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of Radiology, Massachusetts General Hospital, Boston, Massachusetts, United States of America

Abstract

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder due to mutations in either TSC1 or TSC2 that affects
many organs with hamartomas and tumors. TSC-associated brain lesions include subependymal nodules, subependymal
giant cell astrocytomas and tubers. Neurologic manifestations in TSC comprise a high frequency of mental retardation and
developmental disorders including autism, as well as epilepsy. Here, we describe a new mouse model of TSC brain lesions in
which complete loss of Tsc1 is achieved in multiple brain cell types in a stochastic pattern. Injection of an adeno-associated
virus vector encoding Cre recombinase into the cerebral ventricles of mice homozygous for a Tsc1 conditional allele on the
day of birth led to reduced survival, and pathologic findings of enlarged neurons, cortical heterotopias, subependymal
nodules, and hydrocephalus. The severity of clinical and pathologic findings as well as survival was shown to be dependent
upon the dose and serotype of Cre virus injected. Although several other models of TSC brain disease exist, this model is
unique in that the pathology reflects a variety of TSC-associated lesions involving different numbers and types of cells. This
model provides a valuable and unique addition for therapeutic assessment.
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Introduction

Tuberous sclerosis complex (T'SC) is a genetic disorder affecting
about 1 in 6,000 newborns caused by inactivating mutations in
Tsclor Tsc2, encoding hamartin and tuberin, respectively [1,2].
Biallelic loss of either gene leads to chronic hyperactivation of
mTOR complex 1 (mTORCT1), and this appears to be the primary
pathogenetic mechanism that leads to development of TSC
hamartomas in brain, kidney, skin, heart and lung [3,4]. Focal
brain pathologies, including cortical tubers and subependymal
nodules (SENs), are seen in the majority (>90%) of TSC patients,
and have been detected as early as late fetal gestation [5]. TSC
tubers disrupt neuronal laminar architecture, and tuber size and
number correlate with the incidence of infantile spasms and
epileptic seizures [6], as well as global developmental delay [7].
Most TSC patients develop multiple neurological manifestations
including seizures, intellectual deficit, neurobehavioral syndromes
including autism and autism spectrum disorder, and sleep
disorders [3]. Five to 10% of SENs show progressive enlargement,
are then called subependymal giant cell astrocytomas (SEGAs),
and can lead to devastating neurologic consequences due to
blockage of cerebrospinal fluid (CSF) flow and progressive
hydrocephalus.
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Although there is clear evidence that loss of a single allele of
Tsclor Tsc2 can affect global brain function [8,9], both tuber giant
cells and SEGA cells show evidence of complete loss of the TSC1/
TSC2 complex with constitutive activation of mTORCI,
augmented protein translation [10], reduced autophagy [11,12],
and endoplasmic reticulum (ER) and oxidative stress [13]. In
addition, cortical tubers contain much higher levels of inflamma-
tory cytokines than normal brain [14], suggesting an inflammatory
contribution to TSC brain pathogenesis in humans.

A number of mouse models of TSC brain disease have been
generated using conditional alleles of either Ts¢/ or 7s¢2, and a
variety of Cre recombinase alleles driven by different brain-specific
promoters, typically active during embryonic development, and in
some cases drug-inducible. Promoters have included those
selective for neuroprogenitor cells, neurons and astrocytes (c.g.
[9,15-23]). In general widespread recombination in brain cells is
seen in these models, inducing several features of T'SC, such as
epileptic seizures, prenatal onset of giant cell development,
abnormal brain development (including heterotopias), decreased
myelination, and hydrocephalus and premature death. In these
conditional models, hamartin or tuberin loss occurs in essentially
all of a specific subtype of brain cells at a particular time in
development, in contrast to human patients where it occurs in a
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Figure 1. Survival of 7sc7“ mice injected ICV with AAVrh8-
CBA-GFP or AAVrh8-CBA-GFP at PO. Survival is shown for Tsc19*
pups injected with the AAV-Cre (N = 15) or the AAV-GFP (N =13) vectors
as a control, both at 2x10' g.c. per 2 ul into each ventricle. Median
survival of the Cre injected mice was 38 days; controls survived >90
days. Difference between groups p<<0.0001.
doi:10.1371/journal.pone.0064224.9001

subset of different cell types at various times in development. More
selective loss of Tsc/ was achieved by in utero electroporation of a
Cre recombinase expression cassette under a strong constitutive
promoter into one hemisphere of embryonic conditional mice,
which led to localized white matter heterotopic nodules and tuber-
like lesions [24].Given the severity of neurological and cognitive
deficits in TSC, efforts continue to try to develop mouse models
which recapitulate T'SC brain lesions as closely as possible in order
to understand the pathophysiology and explore treatment
paradigms.

In this study we aimed to recreate the stochastic nature of 7sc/
loss of function in human brains with respect to subsets of different
cell types being affected in order to model TSC brain pathology
and its effects. Loss of 7sc/ was induced by intracerebral
ventricular (ICV) neonatal injection of adeno-associated virus
(AAV) vectors encoding Cre recombinase, or green fluorescent
protein (GFP) as a control, under a strong constitutive promoter.
Two serotypes of AAV - AAVrh8 and AAV1 were used (the latter
at two titers), each expressing Cre driven by a strong constitutive
promoter, which has been shown to transduce a variety of cell
types throughout the mouse brain following ICV injections at birth
(P0) [25]. AAV-Cre vectors were injected ICV into TseI”“ROSA
pups at PO. AAV-Cre injected mice died prematurely with varying
degrees of lac<+ staining and brain pathology, including enlarged
brains with an abnormally smooth surface and hydrocephalus.
Immunocytochemical staining revealed scattered enlarged neu-
rons in the cortex and small cortical clusters of cells with dual
differentiation shown by immunostaining for both neuronal and
glial markers, as well as high phospho-S6 (pS6, Ser235/236)
expression in astrocytes and other cells indicative of Tsc/ loss and
mTORC1 hyperactivation. Thickening of the subependymal layer
of the ventricles was also noted, in some cases with small nodules
in the adjacent intraventricular cerebrospinal fluid (CSF). These
nodules stained positively for lacg, doublecortin (DCX), glial
fibrillary acidic protein (GFAP) and the transmembrane glyco-
protein (GPNMB), similar to SENs seen in TSC patients.
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Methods

AAV Vector Design and Packaging

AAV vector plasmid, AAV-CBA-Cre-BGHpA was derived
from the plasmid AAV-CBA-EGFP-W [25] by replacing EGFP
and WPRE element with the Cre recombinase cDNA. The AAV-
CBA-EGFP-W vector was used as a control. These AAV vectors
carry AAV2 I'TR elements and gene expression is controlled by a
hybrid promoter (CBA) composed of the cytomegalovirus (CMV)
immediate/early gene enhancer fused to the chicken beta-actin
promoter. The identity of all PCR amplified sequences was
confirmed by sequencing.

AAVrh8 and AAVI1 serotype vectors were produced by
transient co-transfection of 293T cells by calcium phosphate
precipitation of vector plasmids (AAV-CBA-Cre or AAV-CBA-
GFP-W), adenoviral helper plasmid pFA6 and a plasmid encoding
for the AAVrh8 cap (pAR-rh8) or AAVI cap gene (pXRI1), as
previously described [25]. Briefly, AAV vectors were purified by
iodixanol gradient centrifugation followed by column chromatog-
raphy using HiTrapQ anion exchange columns (GE Healthcare,
Piscataway, NJ, USA). The virus-containing fractions were
concentrated using Centricon 100 kDa MWCO centrifugal
devices (EMD Millipore, Billerica, MA, USA) and the titer
[genome copies (g.c.)/ml] was determined by real-time PCR
amplification with primers and probe specific for the bovine
growth hormone polyadenylation signal.

Animals and ICV Injections

Experimental research protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC) for the
Massachusetts General Hospital (MGH) following the guidelines
of the National Institutes of Health for the Care and Use of
Laboratory Animals. Experiments were performed on 7sc! “/* mice
which also carried the Cre-inducible ROSA26 lac{ marker allele,
as described [26,27]. In response to Cre recombinase the TscI*
allele is converted to a null allele, and the lac allele expresses B-
galactosidase. These mice have a normal lifespan.

For vector injections, on the day of birth (P0), neonates were
cryo-anesthetized and injected with 2 pl of viral vector into each
cerebral lateral ventricle with a glass micropipette (70-100 wm
diameter at the tip) using a Narishige IM300 microinjector at a
rate of 2.4 psi/sec (Narshige International, East Meadow, NY,
USA). The viral vector solution consisted of either 2x10'° g.c. per
2 ulor 2x10° g.c. per 2 pl. Mice were then placed on a warming
pad and returned to their mothers after regaining normal color
and full activity typical of newborn mice. Mice were euthanized
when they showed a weight loss of >15%, greatly reduced
movement or other signs of distress.

X-gal Staining

Mice were sacrificed using COy generated from dry ice and
brains were rapidly frozen in 2-methyl-butane/dry ice bath.
Coronal serial sections were cut to a thickness of 10 tm using a
cryostat, directly mounted on glass slides and stored at —80°C.
Slides were fixed in 0.25% glutaraldehyde in PBS (pH 7.4) for
20 min, stained in X-gal solution (Gold Biotechnology, St. Louis,
MO, USA) overnight at 37°C and counterstained with Nuclear
Fast Red solution (Vector Laboratories, Burlingame, CA, USA).

Histology and Immunohistochemistry (IHC)

For standard histologymouse brains were prepared after
cuthanasia with COyby immediate removal of brains and 24
days of fixation in Bouin’s solution (VWR International, Radnor,
PA). Following paraffin embedding, 5 m sections were cut and
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Figure 2. Cre-mediated recombination in 7sc7““ mice after injection of AAVrh8-CBA-Cre at birth. In Tsc7%“ mice, Cre-mediated
recombination knocks-out the floxed Tsc1 allele and knocks-on a transgenic lacZgene. These mice were injected at PO with AAV8-CBA-Cre vector
(2><101°g.c. in each ventricle), and lacZ expression throughout the brain was analyzed at ~P28 as a marker of recombination efficiency. (A) AAV-
treated Tsc1““ROSA mice displayed intense lacZ expression throughout the brain, (B) while uninjected controls were devoid of any lacZ activity. Ten
um sections were stained with X-gal solution and counterstained with Nuclear Fast Red. Scale bars: 1 mm. (C & D) Staining for NeuN shows that
neurons above the lateral ventricles in AAVrh8-CBA-Cre injected mice were considerably larger than in control uninjected mice Scale bars: 200 pum. (E)
The periventricular neurons of the brains of AAV-Cre injected and non-injected mice (P28) were immunostained for the neuronal marker, NeuN and
the widest diameter of stained cell bodies was measured in >180 randomly selected cells from several fields with 3 animals per group. The AAV-Cre

injected cortical neurons had an almost 2-fold increase in diameter, shown as mean*SEM (*p<<0.001).

doi:10.1371/journal.pone.0064224.g002

stained with either Haematoxylin and Eosin (H&E) or were used
for IHC. IHC was performed after deparaffinization and re-
hydration steps and antigen retrieval in citrate buffer (pH 6) using
the EnVision System (Dako, Carpinteria, CA, USA) or Histo-
Mouse-Plus kit (Invitrogen, Carlsbad, CA, USA), per manufac-
turer’s instruction. pS6 antibody (#2211) and TSC2 antibody
(#4308) were from Cell Signaling (Danvers, MA, USA).

For DCX, GFAP, NeuN and GPNMB staining, sections were
deparaftinized in xylenes followed by re-hydration in decreasing
ethanol concentrations. Endogenous peroxidase was blocked with
0.5% hydrogen peroxide, then tissues were washed in PBS. Heat-
induced antigen retrieval was performed using sodium citrate
10 mM, pH 6.0, in a 95°C water bath (20 min for GPNMB and
30 min for DCX). Tissues were blocked in a 10% normal goat
serum (GPNMB) or 10% normal horse serum (GFAP, DCX,
NeuN) then incubated overnight with primary antibody. Dilutions
were: 1:300 rabbit polyclonal GPNMB (Lifespan Biosciences,
Seattle, WA, USA) LS-C80662/28556, 1:250 goat polyclonal
DCX (Santa Cruz Biotechnologies, Santa Cruz, CA, USA, sc-
8066), 1:400 mouse monoclonal NeuN (MAB377, EMD Millipore)
and 1:800 mouse monoclonal GFAP (Sigma, St. Louis, MO, USA,
(€9205). Tissues were incubated for 30 min with secondary
antibody 1:250 biotinylated goat anti-rabbit (Vector Laboratories,
BA-1000), 1:250 biotinylated horse anti-goat (Vector Laboratories,
BA-9500) and 1:250 and 1:400 biotinylated horse anti-mouse
(Vector Laboratories, BA-2000), washed in PBS and incubated
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with avidin-biotin complex (Vector Laboratories, PK-6100) for
30 min. Staining was performed with 3,3’-diaminobenzidine
(DAB) in HyOy (Vector Laboratories), then counterstained with
haematoxylin, dehydrated and coverslipped.

Immunostaining with NeuN, GFAP and pS6; Neuronal
Cell Measurements

Mice were sacrificed at 1 month of age by transcardiac
perfusion with PBS followed by ice-cold 4% paraformaldehyde
in PBS. Brains were dissected and post-fixed for 4 hrs at 4°C,
followed by overnight incubation in 30% sucrose in PBS at 4°C
and were embedded in tissue freezing medium (Tissue-Tek O.C.T
compound, Sakura Finetek Inc., Torrance, CA, USA). Coronal
serial sections were cut to a thickness of 10 pm and directly
mounted on glass slides. Sections were stained for the neuronal
marker, 1:1000 mouse monoclonal NeuN (MAB377, EMD
Millipore) or glial marker, 1:500 mouse monoclonal anti-GFAP
(Clone G-A-5 Cy3 conjugate, Sigma), or for pS6 - 1:1000 pS6
rabbit antibody (Cell Signaling) in 0.1% Tween-20 in PBS
overnight at 4°C, washed in PBS 3x10 min, incubated for
30 min with 1:1000 Alexa 488-conjugated goat anti-mouse
secondary antibody (Life Technologies, Grand Island, NY, USA)
or 1:1000 Alexa 546-conjugated anti-rabbit secondary antibody
(Life Technologies) in 0.1% Tween-20 in PBS. After another
3 %10 min washes in PBS, sections were counterstained with 4,6
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Figure 3. LacZand GFAP expression in AAVrh8-CBACre injected 7sc7““ROSA mice. Tsc1“°ROSA mice were injected at PO with AAVrh8-CBA-
Cre vector (2x10°g.c. in each ventricle), and lacZ expression in the brain was analyzed at 6 months (N = 2). (A & B) LacZ+ cells were observed scattered
as single cells or in patches throughout the cortex. (C & D) Immunocytochemical staining for GFAP with DAPI dye staining of nuclei revealed
numerous foci of GFAP+ (red) cells in the cortex (C) while uninjected controls were devoid of any GFAP+ cells in the cortex (D). Scale bars: A-D:

200 pum.
doi:10.1371/journal.pone.0064224.g003

diamidino-2-phenylindole (DAPI, Sigma) for 5 min, washed in
PBS and coverslipped.

In NeuN immunofluorescence stained brains, the widest
diameter of NeuN+ cells in cortex was measured using Metavue
software (Molecular Devices, Sunnyvale, CA, USA) for 180
randomly selected cells in the cortex just above the lateral
ventricles from 3 animals in each group. In NeulN immunostained
brain, the widest diameter of NeuN+ cells in cortex was measured
using photoshop software (Adobe) for 30 randomly selected cells in
the cortex just above the lateral ventricles from 3 animals in each

group.

MRI

The mice were scanned using a T2-weighted TurboRARE-3D
(TE=43 ms and TR =1200 ms) sequence for a 192x256x192
matrix and a voxel size of 0.0976x0.130x1.302 mm after
reconstruction on a Bruker Pharmascan 4.7 tesla magnet using a
Bruker mouse brain coil (Model T8118, Bruker Scientific
Instruments, Billerica, MA USA). Regions of interest (ROI) of
the brains were automatically segmented using a house-built
Matlab program by searching for the largest connected region of a
given threshold. These ROI’s were manually modified using
Amira software (Amira, Burlington, MA, USA) to check for any
anomalies in the auto-segment routine. An additional ROI was

PLOS ONE | www.plosone.org

manually drawn to represent the normal brain tissue and, utilizing
a region-based threshold that 3 standard deviations above the
mean normal brain value, the CSF was segmented. This
segmented region was manually modified by removing any
spurious voxels above this threshold around the edges of the
brain that were due to partial volume effect.

Statistical Analysis

All analyses of survival curves (Chi square test) and brain
ventricular volumes (t test) were performed using GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA, USA). The p

values depicted are statistically significant.

Results

AAVrh8-CBA-Cre Injections into Tsc19¢ Mice

We initially evaluated the survival of Tsc/ “° mice receiving an
ICV injection of AAVrh8-CBA-Crevectorat PO (2x10' g.c. per
2 ul into each ventricle). In contrast to mice receiving a control
injection of an AAVrh8-CBA-GFP vector, AAVrh8-CBA-Cre
mjected mice showed a median survival of 38 days (Fig. 1,
p<<0.0001). GFP immunostaining of brains of AAVrh8-CBA-GFP
injected mice and non-injected mice at 110 days showed GFP
positive cells of different morphologies throughout the periven-
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Figure 4. GFAP, NeuN and pS6 staining in brains of AAVrh8-CBA-Cre injected and non-injected 7sc7”“ROSA mice at 1 month. (A) Co-
immunostaining for GFAP and NeuN in AAVrh8-CBA-Cre injected Tsc1““ROSA mice showed clusters of GFAP+ cells in the cortex, some of which co-
stained for NeuN (arrows). Scale bars: a-c-:200 um; d-f: 50 um. (B) Co-immunostaining for pS6 and NeuN in AAVrh8-CBA-Cre injected Tsc1“°ROSA
mice and non-injected mice (a-c) Cells were larger in AAVrh8-CBA-Cre injected mice than in controls and stained more strongly for pS6. Scale bars: a-

f: 200 um.
doi:10.1371/journal.pone.0064224.g004

tricular zone and cortex of the former, with no staining in the
latter (Fig. S1).

Brains obtained from Tsc/”* mice injected with the AAVrh8-
CBA-Cre vector collected at P30 (N = 3) appeared enlarged and
swollen. Staining with /ac{ typically showed widespread evidence
of recombination (Fig. 2A), while brains from non-injected 7sc/ </
mouse controls at the same age showed no lac{ staining (Fig. 2B).
NeuN staining (Fig. 2C and D) demonstrated that neurons near
the periventricular area chosen from each brain had an average
diameter of 16.920.22 um in AAVrh8-CBA-Cre injected mice in

AAV1-CBA-GFP
100+——————— e '
S 754
2
?
2 50-
& AAV1-CBA-Cre
o
& 25-
0

1 1 T 1 1
75 100 125 150 175 200
Days survived
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Figure 5. Survival data (Kaplan-Meier curve) of Tsc7”“ROSA
mice injected ICV with AAV1-CBA-GFP or AAV1-CBA-Cre at PO.
Death was determined by the point at which animals were in severe
distress at which time they were euthanized. Tsc7““ROSApups (N =20)
injected with the AAV-CBA-Cre vector died over a range of 30-150 day
postnatal period, with a mean of 66.5 survival days. The same PO pups
injected ICV with AAV-GFP as a control (dashed line) all survived >200
days, the longest time point analyzed (N =8). p<<0.0001.
doi:10.1371/journal.pone.0064224.9005

PLOS ONE | www.plosone.org

comparison to 9.2%0.21 um for non-injected animals (Fig. 2E),
representing an almost 2-fold increase in neuronal diameter in the
Tscl knock-out brains (p<<0.001).

Since the above mice demonstrated high level and global brain
recombination, we also injected two Tsc/’* mice with a lower dose
of AAVrh8-CBA-Cre 2x10° g.c. per 2 ul into each ventricle (1/
10™ that of above animals). These two mice survived for 180 days
when they developed mild signs of distress characterized by a
hunched back. Neuropathologic examination of their brains
showed fewer lacl+ cells, occurring in a scattered pattern and in
clusters throughout the cortex (Fig. 3A and B). Staining for an
astrocytic marker (GFAP) in these mice revealed clusters of
positive cells in the AAVrh8-CBA-Cre-injected Tsc/“° mice
(Fig. 3C), which were absent in un-injected Ts¢I“/° mouse brain
(Fig. 3D). Some of the cells in GFAP+ clusters in AAVrh8-CBA-
Cre-injected TscI”“ROSA pups also stained for NeuN suggesting
a possible mixed cell lineage phenotype (Fig. 4A), although the
small size of the apparently co-staining cells was unexpected.
Further, enlarged neurons in AAVrh8-CBA-Cre-injected Tsc“/*
mice showed strong staining for pS6 (Fig. 4B).

To achieve a milder phenotype than in the 7sc/ “° mice injected
with high titer AAVrh8-CBA-Cre, we also tested an AAV1-CBA-
Cre vector since AAV1 vectors have been shown to transduce
fewer brain cells in mouse pups after neonatal ICV injection [25].
ICV injection of AAV1-CBA-Cre vector (2x10' g.c. per 2 pl into
each ventricle) in PO Ts¢I“° pups produced a somewhat longer
median survival time (median of 66.5 days, range 30-150 days),
while parallel injection of an AAVI-CBA-GFP vector did not
result in any animal death over 200 days (Fig. 5, p<<0.0001). To
confirm that recombination had occurred at the 7s¢/ locus in the
brains of mice subject to injection of the AAVI1-CBA-Cre, we
performed multiplex ligation-dependent probe assay (MLPA).
MLPA can be used to determine the extent of recombination of
the ¢ to the k (null) allele at 75¢/ in a quantitative fashion, as
described [28,29]. Ten % recombination was found in the brains

May 2013 | Volume 8 | Issue 5 | e64224
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Figure 6. NeuN staining for neuronal diameter measurements. Inmunostaining for NeuN (counterstained with haematoxylin) shows that
neurons above the lateral ventricles in (A) AAV1-CBA-Cre injected Tsc1<“ mice were considerably larger than those in controls in the same region: (B)
AAV1-CBA-GFP injected and (C) uninjected mice. Magnification = 40X. (D) Periventricular neurons in the brains of AAV1-Cre and AAV1-GFP injected, as
well as non-injected mice (P30) were stained for the neuronal marker, NeuN and the widest diameter of stained cell bodies was measured in >30
randomly selected cells from several fields with 3 animals per group. Neurons in the AAV1-CBA-Cre injected brains had an almost 2-fold increase in

diameter, as compared to controls, shown as mean*SEM (¥*p<<0.0001).

doi:10.1371/journal.pone.0064224.g006

of AAVI-CBA-Cre injected animals and 0% in AAV1-CBA-GFP
injected animals (Fig. $2).

Extensive histological analysis was carried out on TscI*° mice
following PO ICV injection of AAV1-CBA-Cre or AAV1-CBA-
GFP sacrificed at different time points. Severe hydrocephalus was
seen in 2 of 10 AAVI1-CBA-Cre injected brains, and mild
hydrocephalus in 6 of 10 brains in animals sacrificed at 1-5
months of age due to signs of distress, including hunched back,
dehydration and weight loss. In contrast, mild hydrocephalus was
seen in only 1lin 6 brains of animals injected with the AAV1-CBA-
GFP control vector (p<<0.0041; Table S1) and none of the control
animals showed signs of distress, nor did any of the AAV1-CBA-
GFP injected controls in the survival curves out to 200 days
(Fig. 5).

Brains obtained from 7s¢/”‘ neonatal mice injected with the
AAVI-CBA-Cre vector collected at P30 (N=3) appeared
enlarged, as compared with parallel mice injected with the
AAVI1-CBA-GFP vector or non-injected (N = 3, respectively; data
not shown). NeuN staining in AAV1-CBA-Cre injected brains
(Fig. 6A) demonstrated that neurons near the periventricular
region had an average diameter of 32.7%£6.0 um, in comparison

]6/6
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to 17.0£2.4 um for AAV1-CBA-GFP injected mice (Fig. 6B) and
18.4%2.6 wm for non-injected animals (Fig. 6C), representing an
almost 2-fold increase in neuronal diameter in the 7sc/ knock-out
brains (Fig. 6D; p<<0.0001).

To assess astrocyte transduction, brains of AAV1-CBA-Cre and
AAVI1-CBA-GFP neonatal injected Tsc/“ mouse brains at P30
were co-stained with pS6 and GFAP antibodies and counter-
stained with haematoxylin. In the AAVI-CBA-Cre injected
brains, intermediate or mixed cells stained for both the markers
in the periventricular regions (Fig. 7A) and subependymal lining
(Fig. 7B), which corresponds to the location of SEGAs in Tsc
patients. Co-localization in the cortex was seen only in very few
cells (Fig. 7C). No co-staining was seen in the AAV1-CBA-GFP
injected brains (Fig. 7D). Pairs of AAVI1-CBA-Cre and AAV1-
CBA-GFP injected 75l mouse brains were examined at P30,
demonstrating that brains of AAV1-CBA-Cre-injected mice were
enlarged and had a smoother surface, as compared to control
vector injected brains, although the weight of the brains was not
significantly different between the two groups (data not shown).
Four mice injected ICV at PO with AAVI-CBA-Cre and 2 mice
injected in parallel with AAV1-CBA-GFP were examined by
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Tsc1c+AAV1-GFP

Figure 7. pS6 and GFAP double immunostaining to assess astrocyte transduction. Tsc7““ROSA homozygous pups were injected ICV at PO
with either an AAV1-CBA-GFP or AAV1-CBA-Cre vector at a concentration of 2x10'°g.c. One month later two of the pups injected with AAV1-CBA-Cre
virus who developed distress were sacrificed and showed severe hydrocephalus by neuropathological examination. To assess astrocyte transduction,
the brains were double stained for pS6 and GFAP and counter stained with haematoxylin. Intermediate or mixed cells which stain for both the
markers were seen in the (A) periventricular region and (B) subependymal lining. No co-localization was seen in the cortex except for a very few
cells(C). No double staining was seen in any region of the brain in AAV1-GFP injected brain (D). Arrows indicate double stained cells.

Magnification = 40X.
doi:10.1371/journal.pone.0064224.g007

in vivo magnetic resonance imaging (MRI) [4.7 Tesla (T)] at P30
with volumetric analysis of brain regions. Ventricular volume was
about 4 times larger in the AAV1-CBA-Cre injected vs. control
injected mice (Fig. 8A, p<<0.044), while the brain tissue volume
was only about 6% larger on average in the former (Fig. 8B, p
value non-significant). In addition to enlarged ventricles, in three
of the four AAV1-CBA-Cre injected mice, nodules and thickening
of the ventricular lining were noted (arrowheads in Fig. 9A and
B), while no abnormalities were seen in control vector injected
mice (Fig. 9C). In one AAVI1-CBA-Cre imjected mouse brain
there was an apparent increased geographic signal abnormalities
in the brain, which may represent cortical tubers or dysplasia, not
seen in controls (Fig. S$3).

LacZ staining of the brains of the AAVI-CBA-Cre injected
TiseI*’ mice sacrificed at 1 month revealed clusters of positive cells
scattered throughout the brain and strong staining around the
ventricles (Fig. 10A; Note, also the enlarged lateral ventricles.)

PLOS ONE | www.plosone.org

Higher magnification of the ventricular regions showed thickening
of the ventricular layer associated with lacl+ cells indicative of
recombination and 7sc¢/ loss (Fig. 10B), as well as clusters of lacZ+
cells near the ventricles and a /ac+ nodule protruding into the
ventricle (Fig. 10C), and a nodule of undifferentiated cells
budding off the subependymal surface with clear staining of cell
nuclei with haematoxylin (Fig. 10D).

Coronal sections of brains of AAVI-CBA-GFP and AAVI-
CBA-Cre injected TscI*’ mice sacrificed at P30 showed massively
enlarged lateral ventricles for the latter (Fig. 11A, top), which
appeared to result from a constriction between the 3rd and lateral
ventricles, as the 3rd ventricle, 4th ventricle and aqueduct
appeared to be of normal size. Immunohistochemical staining
for pS6 revealed strong signal in enlarged cells in the cortex of
AAVI1-CBA-Cre injected animals, as compared to AAV1-CBA-
GFP injected animals (Fig. 11A, bottom). Enlarged pS6+ cells, as
compared to controls, were seen throughout most regions of the
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Figure 8. Quantitative volumetric analysis of MR images of 7sc7““ pups at 1 month of age after PO ICV injection. Injection of AAV1-
CBA-Cre (N=4) or AAV1-CBA-GFP (N=2) 2x10'° g.c. per 2 ul into each ventricle was carried out on PO and MR images were evaluated on P30. (A)
Measurement of ventricle size in voxels (each voxel =0.0976 x0.130 x1.302 mm).Difference between groups is significant (p<<0.044). (B) Measurement
of brain parenchyma (excluding ventricle volume) in voxels. Difference between groups, p<<0.23, not significant. Measurements were made by
observer blinded to genotype.

doi:10.1371/journal.pone.0064224.g008
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Figure 9. Representative MR images of AAV1-CBA-Cre and AAV1-CBA-GFP injected mouse brains. AAV1-CBA-Cre injected mouse brains
(see Fig. 8 legend) showed abnormalities associated with the ventricular regions. (A) Multiple apparent subependymal nodules (arrowheads) were
seen in the ventricles in the brains of two AAV1-CBA-Cre injected mice. First two images are from the same mouse. (B) Ventricles also appeared to
have thickening of the ependymal lining (arrowheads; two left panels). (C) None of these abnormalities were observed in the control vector (AAV1-
CBA-GFP)-injected brains.

doi:10.1371/journal.pone.0064224.g009

PLOS ONE | www.plosone.org 8 May 2013 | Volume 8 | Issue 5 | e64224



Stochastic Model of Tsc1 Lesions in Mouse Brain

Figure 10. Cre-mediated recombination in 7s5c7““ mice after neonatal delivery of AAV1-CBA-Cre vector (2x10'° g.c. per 2 ul into
each ventricle). (A) Three months after ICV vector injection into Tsc1“°ROSA homozygous pups, frozen sections were stained with X-gal and
counterstained with Nuclear Fast Red. Intense lacZ staining was visualized in clusters throughout the brain(coronal section, anterior to hippocampus
region); note enlarged ventricles (V). Magnification =2X. (B) The ventricular lining showed patches of lacZ staining and thickening. (C) Nodule-like
structure, composed of cells in which Cre recombination has been induced as visualized by X-gal staining, were observed in the ventricles. (D) H&E
staining showing nodule along ventricular lining. The regions in B, C & D are taken at a level close to the anterior amygdala. Magnification B, C &

D=10X.
doi:10.1371/journal.pone.0064224.g010

brain of AAVI1-CBA-Cre injected animals including in the
hippocampus, cerebellum, and caudate, with less difference
compared to controls seen in the brainstem (Fig. 11B).

In order to identify the phenotype of the abnormal ventricular
structures in AAVI-CBA-Cre injected Tsc/“° mice, as compared
to AAV1-CBA-GFP injected animals, additional immunohisto-
chemical staining was performed. Staining for doublecortin (DCX;
a marker for migratory neuroblasts in the subventricular zone [30]
revealed positive regions along the ventricles in control animals,
but those regions were enlarged in AAVI1-CBA-Cre injected
animals (Fig. 12A, upper panels). In addition, the latter animals
showed small DCX positive nodules attached to the ventricular
wall or sometimes appearing to be floating in the CSF (Fig. 12A,
lower panels), which were not seen in control animals. No strong
GFAP staining was seen in the ventricular lining of control brains,
but was intense in some subventricular regions of the AAV-CBA-
Cre injected Tse/”’ mice, including some GFAP positive nodules
in the CSF space (Fig. 12B). We also noted strong staining for

PLOS ONE | www.plosone.org

GPNMB (transmembrane glycoprotein found in human subepen-
dymal nodules) [31] in AAVI-CBA-Cre injected brains, but not in
AAV1-CBA-GFP injected brains (Fig. 12C). In one AAV1-CBA-
Cre injected animal immunostaining with NeuN highlighted a
superficial cortical nodule formed by a focal herniation of cortical
layers I and III through the molecular layer and neurons of various
sizes grouped around a central blood vessel (Fig. 12D). Cortical
nodules with a similar histological appearance in humans are
known as nodular cortical dysplasia or “brain warts”. No other
cortical lesions were observed at the neuropathological level in the
four AAV1-CBA-Cre injected mice analyzed by MRI.

Discussion

In this study we have generated a new model of TSC brain
disease by exogenous injection of Cre expressing AAV virus at
birth to pups that are homozygous for the conditional allele of
Tscl, Tsc1”“ mice. To our knowledge this method of induction of
Tscl or Tsc2 loss in the developing brain has not been reported
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Figure 11. Hydrocephalus and enlarged pS6+ cortical cells in 7sc7“ mice injected with AAV1-CBA-Cre vector. Tsc1““ROSA
homozygous pups were injected ICV at PO with either an AAV1-CBA-GFP (N =6) or AAV1-CBA-Cre (N =10) vector at a concentration of 2x10'°g.c per
ventricle. One month later pups which had received AAV1-CBA-Cre virus developed tremor (N=8) and were found to have hydrocephalus by
pathologic analysis (N = 2). (A) Representative images of brain (upper panels) and cerebral cortex (lower panels) showing in AAV1-CBA-Cre injected
animals severe hydrocephalus, large portion of enlarged cortical cells with strong pS6-positivity, and condensed cortical thickness due to swelling of
ventricles. Scale bars =1 mm, upper; 100 um, lower. (B) Representative pS6 staining in different brain regions. Enlarged pS6+ cells were ectopically
present in striatum oriens of hippocampus (arrowhead) due to migration defect of Tsc7-null cells. Some pS6+ Purkinje cells in the cerebellum as well
as neurons in the caudate were notably enlarged (arrowheads). Neural cells in deep nuclei such as the brain stem showed similar distribution of pS6
positivity in Cre and GFP injected mice. Scale bars =50 pum.

doi:10.1371/journal.pone.0064224.g011

previously. Although many previous brain models of TSC have indicated that about one third of SENs were observed to grow over
been described (for references, see Introduction), this new model a 4-year period postnatally [32]. Moreover, progressive increase in
has several features that are of interest. First, the brains of treated size of a SEN to a diameter >1 cm is seen in 5—10% of all children
mice contain large numbers of pS6+ neurons reflecting effects of ~ with TSC, necessitating intervention by either treatment with
loss of Tscl and development of cells that approach giant cells in mTOR inhibitors, rapamycin [33] or everolimus [34,35], or
their morphology. Second, at lower vector doses, we achieved surgical removal [36,37]. The consistent development of similar
variable, mosaic loss of 7sc/ both in scattered cells and in focal subependymal proliferative lesions in this new mouse model
regions, similar to cortical tubers. Third and arguably most enables investigation of therapeutic strategies, including other
interesting was the development of consistent hypertrophy of the mTOR inhibitors and novel approaches. The ability to titrate the
subependymal layer, with expansion of the normal 1 cell thick dose of virus injected and thereby the severity of disease induced
layer into a convoluted layer with projections and apparently makes this model particularly useful in this regard.
isolated nodules in the CSF. This subependymal proliferation Although rapamycin and related drugs represent a major
appeared to be the cause of hydrocephalus in these mice, which breakthrough in the therapy of TSC tumors that develop at
was a major contributor to their morbidity and mortality. multiple sites [38,39], there is continuing need for improvement in
Subependymal nodules (SENs) are seen in the great majority of therapies, particularly those that address the diverse array of
TSC children. The potential for growth of these lesions has led to neurologic and neurobehavioral consequences of TSC brain
formal guidelines that recommend frequent periodic screening by involvement. Our current studies provide proof of concept that

MRI in TSC children and young adults. Further, a recent report AAYV vector delivery to the neonatal mouse brain can be exploited
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Figure 12. DCX, GFAP, GPNMB and NeuN staining in brains of AAV1-CBA-Cre and AAV1-CBA-GFP PO injected Tsc7““ mice at 1
month. Tsc7“°ROSA homozygous pups were injected ICV at PO with either an AAV1-CBA-GFP or AAV1-CBA-Cre vector at a concentration of
2x10'%g.c. One month later pups injected with AAV1-CBA-Cre virus were sacrificed and processed for immunohistochemistry and showed severe
hydrocephalus (N=2). The pups (A) Staining for DCX revealed positive regions along the ventricles(anterior to the striatum, at the level of septal
nuclei) in control animals (Fig. 12A, top left panel), but those regions were enlarged in AAV1-CBA-Cre injected animals (Fig. 12A, top right). In
addition, the latter animals showed small DCX positive nodules [Fig. 12A, bottom left (level close to anterior amygdale) and right (level of septal
nuclei)], which were not seen in control animals. (B) No strong GFAP staining were seen in the ventricular lining (level of septal nuclei) of control
brains, but was intense in some subventricular regions (anterior to striatum) of the AAV1-CBA-Cre injected animals (Fig. 12B, top panels), including
some GFAP positive nodules in the CSF space at the level of septal nuclei (Fig. 12B, bottom panel). (C) GPNMB staining was virtually null in control
brains, with some positive cells near the ventricles anterior to striatum in AAV1-CBA-Cre injected animals (Fig. 12C). (D) NeuN staining of brains
revealed rare heterotopias (arrow) consisting of outgrowth of glial cells into the cerebral cortex. Magnification = 20X.
doi:10.1371/journal.pone.0064224.9012

to induce a TSC phenotype. In future studies we hope to use this c allele; that on the right reflects the abundance of the k allele.
same approach to deliver 7sc/ or 7Ts¢2 (rather than Cre Samples A-E are: A) control 7sc/ck blood DNA sample; B)
recombinase) by similar means to brain cells, and reverse the control TscI’“ mouse brain sample at age 1 month after AAV1-
complex set of neuropathology and phenotypes induced by loss of CBA-GFP injection; C) control Ts¢I/“ mouse brain sample at age
these genes. Hence, these studies are the first step in the 3 months after AAV1-CBA-GFP injection; D) Ts¢/”“ mouse brain
exploration of possible gene therapy as a therapeutic strategy in sample at age 1 month after AAV1-CBA-Cre injection; E) control

TSC. Tsc1”* mouse brain sample at age 3 months after AAV1-CBA-Cre
injection. Note. The A (control) sample shows roughly equal
Supporting Information amounts of signal for the ¢ and k alleles; samples B and C show no

k allele signal; and samples D and E show approximately 90% c
Figure S1 GFP staining on the AAVrh8-CBA-GFP inject- and 10% k signal.

ed brains. Brains of AAVrh8-CBA-GFP injected at PO and (TIF)
uninjected Tsc/“* mice at P30 at 110 days were stained for GFP
and counter stained with haematoxylin. Positive staining was Figure $3 MR images from AAV1-CBA-Cre and AAVI-

revealed throughout the brain, shown here in the cortex in the CBA-GFP injected mice. Coronal (top panels) and sagittal

cortex and the ventricles in the AAV injected mice. Magnifica- (bottom panels) pseudocolored images are shown for AAV1-CBA-
tion = 20X. Cre (left panels, two different animals) and AAVI-CBA-GFP (right
(TIF) panels) injected animals. Apparent geographical areas of higher

. ] L signal abnormally in the cortical/subcortical zones were noted in
Figure $2 Evidence of recombination at the target Tscl one AAV1-CBA-Cre injected animal and not in controls.

gene. To confirm that recombination had occurred at the 7sc/ (TIF)
locus in the brains of mice subject to injection of the AAV-Cre, we

performed multiplex ligation-dependent probe assay (MLPA). Table S1 Histological analysis was carried out on Tscl”’* mice
MLPA can be used to determine the extent of recombination of  following PO ICV injection of AAVI-CBA-Cre or AAVI-CBA-
the ¢ to the k (null) allele at 7sc/ in a quantitative fashion, as GFP sacrificed at different time points. Severe hydrocephalus was

described (28,29). Capillary electrophoresis tracings are shown for ~ seen in 2 of 10 AAVI-CBA-Cre injected brains, and mild
5 DNA samples. The peak on the left reflects the abundance of the hydrocephalus in 6 of 10 brains in animals sacrificed at 1-5
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months of age due to signs of distress, including hunched back,
dehydration and weight loss. In contrast, mild hydrocephalus was
seen in only lin 6 brains of animals injected with the AAV1-CBA-
GFP control vector.
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Acknowledgments

We thank Ms. Suzanne McDavitt for skilled editorial assistance, Michelle
Forrestall Lee, the Medical Photographer in Pathology Media Lab, MGH

References

1.

20.

van Slegtenhorst M, de Hoogt R, Hermans C, Nellist M, Janssen B, et al. (1997)
Identification of the tuberous sclerosis gene TSC1 on chromosome 9q34.
Science 277: 805-808.

. European Chromosome 16 Tuberous Sclerosis C (1993) Identification and

characterization of the tuberous sclerosis gene on chromosome 16. Cell 75:
1305-1315.

Kwiatkowski DJ, Whittemore VH, Thiele EA (2010) Tuberous Sclerosis
Complex: Genes, Clinical Features, and Therapeutics. Weinheim, Germany:
Wiley-Blackwell.

. Crino PB, Nathanson KL, Henske EP (2006) The tuberous sclerosis complex.

New Eng J Med 355: 1345-1356.

. Bordarier C, Lellouch-Tubiana A, Robain O (1994) Cardiac rhabdomyoma and

tuberous sclerosis in three fetuses: a neuropathological study. Brain Dev 16: 467—
471.

. Doherty C, Goh S, Poussaint TY, Erdag N, Thiele EA (2005) Prognostic

significance of tuber count and location in tuberous sclerosis complex. J Child
Neurol 20: 837-841.

. Winterkorn EB, Pulsifer MB, Thiele EA (2007) Cognitive prognosis of patients

with tuberous sclerosis complex. Neurology 68: 62-64.

. Ehninger D, Han S, Shilyansky C, Zhou Y, Li W, et al. (2008) Reversal of

learning deficits in a Tsc2+/— mouse model of tuberous sclerosis. Nat Med 14:
843-848.

. Goto J, Talos DM, Klein P, Qin W, Chekaluk YT et al. (2011) Regulable neural

progenitor-specific Tscl loss yields giant cells with organellar dysfunction in a
model of tuberous sclerosis complex. ProcNatlAcadSci U S A 108: E1070-1079.
Ma XM, Blenis J (2009) Molecular mechanisms of mTOR-mediated
translational control. Nat Rev Mol Cell Biol 10: 307-318.

. Jung CH, Ro SH, Cao J, Otto NM, Kim DH (2010) mTOR regulation of

autophagy. FEBS Lett 584: 1287-1295.

. Yang Z, Klionsky DJ (2010) Mammalian autophagy: core molecular machinery

and signaling regulation. CurrOpin Cell Biol 22: 124-131.

. Di Nardo A, Kramvis I, Cho N, Sadowski A, Meikle L, et al. (2009) Tuberous

sclerosis complex activity is required to control neuronal stress responses in an
mTOR-dependent manner. J Neurosci 29: 5926-5937.

. Boer K, Crino PB, Gorter JA, Nellist M, Jansen FE, et al. (2010) Gene

expression analysis of tuberous sclerosis complex cortical tubers reveals increased
expression of adhesion and inflammatory factors. Brain Pathol 20: 704-719.
Uhlmann EJ, Wong M, Baldwin RL, Bajenaru ML, Onda H, et al. (2002)
Astrocyte-specific TSC1 conditional knockout mice exhibit abnormal neuronal
organization and seizures. Ann Neurol 52: 285-296.

. Onda H, Crino PB, Zhang H, Murphey RD, Rastelli L, et al. (2002) Tsc2 null

murine neuroepithelial cells are a model for human tuber giant cells, and show
activation of an mTOR pathway. Mol Cell Neurosci 21: 561-574.

. Magri L, Cambiaghi M, Cominelli M, Alfaro-Cervello C, Cursi M, et al. (2011)

Sustained activation of mTOR pathway in embryonic neural stem cells leads to
development of tuberous sclerosis complex-associated lesions. Cell Stem Cell 9:
447-462.

. Yuan E, Tsai PT, Greene-Colozzi E, Sahin M, Kwiatkowski DJ, et al. (2012)

Graded loss of tuberin in an allelic series of brain models of TSC correlates with
survival, and biochemical, histological and behavioral features. Hum Mol Genet

21: 4286-4300.

. Carson RP, Van Nielen DL, Winzenburger PA, Ess KC (2012) Neuronal and

glia abnormalities in Tscl-deficient forebrain and partial rescue by rapamycin.
Neurobiol Dis 45: 369-380.

Xu L, Zeng LH, Wong M (2009) Impaired astrocytic gap junction coupling and
potassium buffering in a mouse model of tuberous sclerosis complex. Neurobiol
Dis 34: 291-299.

PLOS ONE | www.plosone.org

12

Stochastic Model of TscT Lesions in Mouse Brain

for her assistance in acquiring images, Mei Huan Lin and Shelby Parton
for assistance with MLPA analysis.

Author Contributions

Conceived and designed the experiments: SP JG MSE AS-R DJK XOB.
Performed the experiments: SP JG XZ DG RB JB GRW. Analyzed the
data: SP JG RB JWC GRW MSE AS-R DJK XOB. Contributed
reagents/materials/analysis tools: SP JG JB DG MSE AS-R DJK XOB.
Wrote the paper: SP JG JWC AS-R DJK XOB.

21.

23.

24.

27.

28.

29.

30.

31.

32.

36.

37.

38.

Way SW, McKenna J, Mietzsch U, Reith RM, Wu HC et al. (2009) Loss of Tsc2
in radial glia models the brain pathology of tuberous sclerosis complex in the
mouse. Hum Mol Genet 18: 1252-1265.

. Anderl S, Freeland M, Kwiatkowski DJ, Goto J (2011) Therapeutic value of

prenatal rapamycin treatment in a mouse brain model of tuberous sclerosis
complex. Hum Mol Genet 20: 4597-4604.

Feliciano DM, Quon JL, Su T, Taylor MM, Bordey A (2012) Postnatal
neurogenesis generates heterotopias, olfactory micronodules and cortical
infiltration following single-cell Tscl deletion. Hum Mol Genet 21: 799-810.
Feliciano DM, Su T, Lopez ], Platel JC, Bordey A (2011) Single-cell Tscl
knockout during corticogenesis generates tuber-like lesions and reduces seizure
threshold in mice. J Clin Invest 121: 1596-1607.

. Broekman ML, Comer LA, Hyman BT, Sena-Esteves M (2006) Adeno-

associated virus vectors serotyped with AAVS8 capsids are more efficient than
AAV-1 or -2 serotypes for widespread gene delivery to the neonatal mouse brain.
Neuroscience 138: 501-510.

. Mao X, Fujiwara Y, Orkin SH (1999) Improved reporter strain for monitoring

Cre recombinase-mediated DNA excisions in mice. ProcNatlAcadSci U S A 96:
5037-5042.

Meikle L, Talos DM, Onda H, Pollizzi K, Rotenberg A, et al. (2007) A mouse
model of tuberous sclerosis: neuronal loss of Tscl causes dysplastic and ectopic
neurons, reduced myelination, seizure activity, and limited survival. ] Neurosci
27: 5546-5558.

Liang MC, Ma J, Chen L, Kozlowski P, Qin W, et al. (2010) TSC1 loss
synergizes with KRAS activation in lung cancer development in the mouse and
confers rapamycin sensitivity.Oncogene29: 1588-1597.

Goto J, Talos DM, Klein P, Qin W, Chekaluk YI, et al. (2011) Regulable neural
progenitor-specific Tscl loss yields giant cells with organellar dysfunction in a
model of tuberous sclerosis complex.ProcNatlAcadSci U SA108: E1070-1079.
Zhou ], Shrikhande G, Xu J, McKay RM, Burns DK, et al. (2011) Tscl mutant
neural stem/progenitor cells exhibit migration deficits and give rise to
subependymal lesions in the lateral ventricle. GenesDev 25: 1595-1600.
Tyburczy MA, Kotulska K, Pokarowski P, Mieczkowski J, Kucharska J, et al.
(2010) Novel proteins regulated by mTOR in subependymal giant cell
astrocytomas of patients with tuberous sclerosis complex and new therapeutic
implications. Am J Patholl76: 1878-1890.

Katz JS, Milla SS, Wiggins GC, Devinsky O, Weiner HL, et al. (2012)
Intraventricular lesions in tuberous sclerosis complex: a possible association with
the caudate nucleus. J NeurosurgPediatr 9: 406-413.

. Franz DN, Leonard J, Tudor C, Chuck G, Care M, et al. (2006) Rapamycin

causes regression of astrocytomas in tuberous sclerosis complex. Ann Neurol 59:

490-498.

. Franz DN, Belousova E, Sparagana S, Bebin EM, Frost M, et al. (2012) Efficacy

and safety of everolimus for subependymal giant cell astrocytomas associated
with tuberous sclerosis complex (EXIST-1): a multicentre, randomised, placebo-
controlled phase 3 trial. Lancet S0140-6736: 61134-61139.

. Krueger DA, Care MM, Holland K, Agricola K, Tudor C, et al. (2010)

Everolimus for subependymal giant-cell astrocytomas in tuberous sclerosis.
N Engl ] Med 363: 1801-1811.

Berhouma M (2010) Management of subependymal giant cell tumors in
tuberous sclerosis complex: the neurosurgeon’s perspective. World J Pediatr6:
103-110.

Beaumont TL, Limbrick DD, Smyth MD (2012) Advances in the management
of subependymal giant cell astrocytoma. Childs Nerv Syst 28: 963-968.

Sahin M (2012) Targeted treatment trials for tuberous sclerosis and autism: no
longer a dream. CurrOpinNeurobiol 22: 895-901.

. Ogita S, Lorusso P (2011) Targeting phosphatidylinositol 3 kinase (PI3K)-Akt

beyond rapalogs. Target Oncol 6: 103-117.

May 2013 | Volume 8 | Issue 5 | e64224



