyotrophic lateral sclerosis; for a review, see (54)]. Recently, a
link between abnormal cytoplasmic accumulation of this protein
and mTOR pathway has been suggested, showing that inhibition of
mTOR can reduce TDP43-positive cytoplasmic inclusions, restor-
ing its mislocalization (16, 64, 65). In both TSC and FCD speci-
mens, the expression pattern of TDP-43 was similar to controls
and we did not observed TDP-positive inclusions in the cytoplasm
of dysmorphic neurons and balloon/giant cells. However, cytoplas-
mic aggregates of pTDP43 were detected in dysmorphic neurons
of both FCD IIb and TSC specimens. The significance of this
hyperphosphorylation remains unclear; however, recently, hyper-
phosphorylation has been suggested to represent a defense mecha-
nism to reduce TDP43 aggregation (36).

In conclusion, our data provide evidence of complex, but similar
mechanisms of cell injury in focal MCD associated with mTOR
pathway hyperactivation (FCD II and TSC), supporting a link
between neurodevelopmental and neurodegenerative pathways.
Further characterization of the role of the different neurodegen-
erative mechanisms discussed in this study could help to clarify
their potential contribution to progressive cognitive dysfunction in
patients with focal malformation of cortical development associ-
ated with epilepsy.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. Distribution of terminal deoxynucleotidyl transferase-
mediated 2’-deoxyuridine 5’-triphosphate nick-end labeling
(TUNEL) (A), caspase-3 (B) and caspase-6 (C) labeling scores
(total score; see for details Methods section) in astrocytes and
neurons in control cortex, epilepsy control [no malformations of
cortical development (MCD)], focal cortical dysplasia (FCD) I
and FCD II and tuberous sclerosis complex (TSC).
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