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Abstract

Focal cortical dysplasia (FCD), a common malformation of cortical development, is frequently associated with
pharmacoresistant epilepsy in both children and adults. Adenosine is an inhibitory modulator of brain activity and a
prospective anti-seizure agent with potential for clinical translation. Our previous results demonstrated that the major
adenosine-metabolizing enzyme adenosine kinase (ADK) was upregulated in balloon cells (BCs) within FCD type 1IB
lesions, suggesting that dysfunction of the adenosine system is implicated in the pathophysiology of FCD. In our current
study, we therefore performed a comprehensive analysis of adenosine signaling in surgically resected cortical specimens from
patients with FCD type I and type II via immunohistochemistry and immunoblot analysis. Adenosine enzyme signaling was
assessed by quantifying the levels of the key enzymes of adenosine metabolism, i.e., ADK, adenosine deaminase (ADA),
and ecto-5'-nucleotidase (CD73). Adenosine receptor signaling was assessed by quantifying the levels of adenosine A, ,
receptor (A, ,R) and putative downstream mediators of adenosine, namely, glutamate transporter-1 (GLT-1) and mammalian
target of rapamycin (mTOR). Within lesions in FCD specimens, we found that the adenosine-metabolizing enzymes ADK
and ADA, as well as the adenosine-producing enzyme CD73, were upregulated. We also observed an increase in A, R
density, as well as a decrease in GLT-1 levels and an increase in mTOR levels, in FCD specimens compared with control
tissue. These results suggest that dysregulation of the adenosine system is a common pathologic feature of both FCD type I
and type II. The adenosine system might therefore be a therapeutic target for the treatment of epilepsy associated with FCD.
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Focal cortical dysplasia (FCD) is one of many malforma-
tions of cortical development and is the most common etiol-
ogy of drug-resistant focal epilepsy requiring surgical treat-
ment in children [1]. According to the clinicopathological
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classification system published by the ILAE in 2011 [2],
FCD can be classified into three neuropathological subtypes:
FCD type I, which is characterized by abnormal lamination
and disruption of tissue architecture; FCD type II, which
involves cortical dyslamination with either dysmorphic neu-
rons (type IIA) or balloon cells (BCs; type IIB); and FCD
type III, which is characterized by cortical lamination abnor-
malities associated with other epileptogenic brain lesions.
The most frequent clinical presentation of FCD is focal
epilepsy with clinical onset in childhood, and patients with
FCD type I or type II generally present with high seizure
frequency [3-5]. The etiology and underlying mechanisms
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of FCD-associated epilepsy remain unclear. Most of the
pathogenic gene variants found to be associated with FCD
type II are in single genes regulating the mammalian target
of rapamycin (mTOR) signaling pathway, which is essential
for neuronal growth and migration [6, 7]. Along with genetic
mutations, an inflammatory milieu also promotes seizures
within the malformed cortex [8-10]. In addition, retention
of immature y-aminobutyric acid (GABA) receptors may
contribute to hyperexcitability within FCD lesions [11, 12].
Our previous study suggested a novel role for adenosine
dysregulation in the pathophysiology of FCD type IIB [13].

Adenosine is an endogenous anticonvulsant and neuro-
protective regulator of the brain. It elevates seizure thresh-
olds and terminates seizures via activation of inhibitory
adenosine A, receptors (A;Rs), while stimulatory adenosine
A, 5 receptors (A,,Rs) may promote synaptic transmission
within a globally inhibited network [14-17]. Imbalance of
adenosine receptor activation (decreased AR signaling
and/or increased A, R signaling) can aggravate the devel-
opment and progression of epilepsy [18-20]. A,,Rs in the
brain exert a vital function in synaptic plasticity and coun-
teract the inhibition of synaptic transmission mediated by
A, Rs [21, 22]. They are largely activated by adenosine pro-
duced by the degradation of adenosine triphosphate (ATP),
which is released into the synapse in a frequency-dependent
manner, via ecto-5'-nucleotidase (CD73) [23]. Alterations
in crosstalk between A R and A,,R signaling are possi-
bly associated with seizure generation: prolonged activa-
tion of high-affinity A;Rs can lead to their internalization
and a consequent increase in A,,R density[24]. Prolonged
A,,R activation in turn leads to inhibition of glutamate
transporter-1 (GLT-1) function, which impairs glutamate
uptake by astrocytes and leads to increased extracellular
glutamate concentration, thus contributing to the enhance-
ment of neuronal excitability, seizures, and neurotoxicity
[25, 26]. Our previous study demonstrated that a reduction
in GLT-1 levels concomitant with an increase in A, R den-
sity aggravates excitotoxicity and promotes cell death in
Rasmussen’s encephalitis (RE) [27]. Astrocytic adenosine
kinase (ADK), the major adenosine-metabolizing enzyme,
is a marker of epileptogenesis and a target for its prevention
[28-32]. Increasing clinical evidence from specimens surgi-
cally resected from patients with drug-resistant epilepsy has
proved that maladaptive changes in adenosine system con-
tributes to seizure generation in human chronic epilepsy [31,
33-35]. In our previous studies, we found that ADK density
was increased in BCs within FCD type IIB lesions, sug-
gesting that upregulation of ADK is a common pathologic
component of FCD type IIB [13]. In addition, the nuclear
subtype of ADK may participate in the regulation of cell
proliferation through a combination of epigenetic mecha-
nisms and adenosine receptor-dependent interactions with
the mTOR pathway [36-38].

Given the putative role of adenosine signaling in the
pathophysiology of FCD, we performed a comprehensive
analysis of adenosine signaling and its downstream pathways
in human specimens derived from surgically resected mate-
rial from patients with FCD type I and type II.

Materials and methods
Patients and diagnosis

The local ethics committee (Beijing Sanbo Hospital, Capital
Medical University, Beijing, China) approved all studies,
and clinical investigations were conducted according to the
Declaration of Helsinki. Informed consent was obtained
from the parents or legal guardians of all participants.
Twelve FCD type I (six FCD type IA and six FCD type
IB) and twelve FCD type II (six FCD type IIA and six FCD
type 1IB) patients diagnosed according to typical clinical,
magnetic resonance imaging, and neuropathologic find-
ings, as proposed by Palmini et al [39], were enrolled in this
study. Presurgical evaluation was performed according to
previously described procedures, including MRI (spin—echo
T1-weighted axial, T2-weighted axial, coronal and fluid-
attenuated inversion recovery imaging of 5-mm-thick axial,
sagittal, and coronal sections), fluorodeoxyglucose-positron
emission tomography (FDG-PET), scalp video-electroen-
cephalography (EEG), intracranial EEG monitoring, sei-
zure semiology analysis, and neuropsychological testing, at
Sanbo Brain Hospital [13, 33, 34, 40]. Interictal/ictal scalp
EEG was performed for all patients using a video-EEG mon-
itoring system (Nicolet VEEG; Viasys Healthcare, Madison,
USA), with electrodes placed according to the international
10-20 system. The main ictal manifestations were diagnosed
according to the semiology classification [41, 42].

FCD subtypes were identified according to data in the
neuropathology archives of Beijing Sanbo Brain Hos-
pital collected between August 2011 and August 2012.
All patients were diagnosed with pharmacoresistant epi-
lepsy and underwent surgical resection (Table 1). Among
patients with FCD type IA, type IB, type IIA, type 1IB, the
mean ages at seizure onset were 15.9+8.4 years, 6.7+6.1
years, 7.0+5.3 years, and 2.8+1.5 years, respectively; the
mean ages at surgery were 27.8+6.9 years, 16.2+7.2 years,
18.0+6.7 years, and 12.0+11.0 years, respectively; and the
durations from seizure onset to operation were 9.9+8.4
years, 9.5+7.2 years, 11.0+7.3 years, and 9.3+9.6 years,
respectively. The seizure types of patients included simple
partial seizures, complex partial seizures, and secondary
generalized tonic—clonic seizures. The long-term video
EEG results were abnormal in all cases. None of the patients
had other relevant epilepsy etiologies before the onset of
the disease. The clinical details of the patient cohort were
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Table 1 Clinical characteristics of FCD and control cohorts.

Patient Group  Gender  Age at First Seizure Types Duration From Seizure Age at Operation, Operation/Lesion Location
Seizure, Years Onset to First Operation, Years
Years
FCDIA
1 F 14 SPS+GTCS 10 24 Left temporal lobe
2 M 27 SPS+CPS 4 31 Left temporal lobe
3 M 4 SPS+GTCS 22 26 Left temporal lobe
4 M 15 SPS+CPS+GTCS 13 38 Left temporal lobe
5 M 19.5 SPS+GTCS 0.5 20 Right temporal lobe
6 M 10 CPS+GTCS 4 14 Right temporal lobe
FCD IB
1 M 11 SPS+GTCS 12 Left temporal lobe
2 M 0.4 SPS 9.6 10 Right parietal and occipital
lobes
3 F 15 SPS+CPS+GTCS 8 23 Right temporal lobe
4 F 3 SPS+GTCS 11 Right frontal lobe
5 M SPS+GTCS 21 25 Right temporal lobe
6 F 21 CPS+GTCS 9 30 Right temporal lobe
FCD ITIA
1 M 12 SPS+CPS+GTCS 10 22 Left parietal and occipital
lobes
2 M 0 SPS+CPS+GTCS 19 19 Left parietal and occipital
lobes
3 M 12 SPS+GTCS 13 Right frontal lobe
M 1 SPS 8 9 Left parietal and occipital
lobes
5 F SPS+GTCS 8 17 Left temporal lobe
6 M SPS+CPS+GTCS 20 28 Right parietal lobe
FCD IIB
1 M 2 CPS 2 Right frontal lobe
2 M 1.5 CPS+GTCS 0.5 2 Right frontal lobe
3 F 3 SPS+GTCS 9 12 Right parietal and occipital
lobes
M 5 CPS 20 25 Right frontal lobe
5 M SPS+CPS+GTCS 22 26 Right frontal lobe
M 1 SPS+GTCS 2 3 Right frontal lobe

SPS, simple partial seizure; CPS, complex partial seizure; GTCS, generalized tonic-clonic seizure; F, female; M, male.

summarized in Table 1. The representative EEG and MRI
results of FCD patients were shown in Fig. 1. All resected
tissues were paraffin embedded. In addition, portions of the
tissues from four patients with each FCD subtype were cryo-
protected for Western blot analysis.

For comparison, six neocortical specimens were
obtained from well outside the epileptogenic lesion (nor-
mal appearing cortex/white matter adjacent to the lesion)
from patients with FCD type IIB undergoing resection for
pharmacoresistant epilepsy. Of note, microscopic evalu-
ation of those areas was performed to confirm that there
were no microscopic changes related to dysplasia to avoid
the use of perilesion tissue within the border zone between
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the lesion and normal-appearing cortex, as the extent of
neuropathological abnormalities in this area may vary
among subjects [34].

Tissue preparation

Formalin-fixed, paraffin-embedded tissue samples (one rep-
resentative paraffin block per patient containing the com-
plete lesion or the largest part of the lesion resected at sur-
gery) were sectioned at a thickness of 4 pm and mounted on
precoated glass slides (Star Frost, WaldemarKnittel GmbH,
Braunschweig, Germany). Sections of all specimens selected
in the regions from the most severe lesions were processed
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FCD IA
B

Fig. 1 Representative EEG and MRI results of patients with FCD.
(A-E) Representative EEG and MRI results of a patient with FCD IA.
(A) The interictal epileptic discharges (IEDs) were mainly located in
the right temporal lobe, accompanied by diffuse, low-amplitude and
multiple spike-and-wave discharges. (B) The ictal EEG indicated
decreased potential in the right hemisphere and rhythmic discharges
of 5Hz in the right temporal lobe. (C) The ictal SEEG suggested
that seizure onset was located at the middle temporal gyrus (MTG)
(D’12-14), the inferior temporal gyrus (ITG) (E’12-14), and the supe-
rior parietal lobule (SPL) (W’8-10). (D) Preoperative MRI showed
no obvious lesions. The epileptic focus was located at the cortex of
the right temporo-occipital junction. Postoperative MRI was shown
in figure (E). (F-J) Representative EEG and MRI results of a patient
with FCD IB. (F) The IEDs showed multiple spike-and-wave dis-
charges in bilateral temporal lobes, spreading to the bifrontal lobes.
(G) EEG during early ictal period indicated rhythmic discharges of
6Hz in the right hemisphere. (H) The ictal SEEG showed that seizure
onset was located at the right amygdala nucleus (AN) (A’1-2), hip-
pocampus head (HH) (B’1-2), and hippocampal cauda (HC) (C’1-4).

for hematoxylin and eosin staining, as well as for immuno-
histochemistry for the neuronal marker NeuN, the astroglial
marker glial fibrillary acidic protein (GFAP), ADK, adeno-
sine deaminase (ADA), CD73, A,,R, mTOR, and GLT-1
as described below. For Western blot analysis, brain tissue
from FCD patients (n=4 of each subtype) and surgical con-
trols (n=4) was snap frozen in liquid nitrogen and stored at
—80°C until further use.

Immunohistochemistry

Antibodies against ADK (polyclonal rabbit, 1:500; provided
by Professor Detlev Boison) [13, 14], ADA (polyclonal rab-
bit, ab175310, 1:50, Abcam), CD73 (monoclonal mouse,
ab91086, 1:50, Abcam), A,,R (polyclonal rabbit, ab79714,

FCD IIA

(I) Preoperative MRI showed no obvious lesions. The epileptic focus
was located in the right temporal lobe, and the postoperative MRI
was shown in Figure (J). (K-O) Representative EEG and MRI results
of a patient with FCD IIA. (K) The IEDs indicated periodic multiple
spike-and-wave discharges in the right central and parietal regions.
(L) The ictal EEG indicated low-potential and high-frequency dis-
charges in the right central and middle regions. (M) The ictal SEEG
suggested that the seizure onset was located at the right precuneus
(PCUN) (N’6-9; R’11-15; S’7-9). (N) Preoperative MRI showed
abnormal signals at the right parietal lobe. The epileptic focus was
located in the right parietal lobe, and the postoperative MRI was
shown in Figure (O). (P-S) Representative EEG and MRI results of a
patient with FCD IIB. No IEDs was observed in this patient. (P) The
ictal EEG showed low-voltage fast activity at the right frontal, cen-
tral, and midline regions. (Q) The ictal SEEG suggested that the sei-
zure onset was located at the center of focal dysplasia lesion (C’4-8).
(R) Preoperative MRI indicated abnormal signals at the right frontal
lobe, and the epileptic focus was located in the right frontal lobe. The
postoperative MRI was shown in figure (S).

1:100, Abcam), mTOR (monoclonal mouse, SAB2702296,
1:50, Sigma), GLT-1 (polyclonal rabbit, ab41621, 1:100,
Abcam), GFAP (monoclonal mouse, DAKO; Glostrup,
Denmark, 1:4000), Iba-1 (monoclonal mouse, ab15690,
1:300, Abcam) and NeuN (mouse clone MAB377, I1gGl1;
Chemicon, Temecula, CA; 1:2000) were used for immu-
nohistochemical analysis. Double immunohistochemistry
was performed as described previously [13, 27, 33]. After
incubation with primary antibodies, sections were incu-
bated for 2 h at room temperature with Alexa Fluor 568- or
Alexa Fluor 488-conjugated anti-rabbit IgG labelled with
fluorophores in the immunofluorescence, or anti-mouse IgG
(1:200; Molecular Probes, Eugene, OR) labelled with perox-
idase in the 3-3' diaminobenzidine (DAB) staining. Images
were taken using a Leica microscope at Ex/Em wavelengths
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of 500/550 nm (green) with an Optronics DEI-750 three-
chip camera equipped with a BQ 8000 sVGA frame grabber
and analyzed using Bioquant software (Nashville, TN).

Semiquantitative quantification of immunohistochemi-
cal staining was performed following our previously pub-
lished procedures with modifications [14, 16, 30, 43]. The
immunoreactivity of each marker in DAB-stained slices was
imaged, and a 2x3 mm? field was delineated for quantitative
analysis using a Kodak imaging device. The immunoreactiv-
ity levels were initially quantified in arbitrary units and are
expressed as the percent change relative to the internal con-
trol (the average immunoreactivity level in the 6 controls).
In the FCD type IIB group, the numbers of different types of
dysmorphic enlarged neurons and BCs (exhibiting different
localization patterns of ADK/A,,R) were determined in a
defined area of the lesion (434 x 326 pmz).

Western blot analysis

Western blotting and related analysis were performed as
described previously with modifications [13, 33]. Freshly
frozen histologically normal cerebral cortex samples from
surgical controls and cerebral cortex samples from FCD
patients (n=4 per group) were homogenized in lysis buffer
containing 10 mM Tris (pH 8.0), 150 mM NaCl, 10% glyc-
erol, 1% NP-40, Na-orthovanadate (10.4 mg/ml), 5 mM
EDTA (pH 8.0), 5 mM NaF and protease inhibitor cocktail
(Boehringer Mannheim, Germany). The protein content was
determined using the bicinchoninic acid method. For elec-
trophoresis, equal amounts of proteins (30 pg/lane) were
separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE). The separated proteins were
transferred to nitrocellulose membranes for 1.5 h using a
semidry electroblotting system (Bio-Rad, Transblot SD,
Hercules, CA, USA). The blots were incubated overnight
in TTBS (20 mM Tris, 150 mM NaCl, 0.1% Tween, pH
7.5)/5% nonfat dry milk containing an ADK primary anti-
body (polyclonal rabbit, 1:500; provided by Professor Detlev
Boison) [13, 14] or A,,R primary antibody (polyclonal rab-
bit, ab79714, 1:100, Abcam). After three washes in TTBS,
the membranes were incubated in TTBS/5% nonfat dry
milk/1% BSA containing goat anti-rabbit or goat anti-mouse
antibodies coupled to horseradish peroxidase (1:2500; Dako,
Denmark) for 1 h. After three washes in TTBS, immunore-
activity was visualized using Lumi-Light PLUS Western
Blotting Substrate (Roche Diagnostics, Mannheim, Ger-
many), and images were digitized using a Luminescent
Image Analyzer (LAS-3000, Fuji Film, Japan). The density
of B-actin (monoclonal mouse antibody, Sigma, St. Louis,
MO, USA 1:50.000) was used as a reference. The levels of
ADK and A, R were normalized to internal standards and
are expressed relative to the level in the control group.

@ Springer

Statistical analysis

Statistical analyses were performed with SPSS for Windows
(SPSS 11.5, SPSS Inc., Chicago, IL, USA) using unpaired
two-tailed t tests. P <0.05 was considered significant.

Results

The histopathological features of different types
of FCD

Normal-appearing neocortical samples exhibited a lay-
ered structure typical of the human neocortex (Fig. 2A,
F). In contrast, marked cortical dyslamination was seen in
FCD lesions. FCD type IA lesions were characterized by
abnormal radial cortical lamination (Fig. 2B, G), and FCD
types IB lesions usually exhibited abnormal tangential cor-
tical lamination (Fig. 2C, H). The hallmark of FCD type
ITA (Fig. 2D, I) was the presence of dysmorphic neurons
(Fig. 21, arrow), which exhibited a significantly enlarged
cell body and nucleus, malorientation, abnormally distrib-
uted intracellular Nissl substance, and cytoplasmic accu-
mulation of neurofilament proteins. There were no BCs
detected in FCD type IIA sections by immunohistochem-
istry. The hallmark of FCD type IIB lesions (Fig. 2E, J)
was the presence of dysmorphic enlarged neurons (Fig. 2],
arrow) and BCs (Fig. 2J, arrowheads). BCs usually exhib-
ited a large cell body, eccentric nucleus and glassy eosino-
philic cytoplasm (Fig. 2J, arrowheads).

In addition, astrogliosis was also observed in FCD type
I and type II specimens. Sections of cortical gray matter
and white matter from surgical specimens from the con-
trol and FCD groups were subjected to immunochemistry
GFAP (Fig. 3). In control specimens, sparse GFAP density
in astrocytes was detected in the white matter (Fig. 3A1-
A3). Within FCD type IA (Fig. 3B1-B3), FCD type 1B
(Fig. 3C1-C3), FCD type IIA (Fig. 3D1-D3), and FCD
type IIB (Fig. 3E1-E3) lesions, astrogliosis was observed
in both the gray matter and white matter. Reactive astro-
cytes were also usually hypertrophic (B3, C3, D3, arrows).
Of note, GFAP-positive dysmorphic enlarged neurons (E2,
E3, arrows) and GFAP-positive BCs (E2, E3, arrowheads)
were also detected in FCD type IIB specimens.

Dysregulation of adenosine signaling in FCD
Increased density of ADK in FCD
As an enzyme with high affinity and low capacity, ADK

is the major adenosine-metabolizing enzyme under base-
line conditions[44, 45]. Adenosine deficiency caused
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Control FCD IA

Fig.2 Characteristic neuropathological findings in brain tissue from
different types of human FCD. (A, F) Normal appearing neocortex
with characteristic layers L1-L6. (B, G) Histopathological find-
ings in FCD IA (abnormal radial lamination and abundant micro-
columns). Distinct microcoluminar arrangements of small diameter
neurons are detected in FCD IA specimen cut perpendicular to the
pial surface. (C, H) Histopathological findings in FCD IB (abnor-
mal tangential layer composition). Failure to establish a six-layered
tangential composition of the neocortex is a hallmark of this vari-
ant. (D, I) Histopathological findings in FCD IIA. (D) Microscopic
inspection of surgical specimen reveals severe cortical dyslamination

by increased level of ADK is sufficient to induce spon-
taneous and recurrent epileptic seizures[19]. Here, we
studied the density and localization of ADK in resected
tissue from FCD patients and control subjects by immu-
nohistochemistry. Consistent with previous findings of
low density of ADK in the normal cerebral cortex[13],
we found only negative or weak ADK immunoreactivity
in the gray (Fig. 4 A1-A2) and white (Fig. 4 A3) mat-
ter in control samples. In contrast, we observed increased
ADK immunoreactivity in specimens from patients with
FCD type IA (Fig. 4 B1-B3), type IB (Fig. 4 C1-C3), type
ITA (Fig. 4 D1-D3) and type 1IB (Fig. 4 E1-E3), which
exhibited (I) globally (in neurons and astrocytes) increased
density of ADK and (II) ectopic localization of ADK in
the cell nucleus (D3, arrowhead). In samples from FCD
type I patients, ADK was predominantly located in the
cytoplasm of cortical neurons (Figure 4 B2, C2, arrows).
In the white matter of samples from FCD type I patients,
strong ADK immunoreactivity was observed in hyper-
trophic astrocytes (Fig. 4B3, C3, arrows). In addition, a
large amount of ADK was located in the cytoplasm of
dysmorphic enlarged neurons in FCD type IIA (Fig. 4D2,
D3, arrows) and FCD type IIB (Fig. 4E2, E3, arrows)
specimens, as well as in the cytoplasm of BCs in FCD
type IIB (Fig. 4E3, arrowhead) specimens. Interestingly,

FCD IIA FCD IIB

without the formation of distinguishable layers (except layer 1). (I)
High-power magnification of dysmorphic enlarged neurons with sig-
nificantly enlarged cell body and nucleus (arrow). No balloon cells
are identified. (E, J) Histopathologic findings in FCD IIB. (E) Severe
cortical dyslamination (except layer 1) and increased cortical thick-
ness. (J) The hallmark of FCD IIB is the presence of dysmorphic
enlarged neurons (arrow) and balloon cells (arrowheads). Balloon
cells usually present with eccentric nucleus, enlarged pale and opales-
cent glassy eosinophilic cytoplasm (J, arrowheads). All sections are
H&E stained on 4um paraffin embedded specimens. Scale bars=(A-
E) 500um; (F-J) 15um.

we also observed ectopic localization of ADK in the nuclei
of dysmorphic enlarged neurons in FCD type IIA speci-
mens (Fig. 4D3, arrowhead). Both immunohistochemis-
try (Fig. 4F, G) and Western blot analysis (Fig. 9A, B(
revealed a significant increase in ADK density in all FCD
subgroups compared to the control group.

Notably, the results of immunohistochemistry and
double labeling revealed four distinct localization pat-
terns of ADK in dysmorphic enlarged neurons and BCs
in FCD type IIB specimens (Fig. 5). There were dys-
morphic enlarged neurons and BCs not expressing ADK
(11.56%+3.60% and 17.55%=+2.70% of all cells, respec-
tively), those with ADK localization only in the cytoplasm
(79.90%+6.16% and 77.34%=+3.28% of all cells, respec-
tively), those with ADK localization only in the nucleus
(6.29%+2.64% and 3.79+3.38% of all cells, respectively),
and those with ADK localization in both the cytoplasm
and nucleus (2.25%+1.93% and 1.32%=+1.07% of all cells,
respectively) (Fig. 5).

Increased density of ADA in FCD
ADA is a low-affinity, high-capacity enzyme involved in the

metabolic clearance of adenosine under conditions of aden-
osine overload. Immunohistochemistry for ADA revealed
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Fig.3 Density and localization of GFAP within the lesions of dif-
ferent types of FCD. (A1-A3) Weak immunostaining for GFAP in
control cortical gray matter (A1, A2) and white matter (A3). (B1-B3,
C1-C3, D1-D3) Reactive astrogliosis in cortical gray matter within
the lesions of FCD IA (B1, B2), FCD IB (C1, C2), FCD IIA (D1,
D2), and white matter within the lesions of FCD IA (B3), FCD IB
(C3) and FCD ITIA (D3). Reactive astrocytes are usually accompa-
nied by hypertrophied morphologic variations (B3, C3, D3, arrows).
(E1-E3) In the gray (E1-E2) and white matter (E3) within the lesions
of FCD IIB, we detect GFAP-positive dysmorphic enlarged neurons

sparse ADA density in astrocytes in the cortical gray matter
(Fig. 6A1-A2) and white matter (Fig. 6A3) of control speci-
mens. Importantly, we observed increased density of ADA
in specimens from patients with FCD type IA (Fig. 6B1-B3),
type IB (Fig. 6C1-C3), type IIA (Fig. 6D1-D3) and type I1IB
(Fig. 6E1-E3), which exhibited increased density of ADA in
hypertrophied astrocytes in white matter within FCD lesions
(Fig. 6B3, C3, arrows; D3, arrowhead; E3, star). Specifically,
within the gray matter of FCD type IA (Fig. 6B2, arrow)
and FCD type IB (Fig. 6C2, arrow) specimens, there was no
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(E2, E3, arrows), GFAP-positive balloon cells (BCs) with binuclea-
tion (E2, arrowhead), GFAP-positive BCs without apparent nuclei
(E3, arrowhead), and GFAP-positive astrocytes (E3, star). Scale
bars= (Al, B1, C1, D1, E1) 100um; (A2-A3, B2-B3, C2-C3, D2-D3,
E2-E3) 50um. (F-G) Semiquantitative analysis of scanned immuno-
densities shows a significant increase of GFAP density in both the
cortex (F) and the white matter (G) of FCD compared with controls
(n=6 in each group; *: P<0.05, **: P<0.01; Statistical analyses were
made using unpaired two-tailed z-test; Individual data points were
plotted, with error bars + SD).

ADA localized in neurons. In addition, marked cytoplasmic
staining of ADA was found in dysmorphic enlarged neurons
in FCD type A (Fig. 6D2, D3, arrows) and FCD type 1IB
(Fig. 6E2, E3, arrows) specimens. In addition, we detected
ectopic perinuclear localization of ADA in BCs in FCD
type IIB specimens (Fig. 6E3, arrowhead). Semiquantitative
analysis of immunoreactivity revealed a significant increase
in ADA immunoreactivity in the white matter in FCD speci-
mens compared to control specimens (n=6 in each group)
(Fig. 6F, G).
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Fig.4 Density and localization of ADK within the lesions of dif-
ferent types of FCD. (A1-A3) Negative or weak immunostaining
for ADK in control cortical gray matter (A1, A2) and white matter
(A3). (B1-B3, C1-C3) Within the lesions of FCD IA (B1-B3) and
FCD IB (C1-C3), we detect cytoplasmic localization of ADK in cells
with neuronal morphology in gray matter (B1, C1; B2, C2, arrows)
and in cells with morphology of ectopic neurons (B3, arrow) as
well as reactive astrocytes (C3, arrow) in white matter. (D1-D3) In
the gray matter (D1-D2) and white matter (D3) within the lesion of
FCD IIA, we detect cytoplasmic localization (D2, D3, arrows) and
also both cytoplasmic and nuclear localization (D3, arrowhead) of
ADK in dysmorphic enlarged neurons. There are also some dysmor-

Increased density of CD73 in FCD

CD73 is the enzyme that generates adenosine from extracel-
lular adenine nucleotides. Concomitant increased level of
CD73 and A, ,R has been found in specimens from patients
with epilepsy associated with RE [27]. In the present study,
increased level of CD73 was found in both the gray matter
and white matter in specimens from FCD patients (Fig. 7).
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phic enlarged neurons without ADK localization (D2, arrowhead).
(E1-E3) In the gray matter (E1-E2) and white matter (E3) within
the lesions of FCD IIB, we detect cytoplasmic localization of ADK
in dysmorphic enlarged neurons (E2, E3, arrows) and balloon cells
(E3, arrowhead). Scale bars= (A1, B1, C1, D1, E1) 100um; (A2-
A3, B2-B3, C2-C3, D2-D3, E2-E3) 50um. (F-G) Semiquantita-
tive analysis of scanned immunodensities demonstrates a significant
increase of ADK density in both the cortex (F) and the white matter
(G) of FCD compared with controls (n=6 in each group; *: P<0.05,
**: P<0.01; Statistical analyses were made by unpaired two-tailed
t-test; Individual data points were plotted, with error bars + SD).

In contrast, weak or negative CD73 immunoreactivity was
observed in the gray and white matter of control specimens
(Fig. 7A1-A3). Specifically, within the gray matter of FCD
type I specimens, CD73 immunoreactivity was detected in
neurons (Fig. 7B2, C2, arrows). In the white matter of FCD
type I and type II specimens, CD73 immunoreactivity was
observed in hypertrophied astrocytes (Fig. 7B3, C3 D3, E3,
arrows). In addition, increased level of CD73 was found in
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dysmorphic enlarged neurons in FCD type IIA (Fig. 7D2,
arrowhead) and FCD type IIB specimens (Fig. 7E2, arrow-
head), as well as in BCs in FCD type IIB specimens (Fig. 7
E3, arrowhead). Semiquantitative analysis of immunoreac-
tivity revealed a significant increase in CD73 immunore-
activity in FCD specimens compared to control specimens
(n=6 in each group) (Fig. 7F, G).

Increased density of A,,Rin FCD

Consistent with previous studies [27], we found negative or
weak A, ,R density in control specimens (cortical gray mat-
ter, Fig. 8A1-A2; white matter, Fig. 8 A3). In contrast, we
observed increased level of A,,R in FCD type IA (Fig. 8B1-
B3), type IB (Fig. 8C1-C3), type IIA (Fig. 8D1-D3) and
type 1IB (Fig. 8E1-E3) specimens, which exhibited (I) glob-
ally (in neurons and astrocytes) increased density of A,,R
and (IT) localization of A,,R within cells (in the cytoplasm
or nucleus). Specifically, in the gray matter of FCD type
I specimens, A,,R was predominantly located surround-
ing the nucleus in cortical neurons (Fig. 8B2, C2, arrows).
In the white matter of FCD type I specimens, strong A,,R
immunoreactivity was observed in hypertrophied astro-
cytes (Fig. 8B3, C3, arrows) and ectopic neurons (Fig. 8C3,
arrowhead). Marked perinuclear staining of A,,R was also
detected in dysmorphic enlarged neurons in FCD type ITA
specimens (Fig. 8D2, arrow). In addition, we detected some
ectopic localization patterns of A,,R in FCD lesions. On the
one hand, A,,R was located in the cytoplasm in dysmorphic
enlarged neurons (Fig. 8D3, arrow) in FCD type IIA speci-
mens and in BCs (Fig. 8E3, arrow), dysmorphic enlarged
neurons (Fig. 8E2, arrowhead), microglia (Fig. 8E3, cir-
cle), and reactive astrocytes (Fig. 8E3, star) in FCD type
IIB specimens. On the other hand, A,,R was located in both
the cytoplasm and nucleus in dysmorphic enlarged neurons
(Fig. 8E2, arrow) and BCs (Fig. 8E3, arrowhead) in FCD
type IIB specimens. Both immunohistochemistry (Fig. 8F,
G) and Western blot analysis (Fig. 9A, D) revealed a signifi-
cant increase in A,,R density in the FCD group compared
to the control group.

Double staining for A,,R and GFAP and Iba-1 and
NeuN demonstrated different ectopic patterns of A,,R
localization in astrocytes, microglia, and neurons, as well as
in dysmorphic enlarged neurons and BCs within FCD type
IIB lesions (Fig. 10). In GFAP-positive astrocytes within
FCD type IIB lesions (Fig. 10A4, B4), as well as in reac-
tive astrocytes surrounding BCs (Fig. 10D4, arrowhead),
nuclear localization (Fig. 10A4, B4, arrows; D4, arrow-
head) and cytoplasmic localization (Fig. 10A4, arrowhead)
of A, R were found. The findings revealed two distinct sub-
types of astrocytes: astrocytes with nuclear but not cytoplas-
mic A,,R localization and astrocytes with cytoplasmic but
not nuclear A,,R localization. In Iba-1-positive microglia,
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cytoplasmic localization of A,,R was found (Fig. 10G4,
arrow). In NeuN-positive neurons, perinuclear localization
of A,,R was observed (Fig. 10H4, arrowhead). In addition,
we detected A, ,R density in dysmorphic enlarged neurons
and BCs. Nuclear localization of A,,R was found in GFAP-
negative BCs (Fig. 10D4, E4, arrows), GFAP-positive BCs
(Fig. 10F4, arrow), NeuN-positive BCs (Fig. 10H4, arrow),
GFAP-positive dysmorphic enlarged neurons (Fig. 10C4,
arrow) and GFAP-negative dysmorphic enlarged neurons
(Fig. 10E4, arrowhead). Nuclear localization of A,,R
was found in a small fraction of dysmorphic enlarged
neurons (13.66%+3.61%) and BCs (11.52%+3.00%),
whereas a large fraction of dysmorphic enlarged neurons
(86.34%=+3.61%) and BCs (88.48%=+3.00%) did not show
nuclear localization of A,,R.

Reduced density of GLT-1 in FCD

Interactions between A, R and GLT-1 aggravate glutamate
excitotoxicity and promote cell death in patients with RE
[27]. This interaction may also constitute the pathological
basis of FCD. Based on this hypothesis, we explored the
localization patterns of GLT-I in FCD patients. Consistent
with previous results [27], we found a patchy distribution
of GLT-1 immunoreactivity in the gray matter of control
samples; specifically, GLT-1 exhibited a normal localiza-
tion pattern but was strongly located in glial cell processes
(Fig. 11A1, A2). In the white matter of control speci-
mens, only a few GLT-1-expressing astrocytes were found
(Fig. 11A3). However, in the gray matter and white matter of
FCD type IA (Fig. 11B1-B3), FCD type IB (Fig. 11C1-C3),
FCD type IIA (Fig. 11D1-D3) and FCD type IIB (Fig. 11E1-
E3) lesions, sparse or no GLT-1 density was observed in
astrocytes. Semiquantitative analysis of immunoreactivity
revealed a significant decrease in GLT-1 immunoreactivity
in the cortex in FCD specimens compared to control speci-
mens (n=6 in each group) (Fig. 11F, G).

Increased density of mTOR in FCD

We analyzed mTOR density in brain specimens from FCD
patients and surgical controls by immunohistochemistry and
found increased level of mTOR in the white matter of FCD
type I specimens and in both the white matter and gray mat-
ter of FCD type II specimens (Fig. 12). In contrast, weak or
negative mMTOR immunoreactivity was observed in the gray
and white matter of control specimens (Fig. 12A1-A3). In
the white matter of FCD type I and II specimens, mTOR
immunoreactivity was observed in hypertrophied astrocytes
(Fig. 12B3, C3 arrows; D3, arrowhead; E3, star). Within the
gray matter of FCD type IA (Fig. 12B2) and FCD type 1B
(Fig. 12C2) lesions, there was no mTOR immunoreactivity
detected in neurons. In addition, increased level of mTOR
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Table. Percentage of different expression patterns of ADK in dysmorphic enlarged neurons/balloon cells.

Dysmorphic enlarged neurons Range of number Percentage (mean + SD)
Total number 30-46 /
ADK negative 3-7 11.56%+3.60%
ADK positive 26-40 88.44%+3.60%
Cytoplasm positive only 25-38 79.90%+6.16%
Nuclear positive only 1-4 6.29%+2.64%
Both nuclear and cytoplasm positive  0-2 2.25%+1.93%
Balloon cells Range of number Percentage (mean + SD)
Total number 33-61 /
ADK negative 6-12 17.55%+2.70%
ADK positive 26-52 82.45%+2.70%
Cytoplasm positive only 26-49 77.34%+3.28%
Nuclear positive only 0-4 3.79%+3.38%
Both nuclear and cytoplasm positive  0-1 1.32%+1.07%
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«Fig.5 Density and localization of ADK within the lesions of FCD
IIB. (A1-A3) Cytoplasmic localization of ADK in dysmorphic
enlarged neurons. (B1-B3) Ectopic nuclear localization of ADK in
dysmorphic enlarged neurons. (C1-C3) Cytoplasmic localization of
ADK in balloon cells. (D1-D3) Ectopic nuclear localization of ADK
in balloon cells. Table in this figure shows the percentage of differ-
ent localization patterns of ADK in dysmorphic enlarged neurons or
balloon cells. (A1, B1, C1, D1) ADK (red); (A2, B2, C2, D2) DAPI
(blue). Scale bar=15um.

was found in dysmorphic enlarged neurons in FCD type
ITA (Fig. 12D2, D3, arrows) and FCD type IIB (Fig. 12E2,
E3, arrows) specimens, as well as in BCs in FCD type 1IB
(Fig. 12E2, E3, arrowheads) specimens. Semiquantitative
analysis of immunoreactivity revealed a significant increase
in mTOR immunoreactivity in the white matter in FCD type
I specimens and in both the white matter and gray matter in
FCD type II specimens compared to control specimens (n=6
in each group) (Fig. 12F, G).

Colocalization of ADA, ADK and A,,R with mTOR in FCD
type lIB lesions

Next, we explored whether ADA, ADK and A,,R were colo-
calized with mTOR within FCD type IIB lesions. Double
staining for ADA and mTOR indicated that they were colo-
calized in BCs (Fig. 13A4, arrow) and neurons (Fig. 13A4,
arrowheads) within FCD type IIB lesions. Double staining
for ADK and mTOR indicated that they were colocalized in
BCs (Fig. 13B4, arrow) and astrocytes (Fig. 13B4, arrow-
head) within FCD type IIB lesions. Double staining for
A,,R and mTOR indicated they were colocalized in BCs
(Fig. 13C4, arrow) and astrocytes (Fig. 13C4, arrowhead)
within FCD type IIB lesions.

Discussion

FCD is a developmental malformation of the cerebral cortex
that is associated with the development of pharmacoresist-
ant epilepsy. FCD patients usually present with seizures in
early childhood, and some also exhibit other clinical mani-
festations, including cognitive impairment, developmental
delay, behavioral disorders, autism spectrum disorders,
and focal neurological deficits [1]. Seizure origin and the
occurrence of additional clinical symptoms are determined
by the anatomical location of FCD, which can be detected
by MRI or histopathological examination of resected tissue
specimens. Although the pathogenesis of FCD remains to
be defined, the association between the adenosine system
and FCD-associated epilepsy was suggested by our previous
study [13]. Adenosine is an endogenous anticonvulsant and
acts as a seizure terminator in the brain [19]. Our previous
data indicated that increased level of ADK and consequent
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adenosine deficiency in FCD lesions are strongly associated
with the development of pharmacoresistant epilepsy [13].
In this study, through immunohistochemistry and Western
blot analysis, we first evaluated maladaptive changes in the
adenosine system within FCD type I and type II lesions
and found increased density of the two major adenosine-
metabolizing enzymes ADK and ADA, as well as the major
adenosine-producing enzyme CD73, suggesting increased
turnover of adenosine. We also found an increase in A,,R
density in conjunction with alterations in two pathways
interacting with A, ,R, as shown by a decrease in the density
of the astroglial glutamate transporter GLT-1 and increased
density of mTOR. These results suggest that dysregulation
of the adenosine system and its downstream pathways is a
common pathological feature of FCD. Adenosine-metabo-
lizing enzymes or adenosine receptors might therefore be
considered potential targets for the treatment of epilepsy
associated with FCD.

Adenosine is a ubiquitous inhibitory modulator released
during seizures and has been shown to mediate seizure
arrest, postictal refractoriness, and suppression of epilep-
togenesis [19]. Neuronal excitability in the brain is modu-
lated by activation of G protein-coupled adenosine receptors,
specifically inhibitory A;Rs and facilitatory A,,Rs [18]. The
equilibrium of adenosine receptor density levels, as well as
the availability of endogenous adenosine to activate the
receptors, plays a crucial role in the development and pro-
gression of epilepsy [18]. In both epilepsy patients and ani-
mal models, adenosine dysfunction, including upregulation
of the major adenosine-metabolizing enzyme ADK, subse-
quent reduction in adenosine tone [13-15], and increased
density of A,,Rs [27], has been demonstrated to promote
epileptogenesis and seizures [46].

Astrocytic ADK is the major adenosine-metabolizing
enzyme in the brain. Extracellular levels of adenosine
are regulated mainly by an astrocyte-based adenosine
cycle, with astrocytes serving as the key metabolic sink
for adenosine through its clearance via ADK [47]. In
line with this role, genetic disruption of ADK density
increases extracellular adenosine levels [48]. Upregula-
tion of ADK and the consequent reduction in extracel-
lular adenosine concentrations are sufficient to induce
seizures through insufficient activation of A;Rs [14,
49]. Thus, increased level of ADK in conjunction with
astrogliosis has been demonstrated to be a pathological
hallmark of experimental epilepsy as well as temporal
lobe epilepsy, RE, and tumor-associated epilepsy [31, 33,
50]. In the present study, we found robust increased level
of ADK in reactive astrocytes and neurons within FCD
type I lesions, as well as in dysmorphic enlarged neurons
and BCs in FCD type II lesions. These results indicate
that increased level of astrocytic ADK might play a role
in epileptogenesis in FCD patients.
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Fig.6 Density and localization of ADA within the lesions of different
types of FCD. (A1-A3) Sparse density of ADA in cells with astrocyte
morphology in control cortical gray matter (A1-A2) and white mat-
ter (A3). (B1-B3, C1-C3) Within the lesions of FCD IA (B1-B3) and
FCD IB (C1-C3), we find a lack of ADA density in cells with neu-
ronal morphology in the gray matter (B1, C1; B2, C2, arrows) and
predominate cytoplasmic localization of ADA in cells with mor-
phology of reactive astrocytes in the white matter (B3, C3, arrows).
(D1-D3) In the gray matter (D1-D2) and white matter (D3) within
the lesions of FCD IIA, we find cytoplasmic localization of ADA in
dysmorphic enlarged neurons (D2, D3, arrows) and in cells with the
morphology of reactive astrocytes (D3, arrowhead). (E1-E3) In the

There are two alternatively spliced forms of ADK:
ADK-long (ADK-L), which is located in the nucleus, and
ADK-short (ADK-S), which is located in the cytoplasm
[51]. Cytoplasmic ADK-S determines intra- and extracellu-
lar levels of adenosine, which are balanced through equili-
brative nucleoside transporters. Therefore, intracellular
ADK-S determines the activation of adenosine receptors
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gray matter (E1-E2) and white matter (E3) within the lesions of FCD
1IB, we find cytoplasmic localization of ADA in dysmorphic enlarged
neurons (E2, E3, arrows) and cells with the morphology of reactive
astrocytes (E3, star). We also find ectopic perinuclear localization of
ADA in the balloon cells in the white matter (E3, arrowhead). Scale
bars= (Al, B1, C1, D1, E1) 100um; (A2-A3, B2-B3, C2-C3, D2-D3,
E2-E3) 50um. (F-G) Semiquantitative analysis of immunodensities
demonstrates a significant increase of ADA density in the cortex (F)
of FCD type II, and in the white matter (G) of both FCD type I and II
compared with controls (=6 in each group; *: P<0.05, **: P<0.01,
ns: no significance; Statistical analyses were made using unpaired two-
tailed r-test; Individual data points were plotted, with error bars + SD).

and thereby contributes to the regulation of neuronal excit-
ability [36, 52]. ADK-L is localized in the nucleus and is
needed to maintain methylation reactions, including DNA
and histone methylation, which play a role in the regulation
of epileptogenesis and cell proliferation [19]. Increased
level of both subtypes of ADK was detected within FCD
lesions in the present study. These results suggest that
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Fig.7 Density and localization of CD73 within the lesions of dif-
ferent types of FCD. (A1-A3) Negative or weak density of CD73 in
the control cortical gray matter (A1-A2) and the control white mat-
ter (A3). (B1-B3, C1-C3) Within the lesions of FCD IA (B1-B3) and
FCD IB (C1-C3), we detect cytoplasmic localization (B2, arrow) and
perinuclear localization (C2, arrow) of CD73 in cells with neuronal
morphology in the gray matter, and cytoplasmic localization in cells
with morphology of reactive astrocytes in the white matter (B3, C3,
arrows). (D1-D3) In the gray matter (D1-D2) and white matter (D3)
within the lesions of FCD IIA, we detect cytoplasmic localization of
CD73 in dysmorphic enlarged neurons (D2, arrowhead), cells with
neuronal morphology (D3, arrowhead) and cells with morphology

dysregulation of ADK density may impact FCD on differ-
ent levels: the increase in ADK-L levels may drive epilep-
togenesis through an epigenetic mechanism and may affect
cell proliferation during cortical development, whereas the
increase in ADK-S levels may directly decrease seizure
thresholds through insufficient activation of A;Rs and
thereby contribute to seizures in FCD.
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of reactive astrocytes (D2, D3, arrows). (E1-E3) In the gray (E1-E2)
and white matter (E3) within the lesions of FCD IIB, we find cyto-
plasmic localization of CD73 in balloon cells (E3, arrowhead) and
in cells with morphology of reactive astrocytes (E2, E3, arrows). We
also find the perinuclear localization of CD73 in dysmorphic enlarged
neurons (E2, arrowhead). Scale bars= (A1, B1, C1, D1, E1) 100um;
(A2-A3, B2-B3, C2-C3, D2-D3, E2-E3) 50um. (F-G) Semiquantita-
tive analysis of immunodensities demonstrates a significant increase of
CD73 density in both the cortex (F) and the white matter (G) of FCD
compared with controls (n=6 in each group; *: P<0.05, **: P<0.01;
Statistical analyses were made using unpaired two-tailed #-test; Indi-
vidual data points were plotted, with error bars &+ SD).

In addition to the increased level of ADK in astrocytes,
we found ectopic localization of both isoforms of ADK in
neurons and BCs within FCD type I and type II lesions.
Developmental studies performed in mice suggest that there
is a switch in the ADK localization pattern in the brain from
neuronal localization during the perinatal period to nearly
exclusive astrocytic localization in adulthood, suggesting an
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Fig.8 Density and localization of A,,R within the lesions of dif-
ferent types of FCD. (A1-A3) Negative or weak density of A,,R in
the control cortical gray matter (A1-A2) and the control white mat-
ter (A3). (B1-B3, C1-C3) Within the lesions of FCD IA (B1-B3)
and FCD IB (C1-C3), we detect the perinuclear localization of A, R
in cells with neuronal morphology in gray matter (B1, C1; B2, C2,
arrows), and sparse density of A,,R in cells with morphology of
active astrocytes (B3, C3, arrows), as well as in the ectopic cells with
neuronal morphology (C3, arrowhead) in white matter. (D1-D3) In
the gray matter (D1-D2) and white matter (D3) within the lesions of
FCD 1IIA, we detect perinuclear localization (D2, arrow) and cyto-
plasmic localization (D3, arrow) of the A, R in dysmorphic enlarged
neurons. (E1-E3) In the gray matter (E1-E2) and white matter (E3)

association of neuronal ADK with developmental processes
in the immature brain [53]. Consistently, ADK was found
to be strongly located in total cortical homogenates of the
human fetal brain (gestational week 13; temporal cortex),
including in deep compartments of the cortical wall (ven-
tricular/subventricular zone) in early stages of corticogenesis
[52]. Analysis of human specimens collected at autopsy and
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within the lesions of FCD IIB, we find cytoplasmic localization of
A, 4R in the dysmorphic enlarged neurons (E2, arrowhead), bal-
loon cells (E3, arrow), cells with microglia morphology (E3, circle),
and cells with morphology of reactive astrocytes (E3, star). We also
detect ectopic localization of A,,R in both the cytoplasm and the
nucleus of dysmorphic enlarged neurons (E2, arrow) and balloon
cells (E3, arrowhead). Scale bars= (Al, B1, C1, D1, E1) 100um;
(A2-A3, B2-B3, C2-C3, D2-D3, E2-E3) 50um. (F-G) Semiquantita-
tive analysis of scanned immunodensities demonstrates a significant
increase of A,,R density in both the cortex (F) and the white matter
(G) of FCD compared with controls (n=6 in each group; *: P<0.05,
**: P<0.01; Statistical analyses were made using unpaired two-tailed
t-test; Individual data points were plotted, with error bars + SD).

surgical controls demonstrated that ADK is weakly located
in glial cells while not located in most neurons of the cortex
[13, 15, 33, 50]. These results suggest that the level and
density of ADK during brain development may affect impor-
tant neural progenitor cell processes, including proliferation,
survival, and neuroplasticity. Thus, our current findings of
ectopic neuronal localization of ADK in FCD suggest an

@ Springer



4410 Molecular Neurobiology (2023) 60:4396-4417
Fig.9 Western blot analysis A
of ADK and A, R within Control FCDIA FCDIB FCDIIA FCDIIB

the lesions of different types
of FCD. (A) Representative
immunoblots of ADK and A,,R

in total homogenates of resected ADK
brain tissue from different types

of FCD and control specimens.

B-actin immunoreactivity was A2AR

used to normalize for equal pro-
tein loading. (B-C) Quantitative
analysis of ADK (B), and A,,R
(C) levels. (n=4 in each group;
**: P<0.01; Statistical analyses
were made using unpaired
two-tailed #-test; Individual data
points were plotted, with error
bars + SD).

o)

Relative density of
ADK immunoreactivity

earlier, more immature localization profile of components
of the adenosine system, which may indicate impaired brain
maturation in FCD [52, 53]. The immature pattern of ADK
localization in neurons suggests that these cells may retain a
more embryonic phenotype and failed to mature fully, there-
fore continuing to express embryonic genes and proteins.
In FCD patients, insults during the prenatal period might
affect neural stem cells in the ventricular zone, leading to
abnormalities in their proliferation, maturation, migration
and terminal differentiation [13]. In addition to ADK, the
role of A,,R during neurodevelopment is far better doc-
umented. According to the previous study, the density of
A, R is far greater (compared to any other purinergic ele-
ment) in immature neurons than in adults [54]. It is not only
their density but their functions are worth mentioning. A,,R
have been shown to have a particular role during neuronal
development, including the functions in the stabilization of
synapses [54], in the migration of neurons [55, 56] and in
defining their polarization and neurite outgrowth [56]. This
is at least as important as ADK for a proper wiring of the
brain and for the susceptibility to epilepsy [55]. Therefore,
the increased density of A,,R in FCD patients might pro-
mote the epileptogenesis by affecting their neuronal develop-
ment and synaptic function. We also found changes in the
density of a second adenosine-metabolizing enzyme, ADA,
that paralleled changes in ADK density suggesting a marked
change in the extracellular adenosine pool, which is largely
responsible for the activation of inhibitory A Rs.
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While the extracellular adenosine pool is regulated by
ADK and ADA, there is a distinct synaptic adenosine pool
that is largely under the control of the adenosine-producing
enzyme CD73 and allows the control of A,,R activation
at the single-synapse level. In line with this association,
in our present study, we found a concomitant increase in
CD73 and A,,R immunoreactivity similar to what previ-
ously found in specimens from patients with epilepsy asso-
ciated with RE, as well as patients with TLE (temporal lobe
epilepsy) [27, 57]. Increased level of CD73 within FCD
lesions suggests that increased CD73-mediated adenosine
production might elevate the activation of A,,Rs in FCD.
In support of increased A,,R activation, we also detected
increased A,,R immunoreactivity in FCD, which might
represent a compensatory response to the reduction in
extracellular adenosine tone. A,,Rs can promote synap-
tic neurotoxicity by mediating the release of adenosine or
its precursor ATP from neurons, thus aggravating the pro-
gression of epilepsy [58, 59]. A,,Rs are mainly activated
through CD73-dependent adenosine production via the fre-
quency-dependent release of ATP [23]. Different from the
antiepileptic effect of A|Rs, multiple pharmacological evi-
dences from in vivo and in vitro studies suggest that A,,Rs
have proconvulsive and proepileptic functions [58-62]. In
the present study, we observed increased level of A,,Rs in
reactive astrocytes, microglial cells, and neurons in FCD,
which in general suggests the promotion of epileptogenesis,
which may lead to further seizures [63].
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Fig.10 Density and localization of A,,R in various types of cells
within the lesions of FCD IIB. (A1-A4, B1-B4) Co-localization of A, R
(A1, B1) with GFAP (A2, B2) reveals nuclear localization (A4, B4,
arrows) and cytoplasmic localization (A4, arrowhead) of the A,,R in
GFAP-positive astrocytes, revealing two distinct subtypes of astrocytes:
astrocytes with nuclear but no cytoplasmic A,,R and astrocytes with
cytoplasmic, but no nuclear A, R. (C1-C4) Co-localization of A,,R
(C1) with GFAP (C2) reveals ectopic nuclear localization of A,,R in
GFAP-positive dysmorphic enlarged neurons (C4, arrow). (D1-D4) Co-
localization of A, R (D1) with GFAP (D2) reveals nuclear localization
of the A,,R in GFAP-negative balloon cells (D4, arrow) and the sur-
rounding astrocytes (D4, arrowhead). (E1-E4) Co-localization of A, R
(E1) with GFAP (E2) reveals ectopic nuclear localization of A,,R in

Most researches using both selective antagonists and
genetic manipulations of A,,R have consistently demon-
strated proconvulsant effects of endogenously activated
A \R [61, 64-69]. There was also studies directly demon-
strating that A,,R activation dampens AR function with
neurochemical and electrophysiological support [21, 70].
In A,,R knockout mice, the severity of epileptic seizures
induced by pentylenetetrazol or pilocarpine and the propor-
tion of mice that experienced convulsions were found to be
significantly reduced, indicating that activation of A,,Rs
can modulate excitatory neurotransmission and exacerbate
limbic seizures [69, 71]. Consistent with these results, the
increase in A,,R immunoreactivity in neurons and reactive
astrocytes in FCD specimens observed in the present study
may indicate profound changes in A,,R-related synaptic
plasticity, neuronal excitability, and inflammation in FCD
patients [72, 73].

. % |
A2AR/GFAP/DAPI | A2AR/GFAP/DAPI | A2AR/Iba-1/DAPI|A2AR/NeuN/DAPI

GFAP-negative balloon cells (E4, arrow) and GFAP-negative dysmor-
phic enlarged neurons (E4, arrowhead). (F1-F4) Co-localization of the
A,,R (F1) with GFAP (F2) reveals nuclear localization of the A,,R in
the GFAP-positive balloon cells (F4, arrow). (G1-G4) Co-localization
of A,,R (G1) with Iba-1 (G2) reveals cytoplasmic localization of the
AR in Iba-1-positive microglia (G4, arrow), as well as in Iba-1-neg-
ative cells with astrocyte morphology (G4, arrowhead). (H1-H4) Co-
localization of the A, R (H1) with NeuN (H2) reveals nuclear localiza-
tion of the A,,R in balloon cells (H4, arrow), as well as a perinuclear
localization in NeuN-positive neurons (H4, arrowhead). (A1, B1, C1,
D1, El, F1, G1, H1) A,,R (red); (A2, B2, C2, D2, E2, F2) GFAP
(green); (G2) Iba-1 (green); (H2) NeuN (green) (A3, B3, C3, D3, E3,
F3, G3, H3) DAPI (blue). Scale bar=15um.

Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system, and excess extracellular
glutamate plays a critical role in excitotoxicity and neu-
ronal cell death. The astroglial glutamate transporter GLT-
1, a key regulator of extracellular glutamate concentrations,
mediates the uptake of glutamate by astrocytes to prevent
excitotoxicity and cell death [74]. GLT-1 is under the con-
trol of A,,Rs, which regulate astrocytic glutamate clearance
through their physical associations with GLT-1 [25]. In pri-
mary cultured astrocytes as well as in an ex vivo prepara-
tions enriched with glial plasmalemmal vesicles, prolonged
activation of A,,Rs led to decreased activity and density
of GLT-1, thus inducing a sustained reduction in astrocytic
glutamate uptake [25]. Abnormalities in astrocytic A,,R
density and activity can therefore affect the communica-
tion between astrocytes and neurons, thereby altering gluta-
mate homeostasis via regulation of GLT-1 activity[14]. This
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Fig. 11 Density and localization of GLT-1 within the lesions of dif-
ferent types of FCD. (A1-A3) Marked staining and patchy distribu-
tion of GLT-1 immunoreactivity detected in glial cell processes of
control gray matter (Al; A2, arrow). Only few GLT-1 expressing
cells with astrocyte morphology in control white matter are found
(A3, arrow). In FCD IA (B1-B3), FCD IB (C1-C3), FCD ITIA (D1-
D3) and FCD IIB (E1-E3), no detectable or only sparse GLT-1 den-
sity is found in cells with morphology of reactive astrocytes in the

mechanism leads to excessive extracellular accumulation of
glutamate and is thought to be involved in the pathology of
neurodegenerative diseases [74]. In our previous study of
specimens from RE patients, astrocytes in the brains of RE
patients were found to exhibit a reduction in GLT-1 den-
sity concomitant with an increase in A,,R density, which
might explain the increases in excitotoxicity and cell death
[27]. Consistent results were also observed in the present
study. An increase in A, R density accompanied by a
decrease in GLT-1 density in reactive astrocytes was found
within lesions in the brains of FCD patients, indicating the
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gray matter (B1-B2, C1-C2, D1-D2, E1-E2) and white matter (A3,
B3, C3, D3, E3). Scale bars= (Al, B1, C1, D1, E1) 100um; (A2-A3,
B2-B3, C2-C3, D2-D3, E2-E3) 50um. (F-G) Semiquantitative analy-
sis of scanned immunodensities demonstrates a significant decrease
of GLT-1 density in the cortex (F) of FCD compared with controls
(n=6 in each group; **: P<0.01, ns: no significance; Statistical analy-
ses were made using unpaired two-tailed -test; Individual data points
were plotted, with error bars + SD).

contribution of A,,Rs to the regulation of glutamate uptake
in FCD. Thus, interactions between A,,Rs and GLT-1 may
influence cell death and cognitive dysfunction associated
with FCD via modulation of glutamate signaling, and this
combined effect may be one of the key pathological bases
of glutamate synaptic dysfunction and increased gluta-
mate excitotoxicity in FCD. In addition, we found striking
increased level of A,,Rs in reactive microglial cells in the
focal lesions in FCD, suggesting a possible role of A,,Rs
in the inflammatory response. In previous studies of FCD,
the significant activation of the microglia cells was found
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Fig. 12 Density and localization of mTOR within the lesions of dif-
ferent types of FCD. (A1-A3) Negative or weak density of mTOR in
the control cortical gray matter (A1-A2) and the control white mat-
ter (A3). (B1-B3, C1-C3) Within the lesions of FCD IA (B1-B3)
and FCD IB (C1-C3), mTOR is detected in cells with morphology
of reactive astrocytes in the white matter (B3, C3, arrows). (D1-D3)
In the gray (D1-D2) and white matter (D3) within the lesions of FCD
IIB, we detect cytoplasmic localization of mTOR in dysmorphic
enlarged neurons (D2, D3, arrows) and cells with morphology of
active astrocytes (D3, arrowhead). (E1-E3) In the gray matter (E1-
E2) and white matter (E3) within the lesions of FCD IIB, we find

in the dysplastic cortex and strongly associated with the
epileptogenicity of FCD, which was measured by seizure
frequency and duration of epileptic activity[10]. Moreover,
several studies in experimental models of seizures suggest
a potential role of proinflammatory molecules produced by
glial cells in the occurrence of seizures [75-78]. Microglia
cells are an important component of glial neuropathy asso-
ciated with chronic intractable epilepsy [79]. Those findings
support the participation of the inflammatory response in
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cytoplasmic localization of mTOR in balloon cells (E2, E3, arrow-
heads), dysmorphic enlarged neurons (E2, E3, arrows), as well
as in cells with morphology of reactive astrocytes (E3, star). Scale
bars= (Al, B1, C1, D1, E1) 100um; (A2-A3, B2-B3, C2-C3, D2-D3,
E2-E3) 50um. (F-G) Semiquantitative analysis of immunodensities
demonstrates a significant increase of mTOR density in the cortex (F)
of FCD type 11, and in the white matter (G) of both FCD type I and II
compared with controls (=6 in each group; *: P<0.05, **: P<0.01,
ns: no significance; Statistical analyses were made using unpaired
two-tailed r-test; Individual data points were plotted, with error bars
+ SD).

the epileptogenicity of FCD. The increased level of A,,Rs
in reactive microglial cells might highlight the function of
A, ARs in the inflammatory response.

FCD constitutes a heterogeneous group of develop-
mental disorders caused by germline or somatic mutations
in genes modulating the PI3K/Akt/mTOR pathway [80].
mTOR is a widely located kinase that controls protein
synthesis, cell size, and cell proliferation according to the
availability of amino acids, growth factors, and nutrients
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Fig. 13 Co-localization of mTOR with ADA, ADK, and A,,R within
lesions of FCD IIB. (A1-A4) Co-localization of ADA (Al) and
mTOR (A2) in balloon cells (A4, arrow) and cells with neuronal
morphology (A4, arrowheads) within lesions of FCD IIB. (B1-
B4) Co-localization of ADK (B1) and mTOR (B2) in balloon cells
(B4, arrow) and cells with astrocyte morphology (B4, arrowhead)

and cell energy status [81]. Overactivation of the mTOR
pathway has been found to promote epileptic seizures [82,
83]. The mTOR inhibitor rapamycin can effectively reduce
the frequency and severity of epileptic seizures in patients
with tuberous sclerosis [82]. AMP-activated protein kinase
(AMPK), a cellular energy sensor and signal transducer
regulated by a wide array of metabolic stressors, acts as
an important upstream inhibitory of the mTOR pathway
[84]. An increased AMP/ATP ratio in vivo usually indicates
increased AMPK activity [85]. As an important substrate
for AMP generation, adenosine may inhibit the downstream
mTOR pathway through activation of AMPK, thus exert-
ing an anticonvulsant effect [83]. In addition, the nuclear
isoform of ADK may play a crucial role in the regulation
of cell proliferation through a combination of epigenetic
and other adenosine receptor-independent mechanisms,
such as interactions with the mTOR pathway [36]. Over
the past decade, increasing evidence has shown that FCD
type II is associated with hyperactivation of the mTOR
pathway [86]. Numerous studies have confirmed that the
mTOR pathway is activated in dysmorphic enlarged neu-
ron BCs in FCD type II patients, as well as in malformed
neurons, microglia and immature cells in a variety of epi-
lepsy-related pathologies [87, 88]. In the present study, we
detected increased level of mTOR in reactive astrocytes in
white matter but not the gray matter in FCD type I lesions.
However, we found upregulation of mTOR in dysmorphic
enlarged neurons in both the gray and white matter in FCD
type IIA lesions and BCs in both the gray and white mat-
ter in FCD type IIB lesions, as well as in reactive astro-
cytes in both types of lesions. In addition, within FCD
type IIB lesions, we found strong colocalization of mTOR
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within lesions of FCD IIB. (C1-C4) Co-localization of A, R (C1)
and mTOR (C2) in balloon cells (C4, arrow) and cells with astro-
cyte morphology (C4, arrowhead) within lesions of FCD IIB. (A1)
ADA (red); (B1) ADK (red); (C1) A,4R (red); (A2, B2, C2) mTOR
(green); (A3, B3, C3) DAPI (blue). Scale bar=15um.

with the adenosine-metabolizing enzymes ADK and ADA
and A,,Rs. Based on the association of adenosine with
the mTOR pathway, reduced adenosine concentrations
in combination with attenuated inhibition of the mTOR
pathway may be involved in the pathological mechanisms
of epilepsy associated with FCD. In line with this notion,
in a study focused on gastric cancer, the accumulation of
adenosine in the hypoxic tumor microenvironment was
found to activate the PI3K/Akt/mTOR signaling pathway
by increasing the activation of A,,Rs, which may enhance
cancer cell stemness and promote cancer progression [37].

In conclusion, within FCD type I and type II lesions, the
adenosine-metabolizing enzymes ADK and ADA and the
synaptic adenosine-producing enzyme CD73 were upregu-
lated, A, R immunoreactivity was increased, and the den-
sity of putative downstream mediators of adenosine were
altered, with GLT-1 density being decreased and mTOR
density being increased. Together, these maladaptive
changes may contribute to epileptogenesis in FCD. Our
results suggest that dysregulation of the adenosine system
and its downstream mediators is a common pathological
feature of both FCD type I and FCD type II. Enzymes
involved in adenosine metabolism as well as adenosine
receptors might be potential targets for the treatment of
FCD-associated epilepsy. Our descriptive findings from
brain samples from FCD patients warrant the design of
mechanistic studies to unravel the pathology underlying
FCD-associated epilepsy.
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