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Abstract

Neuropathology of resected brain tissue has revealed an association of focal cortical dysplasia
(FCD) with drug resistant epilepsy (DRE). Recent studies have shown that the mechanistic target
of rapamycin (mTOR) pathway is hyperactivated in FCD as evidenced by increased
phosphorylation of the ribosomal protein S6 (S6) at serine 240/244 (S240/24%) a downstream target
of mTOR. Moreover, extracellular regulated kinase (ERK) has been shown to phosphorylate S6 at
serine 235/236 (S235/236) and tuberous sclerosis complex 2 (TSC2) at serine 664 (S04 leading to
hyperactive mTOR signaling. We evaluated ERK phosphorylation of S6 and TSC2 in two types of
FCD (FCD I and FCDII) as a candidate mechanism contributing to mTOR pathway dysregulation
in this disorder. Tissue samples from patients with tuberous sclerosis (TS) served as a positive
control. Immunostaining for phospho-S6 (pS6240/244 and pS6233/23%), phospho-ERK (pERK), and
phospho-TSC2 (pTSC2) was performed on resected brain tissue with FCD and TS. We found
increased pS6240/244 and pS6233/236 staining in FCD I, FCD II, and TS compared to normal
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appearing tissue, while pERK and pTSC2 staining was increased only in FCD IIb and TS tissue.
Our results suggest that both the ERK and mTOR pathways are dysregulated in FCD and TS;
however, the signaling alterations are different for FCD I as compared to FCD II and TS.
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INTRODUCTION

Focal cortical dysplasia (FCD) is a malformation of cortical development that is associated
with a spectrum of clinical disorders such as tuberous sclerosis (TS), hemimegalencephaly,
and gangliogliomas (1-4). Additionally, FCD has variable clinical features ranging from
drug-resistant epilepsy (DRE) to cognitive and behavioral deficits including autism spectrum
disorders (5). FCD is classified into FCD I, FCD Ila, FCD IIb and FCD III depending on the
types of cortical layering defects, the presence of normal-sized versus abnormally large
dysmorphic neurons, and the association of secondary lesions such as hippocampal sclerosis
or ganglioglioma (4, 6, 7). It has been suggested recently that somatic mutations contribute
to the etiology of FCD (3, 4, 8-12). However, little is known about the molecular
mechanisms that contribute to the pathology underlying FCD. Interestingly, FCD shares
common pathologic and molecular phenotypes with TS, which is characterized by mutations
in tuberous sclerosis complex 1 or 2 (7.SC1/2) and activation of the mechanistic target of
rapamycin (mTOR) pathway (13-15). Increased mTOR signaling has been shown in large
dysmorphic neurons and balloon cells from FCD IIb (16).

mTOR is a serine/threonine kinase which regulates cellular growth (17, 18). In the nervous
system, mTOR signaling functions include modulation of inhibitory synapses onto
excitatory neurons (19), synaptic plasticity (20), gliogenesis (21), autophagy (22), and Tau
protein homeostasis (23). Additionally, mTOR regulates cell placement and morphogenesis
(24-27), which are abnormal in FCD. The mTOR pathway is highly regulated and TSC1/2
proteins negatively regulate the activation of the mechanistic target of rapamycin complex 1
(mTORC1) (28-30). mTORC1 is a protein complex formed by the mTOR kinase and
number of associated molecules, which indirectly regulates phosphorylation of downstream
effector molecules involved in the translational machinery, such as ribosomal protein S6 (S6)
(31-33). Mutations in 7.5C/ or TSCZ2lead to the dissociation of the TSC1/2 complex and
loss of the negative regulatory function on mTORCI1 resulting in increased phosphorylation
of S6 as seen in TS (34).

Phosphorylation of S6 has been considered a surrogate marker of mMTORC1 pathway
activation as S6 can be phosphorylated at serine 240/244 (S249/244) and serine 235/236
(S235/236) via S6 kinase I (S6K 1), which is activated by mTORC1 (35). However, activated
extracellular regulated kinase (ERK) (36, 37) can also phosphorylate S6 at §235/236 (35),
Moreover, ERK phosphorylates TSC2 leading to TSC1/2 complex dissociation and loss of
negative regulation of mMTORC1 with increased phosphorylation of S6 (30, 38). In addition
to phosphorylating TSC2 and S6, ERK can directly influence mRNA transcription and
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protein synthesis and regulate cell growth (39, 40) and synaptic plasticity (41). Interestingly,
increased ERK phosphorylation in EMX-Cre TSC1 conditional knockout mice, a model of
TS with cortical dysplasia and seizures has also been demonstrated (42).

Govindrajan et al. (43) and Jozwiak et al. (44) found increased levels of ERK
phosphorylation in tubers from TS patients compared to control brain tissue obtained from
epilepsy surgery patients. While the dysplastic tissue in TS shows upregulated ERK
signaling, the activation status of ERK in dysplastic tissue in FCD is unknown. Thus, we
hypothesized that both ERK and mTOR signaling are altered in FCD. We utilized
immunohistochemistry to evaluate the phosphorylation status of ERK, TSC2, and S6 in FCD
tissue samples obtained from epilepsy surgical resections to further characterize mTOR

signaling in this disorder.

MATERIALS AND METHODS

Human tissue specimens

Resected brain tissue was obtained from individuals with DRE who underwent epilepsy
surgery at the Texas Children’s Hospital (Houston, TX). The amount of tissue available for
neuropathology was variable depending on the extent of the lesion, ictal onset zone, and
eloquent cortex. This was a clinical determination made by the neurosurgeon and
epileptologist. The tissue and clinical history were obtained after consenting patients
according to The Institutional Review Board protocol approved by Baylor College of
Medicine.

Clinical features and Magnetic Resonance Imaging

Histology

Demographics and clinical features that included the location of the epileptic focus,
associated medical conditions, surgical outcome, MRI findings, and the neuropathology
reports were obtained from the patient medical records. Patients who had seizures secondary
to a primary lesion such as dysembryoplastic neuroepithelial tumor, vascular malformation,
or ganglioglioma were also included in the study as epilepsy controls. Surgical outcome was
scored according to Engel’s classification (45). Briefly, this classification consists of four
classes that are ranked based on seizure freedom or improvement. Engel Class 1 outcome
includes individuals completely free from disabling seizures. Class 2 includes individuals
with rare disabling seizures. Class 3 includes individuals with prolonged seizure-free
intervals amounting to half the follow-up period but not less than two years. Class 4 includes

individuals without any worthwhile improvement in seizures.

The tissue specimens were evaluated by the clinical neuropathology service. We obtained 5—
7 sections for hematoxylin and eosin (H&E), immunostaining, and antibody controls from
the available tissue blocks from each case. Two neuropathologists (MBB and AMA)
reviewed these sections to confirm sequential sections and the type of FCD as well as
staining for various mTOR and ERK markers. These stained sections were scored for
immunoreactivity by a neuropathologist blind to the clinical history. H&E staining was
performed on 5 um sections to histologically identify the types of cortical dysplasia (Table
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1). Sections were deparaffinized in four washes of xylene for 5 minutes each, rehydrated in
four washes of 100% ethanol for 5 minutes \and then stained with H&E according to
manufacturer’s protocol (Sigma-Aldrich, St. Louis MO). Stained sections were dehydrated
by washing in an increasing ethanol gradient (75— 100%) followed by 4 washes of xylene.
After dehydration, sections were mounted in cytoseal 60 mounting media (Richard Allen
Scientific, Rockford, IL). The normal appearing neurons present on the sections with FCD
or tumors were used as negative controls (Fig. 1). Dysplastic tissue obtained from
individuals with TS, which is known to have pathological mTOR pathway activation (37,
46-49), was included as a positive control.

Immunohistochemistry

Immunohistochemistry (IHC) was performed as previously described (50). Briefly, the tissue
was fixed in 10% formalin, embedded in paraffin, cut into 5 um sections, and mounted on
pre-cleaned Superfrost plus slides (VWR International, West Chester, PA). One section from
each specimen was stained with H&E, and adjacent sections were immunostained with
antibodies against phospho-S6 (pS6) at the serine 240/244 (S240/224)_ and at the serine
235/236 (S235/236) sites (rabbit anti-pS6240/244 1:200, rabbit anti-pS6233/236 1:200, Cell
Signaling Technology), phospho-ERK (pERK) at the tyrosine 202 (Y202) and threonine 204
(T204) sites (rabbit anti-pERK; 1:200, Cell Signaling Technology), and phospho-TSC2
(pTSC2) at the serine 664 (S664) site (rabbit anti-pTSC2; 1:50, Biolegend, San Diego, CA).
A total of 1-2 sections per individual were stained with each antibody. Sections were
incubated with the primary antibodies for 24 hours at 4°C, followed by three washes in
phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPOy, 1.47 mM
KH,POy, pH 7.4) with 0.1% Triton (1X PBS-T) for 10 minutes each. The sections were then
incubated in biotin-labeled secondary antibody (goat anti-rabbit; 1:200; Cell Signaling
Technology) for 2 hours. Following incubation with goat anti-rabbit secondary antibody,
sections were washed three times in 1X PBS and then incubated in peroxidase-conjugated
avidin (Vectastain Elite ABC kit, Burlingame, CA) for 45 minutes at room temperature. The
antigen-antibody complex was detected by the Nova RED kit (Vector Laboratories). Stained
sections were then counterstained with hematoxylin (Sigma-Aldrich), dehydrated in
increasing ethanol concentrations, cleared in xylene, and prepared for viewing using
cytoseal 60 mounting medium (Thermo Scientific, Rockford, IL). Microscopy was
performed using an Olympus BX51 microscope equipped with either an Olympus DP70 or a
Nikon Eclipse Ti color digital camera. The intensity and distribution of positive staining was
evaluated using an IHC score obtained by multiplying the intensity grade (scale O to 3) by
the percentage of positively-stained dysplastic brain parenchyma. Each case was graded by
two independent pathologists (VVP and MAG) as follows: 0 = no staining, 1 = weak
staining, 2 = intermediate staining, and 3 = strong staining. The percentage of the positive-
stained dysplastic brain was assessed on a low power magnification (4X) by the same
examiners. Statistical significance for IHC score amongst FCD I, FCD Ila, FCD IIb and TS
was analyzed using One-way ANOVA with Tukey’s post hoc test.
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The tissue was classified according to the type of FCD and the clinical features of each
individual were used to identify potential pathophysiological associations. Markers for
activation of the mTOR and ERK pathways in different types of available FCD tissue were
evaluated using immunohistochemical staining with phospho-selective antibodies.

Identification of different types of FCD in the resected tissue

Using the International League Against Epilepsy (ILAE) 2011 classification (52), the
twenty-one patients analyzed were as follows: FCD I (n=8), FCD Ila (n=3), FCD IIb (n=4),
TS (n=2), and the remaining patients were epilepsy controls (n=4; Table 1). The non-
dysplastic tissue with normal appearing neurons (Figure 1A, F) from patients who
underwent brain resection for causes other than FCD was used as an epilepsy control.
Dysmorphic neurons, which were identified by abnormal shape and orientation, were
present in all three types of FCD. FCD I tissue had normal-sized dysmorphic neurons (< 20
um in diameter) arranged in columns instead of the normal cortical laminar pattern (Figure
1B -). The large dysmorphic neurons (> 20 um in diameter) were found in FCD Ila (Figure
1C, H), FCD IIb (Figure 1D, I) and TS (Figure 1E, K). Large polygonal cells with pale
eosinophilic cytoplasm and eccentric nuclei were classified as balloon cells. Balloon cells
were found in the white matter and large dysmorphic neurons were located in the cortex and
white matter from FCD IIb tissue (Figure 1D, J). TS tissue was characterized by the
presence of giant cells, which were similar to balloon cells in addition to normal-sized and

large dysmorphic neurons (Figure 1E,).

Demographics, Clinical Features, and Magnetic Resonance Imaging

As shown in Table 1, the age of the patients included in this study ranged from 5 months to
18 years, with the age of seizure onset between 0.42 — 10.5 years. As previously described
by Kim et al.(53), MRI lesions were most commonly associated with FCD II (Table 1). In
the tissue we evaluated, MRI lesions were present in two cases of FCD I, while MRI lesions
were present in all of the patients with FCD II except for one (Table 1), similar to that
previously shown (53, 54). Surgical outcome was assessed using Engel’s classification (45).
Three out of eight individuals (38%) with FCD I had worse surgical outcome (class III or
IV) compared to all seven individuals (100%) with FCD II (class I or II). Furthermore, the
epilepsy control patients (n=4) who had an associated primary lesion such as a
dysembryoplastic neuroepithelial tumor (DNET, WHO grade I), vascular malformation, or
ganglioglioma but with no associated FCD had better surgical outcomes (class I or II). The
improved surgical outcome in the patients with MRI lesions in this study is in agreement
with previous studies (55). Based on review of the medical records, we also noted the
presence of neurological conditions such as cognitive impairment, migraine, ADHD,
depression, learning disabilities, and cerebral palsy in the study groups (Table 1).

Increased phospho-S6249/244 staining in focal cortical dysplasia and tuberous sclerosis

We assessed mTOR signaling in the dysplastic tissue obtained from FCD I, FCD Ila, FCD

62401244 6235/236

IIb, and TS patients using immunostaining with anti-pS and anti-pS

antibodies (Figures 2 and 3; respectively), which are considered markers of mTOR pathway
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activation. Initially, we used the anti-pS624%244 antibody to confirm the previously reported
mTORC1-dependent S6 phosphorylation in FCD II (35). No pS6240/244 staining was visible
in normal-appearing neurons from the non-dysplastic epilepsy control tissue (Figure 2A).
Strong pS624%/244 staining was visible in normal-sized dysmorphic neurons in tissue from all
FCD I patients (Figure 2B) and in large dysmorphic neurons from all FCD IIa (Figure 2C),
FCD IIb (Figure 2D), and TS patients (Figure 2F). Intense staining was also visible in the
balloon cells in FCD IIb (Figure 2E) and giant cells in TS tissue (Figure 2G). The overall
pS6240/244 THC score was significantly higher in FCD I (n=8, p<0.001) and FCD Ila (n=3,
p<0.05) tissue as compared to control tissue (Figure 2H). Interestingly, although there were
scattered foci of strong staining in FCD IIb tissue, the pS6240/244 THC score (calculated after
multiplying immunostaining intensity by percentage of dysplastic brain parenchyma positive
for the immunostaining) in FCD IIb tissue was not statistically different as compared to that
in control tissue (Figure 2H). These data reveal increased phosphorylation levels of S6240/244
suggesting mTOR pathway activation in FCD II and TS as previously shown by Baybis et al.
(56). Furthermore, these results provide evidence of mTOR pathway activation in FCD I,
which to our knowledge previously has not been reported.

Increased phospho-S6235/236 staining in focal cortical dysplasia and tuberous sclerosis

Phosphorylation of S6 at $235/236 a]50 has been shown to be a marker of mTOR activation.
Interestingly, both mTORC1 and ERK can phosphorylate S6 at $23%236_In tissue stained
with the anti-pS623¥/236 antibody, we found no staining in the normal appearing neurons
from the non-dysplastic epilepsy control tissue, while relatively stronger pS623/236 staining
was evident in normal-sized dysmorphic neurons localized in the dysplastic regions of FCD
I (Figure 3B, 3F). In four of eight FCD I samples, there was variable pS623%/236 staining in
the normal-sized dysmorphic neurons (Figure 3B). This staining was not evident in the
remaining four FCD I patients (data not shown). There was also stronger pS623%/236 staining
in the large dysmorphic neurons in FCD Ila (Figure 3C), FCD IIb (Figure 3D), and TS tissue
(Figure 3F). There was relatively low pS623%/236 staining in the balloon cells in FCD IIb
(Figure 3E) and the giant cells in TS (Figure 3G). These findings suggest that S6
phosphorylation in morphologically abnormal cells observed in FCD could occur as
mTORC]1-dependent or -independent events with the latter potentially occurring through
activation of the ERK pathway. Since variable amounts of pS623%/236 staining were evident
in the FCD I, there was no significant difference in the overall pS6233/236 THC score in the
FCD I tissue as compared to control tissue (Figure 3H). In contrast, the pS6233/236 THC
score was significantly higher in FCD Ila (n=3, p<0.01) and FCD IIb (n=4, p<0.01) tissue
compared to that of controls (n=4; Figure 3H). Interestingly, the pS623%23¢ THC score for
FCD IIb was significantly higher compared to that for FCD I tissue (n=8; Figure 3H p<0.05,
In comparison, the IHC score for FCD Ila tissue was not significantly elevated relative to

FCD I tissue (Figure 3H).

TSC2 phosphorylation in focal cortical dysplasia Il and tuberous sclerosis

We investigated phosphorylation of TSC2 (pTSC2) at the ERK regulatory site. TSC2 is
phosphorylated by ERK at S04, which then can lead to mTORC] activation and increased
pS62407244 Jevels (33). Immunohistochemistry was performed using the anti-pTSC2
antibody. We found no pTSC2 staining in the normal appearing neurons (Figure 4A) of the
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non-dysplastic epilepsy control tissue. Similarly, the normal-sized dysmorphic neurons of
FCD I tissue showed no pTSC?2 staining (Figure 4B). Large dysmorphic neurons in one of
the three cases of FCD Ila showed no pTSC2 staining (Figure 4C). However, the two other
cases of FCD Ila showed diffuse pTSC2 staining in the large dysmorphic neurons (Figure
4D). Interestingly, diffusepTSC2 staining was observed in the large dysmorphic neurons in
all of the FCD IIb (Figure 4E) and TS tissues (Figure 4G) that were included in this study.
Balloon cells in the FCD IIb (Figure 4F) and the giant cells in TS (Figure 4H) also showed
relatively strong staining for pTSC2%%4. Furthermore, the overall pTSC2 IHC score was
significantly higher in FCD IIb (n=4) tissue as compared to that in control (n=4, p<0.05) and
FCD I (n=8, p<0.01; Figure 4I) tissue. Due to variable pTSC2 immunostaining in the FCD
IIa tissue, there was no significant difference in the pTSC2 IHC score in control, FCD I, and
FCD Ila tissue (Figure 4I).

Increased ERK pathway activation in focal cortical dysplasia Il and tuberous sclerosis

Given the above findings showing increased phosphorylation of the ERK targets, S6 and
TSC2, we stained FCD and TS tissue with the anti-pERK antibody, which recognizes
ERK1/2 in its activated, dually phosphorylated state. We found no pERK staining in the
non-dysplastic epilepsy control tissue (Figure 5A). There was no pERK staining in the
normal sized dysmorphic neurons of FCD I. Interestingly, there was increased pERK
staining in the astrocytic appearing cells of the dysplastic FCD I (Figure 5B) and FCD IIb
tissue (Figure 5D). There was no appreciable staining in the large dysmorphic neurons in
FCD IIa (Figure 5C). However, we found relatively strong pERK immunoreactivity in the
balloon cells in FCD IIb (Figure 5E) and giant cells in TS tissue (Figure 5G). These findings
suggest the presence of ERK activation in the balloon cells of FCD IIb and the giant cells in
TS as well as astrocytes in FCD I and FCD IIb. The overall pERK THC score was
significantly higher in FCD IIb (n=4) as compared to FCD I (n=8, p<0.001), FCD Ila (n= 3,
p<0.001), and control tissue (n=4, p<0.0001, Figure SH). There was no statistical difference
between FCD I, FCD Ila, and control tissue (Figure SH).

DISCUSSION

Dysregulation of the mTOR pathway has been linked to malformations of cortical
development (1, 2, 4, 18, 48, 57-60). Gene mutations in the upstream regulators of the
mTOR pathway are associated with cortical deformities and epilepsy along with cognitive
delay, behavioral disorders, and autism (13, 61, 62). Our findings using markers for
mTORCI1 activation in human brain tissue with FCD, further support mTOR pathway
dysregulation in malformations of cortical development.

Staining with antibodies against pS6233/236 and pS6240/244, two biomarkers for activation of
the mTOR pathway, revealed increased pS6 immunoreactivity in dysmorphic neurons from
FCD 1, FCD IIa and IIb, and TS tissue specimens. The IHC score for pS623%/236 wag
statistically different in FCD I tissue as compared to FCD II, with FCD II tissue showing a
higher score. In contrast, the THC score for pS624%/244 was not significantly different in the
FCD I compared to the FCD II tissue. These findings suggest differential regulation of S6
phosphorylation at the S23%/236 sites in FCD I compared to FCD II. Furthermore, these
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findings provide evidence for mTOR pathway activation in FCD I as well as FCD II.
Additionally, in our study, pS623/236 staining was evident in the normal-sized dysmorphic
neurons of four of eight FCD I patients, while pS624%/244 staining was present in the normal-
sized dysmorphic neurons in all the FCD I patients evaluated in this series. These novel
findings are in contrast to that previously published by Crino et al. showing that mTOR is
only activated in FCD II and not in FCD I (63). The reasons for this discrepancy may be
related to variability in the levels of pS6237/236 in FCD I as well as differences in the type of
antibodies, staining techniques, duration of fixation, and type of antigen retrieval methods
used. The difference in pS6233/236 and pS6240/244 staining in FCD I tissue might be due to
changes in conformation of the ribosomal protein S6 based on the amount of
phosphorylation of $240/244 rendering the S23/236 site accessible for phospho-regulation by
ERK or S6K 1. Additionally, our study showed both pS6233/236 and pS6240/244 antibody
staining in the balloon cells in FCD IIb and the giant cells in TS. In support of our findings,
Ljungberg et al. (50) have shown increased staining with the pS624%/244 antibody and other
downstream targets of the mTOR pathway such as phospho-eIF4G in large dysmorphic
neurons and balloon cells of FCD II (7, 16). Animal models with mutations in upstream
negative regulators of the mTOR pathway such as phosphatase tensin homolog (PTEN) (64—
66) and tuberous sclerosis complex 1 and 2 (TSC1 and TSC2) (45, 58, 59) exhibit cortical
dysplasia and severe epilepsy. Additionally, germline and more recently somatic mutations
have been shown to be associated with malformation of cortical development including FCD
(8, 12, 67-72).

ERK phosphorylation of TSC2 at S has been proposed as a mechanism for the loss of
heterozygosity in TS, leading to activation of the mTOR pathway (38, 43, 44). Even though
this mechanism has been described in TS, it has not been investigated in FCD. We
investigated phosphorylation of TSC2 by ERK in FCD using an antibody that recognizes
TSC2 when phosphorylated at serine 664, the ERK regulatory site. We found pTSC2
staining in the balloon cells of FCD IIb and giant cells of TS. In these cell types, we also
detected increased levels of activated, dually phosphorylated ERK. The IHC score for pPERK
staining was significantly increased in FCD IIb tissue as compared to FCD I and FCD Ila.
Similarly, the IHC score for pTSC2 staining was significantly higher in FCD IIb tissue as
compared to FCD I and there was increased pTSC2 staining specifically in the balloon cells
of FCD IIb where increased pERK immunostaining also was evident. In contrast, the
positive pTSC2 immunostaining was not associated with pPERK immunostaining in the large
dysmorphic neurons of FCD Ila tissue. This observed difference might be due to transient
ERK activation leading to constitutive TSC2 phosphorylation in large dysmorphic neurons
of FCD IIb and TS. Further studies are necessary to further investigate this possibility.

Together, these findings further support aberrant mTOR pathway activation in FCD. In
addition, our findings in FCD II reveal abnormal signaling in both the ERK and mTORC1
pathways, which in some aspects parallel the abnormal pathway activation that seen in TS.
In contrast, we report evidence of mTORC1 hyperactivity in FCD I without evidence of
ERK dysregulation at the level of TSC2. The positive immunostaining of pTSC2 in FCDII
could be considered an indicator of the type of FCD pathology and possibly also the
duration of epilepsy. This observation also supports the concept proposed by Crino et al. (1)
that different types of FCD may represent a spectrum disorder, including isolated FCD
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subtypes, TS, and hemimegalencephaly. mTOR pathway inhibitor treatment of humans with
TS led to an overall decrease in seizure frequency (73). Taken together with our results, this
clinical study supports the possibility of using mTOR inhibitors in other malformations of
cortical development such as FCD. Furthermore, there may be a role for using ERK
inhibitors as well in FCD II. Additional studies are warranted to further explore these
concepts and the pathogenesis of FCD as well as the significance of ERK and mTOR
pathways dysregulation in this disorder.
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Control FCDI FCD lla FCD lib TS

Figure 1.
Histological appearance of representative focal cortical dysplasia type I (FCD I), type Ila

(FCD Ila), type IIb (FCD IIb) and tuberous sclerosis (TS) tissue with hematoxylin and eosin
staining. Panels A — E show low magnification photomicrographs and panels F — L show
high magnification photomicrographs of the area outlined by black box in the low
magnification pictures. Epilepsy control tissue is shown with normal appearing neurons (A;
F, black arrowheads) in the gray matter used for comparison. FCD I tissue (B) shows the
presence of vertical columns of normal-sized dysmorphic neurons (G, black arrowheads).
FCD IIa (C), FCD IIb (D) and TS (E) tissue is shown with disoriented and abnormally large
dysmorphic neurons (H, I and K, black arrows). FCD IIb and TS show eosinophilic balloon
cells and giant cells (J and L, white arrowheads) mainly in white matter in addition to large
dysmorphic neurons (I and K, black arrows) mainly in gray matter. Scale bar (A — E) = 500
um and (F—L) =50 um.
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Figure2.

Ingreased ribosomal S6 phosphorylation at $240/5244 i focal cortical dysplasia (FCD) and
tuberous sclerosis (TS). Normal appearing neurons in epilepsy control (A) cortices are used
for comparison and are negative for pS6249/244 staining. Normal-sized dysmorphic neurons
(black arrowheads) in FCD I (B) are weakly immunoreactive for phospho-S6 (pS6240/244),
Large dysmorphic neurons (black arrows) in FCD Ila (C), IIb (D), and TS (F) are strongly
immunoreactive, while balloon cells (E, white arrowheads) in FCD IIb and giant cells in TS
(G, white arrowheads) are immunoreactive for pS624%/244_ Scale bar = 50 um. The overall
pS6240/244 THC score was significantly higher in FCD I (n=8, p<0.001) and FCD Ila (n=3,
p<0.05) tissue samples as compared to that in control samples (n=4; H). The pS6240/244 [HC
score in FCD IIb tissue samples (n=4) was not statistically different as compared to that of
control tissue samples. The pS624%/244 THC score in TS (n=2) tissue was higher as compared

to that of control tissue.
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Figure 3.
Increased ribosomal S6 phosphorylation at $235/5236 sites in focal cortical dysplasia (FCD)

and tuberous sclerosis (TS). Normal appearing neurons (A) in epilepsy control cortices are
used for comparison and are negative for pS6233/236 staining. Normal-sized dysmorphic
neurons (black arrowheads) in FCD I (B) are strongly immunoreactive for phospho-S6
(pS6235/ 236y, Large dysmorphic neurons (black arrows) in FCD IIa (C), ITb (D), and TS (F)
are strongly immunoreactive for pS623/236_ On the contrary, balloon cells (E, white
arrowheads) in FCD IIb and giant cells (G, white arrowheads) in TS are weakly
immunoreactive for pS6233/236, Scale bar = 50 um. The overall pS6233/236 [HC score in FCD
ITa (n=3, p<0.01) and FCD IIb (n=4, p<0.01) tissue samples was significantly higher than
that of the control tissue (n=4; H). The pS6235/ 236 THC score in FCD IIb (n=4, p<0.05) tissue
was significantly higher as compared to that in FCD I tissue samples (n=8; B). The
pS6235/236 THC score in FCD I tissue samples (n=8; H) was not significantly different from
that of controls.
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Figure 4.
Increased tuberous sclerosis complex 2 (TSC2) phosphorylation at S in focal cortical

dysplasia II (FCD II) and tuberous sclerosis (TS). Normal appearing neurons (A) in epilepsy
control cortices are shown for comparison and are negative for pTSC2 staining. Normal-
sized dysmorphic neurons (B, black arrowheads) in FCD I do not stain for phospho-TSC2
(pTSC2). Large dysmorphic neurons (C, black arrows) are negative for pTSC2 in two FCD
IIa patients, but are positive in one FCD Ila (D), all FCD IIb (E), and TS patients (G).
Balloon cells (F, white arrowhead) in FCD IIb and giant cells (H, white arrowhead) in TS are
also immunoreactive for pTSC2. Scale bar = 50 um. The overall pTSC2 IHC score was
significantly higher in FCD IIb tissue (n=4, p<0.05) as compared to that of controls (n=4; I).
The pTSC2 IHC score was significantly higher in the FCD IIb (n=4, p<0.01; I) tissue
samples as compared to that in FCD I (n=8) tissue samples. There was no statistical
difference in the pTSC2 IHC scoring in FCD I (n=8) and FCD IIa (n=3) tissue samples as
compared to control (n=4) tissue samples (I).
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Figureb.
Increased phosphorylation of extracellular regulated kinase (pERK) in focal cortical

dysplasia (FCD) and tuberous sclerosis (TS). Normal appearing neurons (A) in epilepsy
control cortices are shown for comparison and are negative for pERK staining. Numerous
astrocytes close to the pial surface (data not shown) and in white matter of FCD I (B, black
arrowheads), and FCD IIb (E) tissue stained strongly for pERK. Large dysmorphic neurons
in FCD IIa (C, black arrows) and FCD IIb (D, black arrows) are negative for pERK, while
both balloon cells (E, white arrowhead) in FCD IIb and giant cells (G, white arrowhead) in
TS are immunoreactive for pPERK. Normal-sized and large dysmorphic neurons (F, black
arrows) are immunoreactive for pERK in TS. Scale bar = 50 um. The overall pERK IHC
score was significantly higher in FCD IIb (n=4) as compared to FCD I (n=8, p<0.001), FCD
ITa (n= 3, p<0.001) and control tissue (n=4, p<0.001, H). Interestingly, there was no
difference between pERK THC score in control tissue samples as compare to that of TS
tissue samples (n=2; H, statistical difference cannot be identified due to low tissue sample).
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